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Abstract

The population growth associated with anthropogenic activities in the ShataBIRiver

basin has indeed various environmental effeatsthis transboundary basin. Thenalysis

revedled that both seasonal and land use variabilities control the water quantity and quality in
the basinMore specifically, low runoff in the dry season and urban and agricultural land use
were associated with low water quality indicating that the region will be sensitigthto

climate change and land use change. The sediment analysis indicated seltutios pothe

river sediments, even though the pollution was not evenly distributed. The highest levels of
heavy metals reported at the upper and middle reaches of the river were attributed to the
higher industrial and urban development in these parts @@dpvith the downstream

reaches that are less industrialized/populated areas. Declining surface water in the Shatt Al
Arab basin has necessitated the use of groundwater in parallel with surface water to ensure
the sustainability oresources in this watestarceregion. Remote sensing (RS) data and
geographic information system (GIS) were used to identify groundwater potential zones.
Nonetheless, the regions with prosperous groundwater potentials are not necessarily the same
regions where water is needée tmost (e.g., agricultural and urban areas). Moreover,
significant amounts of the annual precipitation are in the form ofihigimsity rainfall in this
region. Such heavy rainfall causes flooding and/or ends up in the sea unutilized. Therefore,
the present study createdranoff mapto assist irbetter water resources management (e.g.,
rainwater harvesting projects can enhance groundwater potential and reduce flooding risk).
The Soil Conservation Service (SCS) Curve Number (CN) model was used aloifSwith

and GIS tcestimate runoffFurthermore, erosion represenasserious problerthat

imposes severe global environmental impacts such as soil nutrient loss, laratidiégn, and
flooding in this basinerosion was estimated using the Revised Urna&mwil Loss Equation
(RUSLE).Nutrients (nitrogemN and phosphoruB) loss due to erosn has been estimated

using the Soil and Water Assessme&MVAT) model. The analysis revealdtht high N and

P yields were correlated positively with cropland and uraad covers, and negatively with
shrubland ad bare land covers. Moreover, N angi&lds exhibited a positive correlation

with discharge and a negative correlation with subbasin areac8urefhations (i.e., between

N and P yields withlULC, discharge, ad subbasin area) were further tested using observed
data from the Mississippi Riveabin in the United Statesxd have proven their robustness.
These correlations indicat¢hat the basin is sensitive both climate change and land use
change, and proge an initial viewpoint of how to deal with these changeslly, the flood
hazard map has been prepared using RS, GIS, and analytical hierarchy process method. Flood
mapping showed that urban areas and agricultural areanost vulnerable to floodsjtiv

around 60 and 30% of theameas are under intermediate to high flooding, riskpectively.

Flood hazard mapping providagreparatory risk evaluation that can be used by the local
disaster management authorities.



Zusammenfassung

DasBevolkerungswachstum in Verbindung mit anthropogenen Aktivitaten im Einzugsgebiet
des Shatt AlArab hat zu verschiedenen Umweltauswirkungen in diesem
grenziuberschreitenden Einzugsgebiet gefuhrt. Die Analyse hat gezeigt, dass sowohl saisonale
als auch Landutzungsschwankungen die Wassermenge-gualitat im Einzugsgebiet
beeinflussen. Insbesondere der geringe Abfluss in der Trockenzeit sowie die stadtische und
landwirtschaftliche Flachennutzung wurden mit einer geringen Wasserqualitat in Verbindung
gebrach was darauf hindeutet, dass die Region sowohl auf den Klimawandel als auch auf
Veranderungen der Flachennutzung empfindlich reagieren wird. Die Sedimentanalyse deutete
auf eine starke Verschmutzung der Flusssedimente hin, auch wenn die Verschmutzung nich
gleichmalfiig verteilt war. Die héchsten Schwermetallwerte wurden am @izeMittellauf

des Flusses festgestellt, was auf die starkere industrielle und stadtische Entwicklung in diesen
Teilen im Vergleich zu den weniger industrialisierten/besiedelterrldntfen zuriickgefuhrt

wird. Der Rickgang des Oberflachenwassers im Einzugsgebiet des SAsaibAlat die

Nutzung von Grundwasser parallel zum Oberflachenwasser erforderlich gemacht, um die
Nachhaltigkeit der Ressourcen in dieser wasserarmen Regiomwatrigsten. Mit Hilfe von
Fernerkundungsdaten (RS) und geografischen Informationssystemen (GIS) wurden
potenzielle Grundwassergebiete ermittelt. Allerdings sind die Regionen mit einem hohen
Grundwasserpotenzial nicht unbedingt die Regionen, in denemdfite gyVasserbedarf

besteht (z. B. landwirtschaftliche und stadtische Gebiete). Au3erdem fallen in dieser Region
erhebliche Mengen des jahrlichen Niederschlags in Form von Starkregen. Solche starken
Niederschlage fiihren zu Uberschwemmungen und/oder lamgemutzt im Meer. Daher

wurde im Rahmen der vorliegenden Studie eine Abflusskarte erstellt, um eine bessere
Bewirtschaftung der Wasserressourcen zu ermdglichen (z. B. kdnnen Projekte zur
Regenwassernutzung das Grundwasserpotenzial erhéhen und die Uberscmgsgefahr
verringern). Das Curve Number (CIN)Jodell des Soil Conservation Service (SCS) wurde
zusammen mit RS und GIS zur Abschatzung des Abflusses verwendet. Da die Erosion ein
ernstes Problem darstellt, das schwerwiegende globale Auswirkungen duofidgdt hat,

wie z. B. Nahrstoffverluste im Boden, Bodendegradation und Uberschwemmungen in diesem
Einzugsgebiet, wurde die Erosion anhand der Revised Universal Soil Loss Equation
(RUSLE) geschatzt. Der Verlust von Nahrstoffen (Stickstoff N und Phosplaufétund

von Erosion wurde mit Hilfe des SWAWodells (Soil and Water Assessment) geschatzt. Die
Analyse ergab, dass hohe id RErtrage positiv mit Ackerland und stadtischen
Bodenbedeckungen und negativ mit Strauchland und kahlen Bodenbedeckungartkorrel
waren. AulRerdem wiesen die dhd RErtrage eine positive Korrelation mit dem Abfluss

und eine negative Korrelation mit der Flache des Teileinzugsgebiets auf. Diese Korrelationen
(d. h. zwischen Nund RErtragen und LULC, Abfluss und Teileinzugsgepieurden

anhand von Beobachtungsdaten aus dem Einzugsgebiet des Mississippi in den Vereinigten
Staaten weiter getestet und haben sich als stabil erwiesen. Diese Korrelationen zeigen, dass
das Einzugsgebiet sowohl auf den Klimawandel als auch auf Landgsénderungen
empfindlich reagiert, und bieten einen ersten Anhaltspunkt dafir, wie mit diesen
Veranderungen umzugehen ist. Schlief3lich wurde die Hochwassergefahrenkarte mit Hilfe
von RS, GIS und der Methode des analytischen Hierarchieprozesses eiistellt. D
Hochwasserkartierung zeigte, dass stadtische Gebiete und landwirtschaftliche Gebiete am
starksten durch Hochwasser gefahrdet sind, da etwa 60 bzw. 30 % dieser Gebiete einem
mittleren bis hohen Hochwasserrisiko ausgesetzt sind. Die Hochwassergefalememigart

lieferte eine vorbereitende Risikobewertung, die von den lokalenKatastrophenschutz
behoérden genutzt werden kann.
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1. INTRODUCTION

1.1. Overview

At the end of the last ice agpproximately 00 BCE, nomadicgatherethuntergroups

started to engage in agriculture and switched to a more sedentary li(Bster, 2006

Cunliffe 2015. By around4000 to6000BCE, agriculture wasdvancingn several regions
around theglobe Such regions are usually situa@@und the major rivers because the river
provides water for crop irrigation, and its frequent floods provide fertile soil for plant growth.
Agricultureled to more stable food supply, denser communities, and more specialized labor,
which represented thedy seeds ofivilization. Mesopotamiamainly malernday Iraq,is
broadly considereds the cradle of civilization due to the fact tthetmostinfluential cities

and empires firstmanated in this regigiNational Geographic, 2024yhe nameis derived
fromtwo Greekwo r d s ami@adamedd me ani n g dverg rdspdctvely. and 6
Thus,Mesopotamianeansthe land between rivedgeferring tothe Tigris and Euphrates

rivers Around 4000 BE, the Sumerian civilization appeared in southern Mesopatand

was the first urban civilization in the regian

Sumerians made significant contributions and achievementgrdgred the grourfar
successivaocieties. Some of theainachievements of the Sumerians inclijlehe

invention of writingaround 3500 BCEKhan Academy, 2024ndcreatingthe earliest

literary work. For instance, the Epic of Gilgameslhvigely consideredisthe earliestiterary
work. It is assumed that some of the stories in the Bible have been inspired from the Epic of
Gilgamesh(History, 2023)(ii) The Sumerians made important contributions to the
advancements of mathematics in geometry and algebra such as conbeinimgerical

base60 system(iii) The Sumerians played a role in developing agriculture by establishing
irrigation systems, constructing canals, building levees, and constructing reskereoinsrol
floods and store water. (ivhe first wheel discovered was in Mesopotamia dat8s5a0

BCE (Khan Academy, 2024}v) They established the first judicial systsoch aghe Code

of Hammurabi and the Laws of ifammu. And (vilthey laid the first building blocks for
astronomy by observing and recording astronomical phenomena such as the movement of
celestial bodiegAstro Miracle, 2023)

During long periods of flourishing and prosperity, Sumer experienced economic growth,
cultural achievementsechnical advancementsnd territorial expansiomespitesuch

preceding prosperitthat lastedor around 2000 yearshe Sumesdn civilization embarked

on a downward trajectory.he explanation that has gradually gained the most support is that
the Sumerian civilization declined because productivity in agriculture gradually decreased.
Irrigation water contains dissolved salts, &edvy irrigation in a hot and dry region led to a
gradual accumulation of salts in the soil (The New York Times, 2003). The wind from the
ArabianPersian Gulf (the gulf henceforth) was bringing additional amounts of salts. Such
landdegradation inevitablgaused a sharp decline in crop yield and consequently economic
stability (PapersOwl, 2022). The decline in Sumer's economic power led to a decline in its
political and military power, and thi&imer became notably fragile, unabledsist the

*The shift from nomadic gatherdwnter lifestyle to farming happened in different places at different tifiese
disparities are du availability of fortunate local conditions, such adigenous plants and animals, climate, and
geography (Encyclopedia.com, 2024).
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invadersandeventuallycollapse (Montgomery, 200Y. Sumerian dominance, however, laid
the groundwork for the rise of subsequent civilizations in the reghitér power was
flowing west from the Fertile Crescent, this trend was reversed for the first time in B0 BC
when the army of Alexander the Great of Macedon advanced east to invade the eastern
Mediterranean and overthrow the Persian Empire, which extieindm the Indus River in
the east through Mesopotamia to the Aegeaniasa

In the Middle Ages, Mongansfrom Central Asianvaded Iraq in 1258nd committed
mass massacres, burned libraries, and destroyed infrastructure, including irrigation.systems
After World War 1(1914- 1918, Britain and France overthrew the Ottoman Empire and
divided it among them, bringing the region into a European colonial era characterized by
instability. As the final product of this history, the former global centémffenceand
civilization currently facewariouschallengeslnvestigating the environmental history of
Mesopotamia not only enhances our historical understanding but also holds pirssitibés
for current environmental challengesotern Iragandmany other countriearound the
world presentlygrapple withdwindling water resourcesalinization ancerosion that is,
similar environmental problentkatled to the collapsef the Fertile CrescerfPennMuseum
2023) A strongcorrelation was detectdzetween environmentdegradatiorand the
tendency to conflicts, civil wagnd regimecollapse Environmentategradatiorcan lead to
scarcity of resourcesuch as watemrable landand desertification, which leads to increased
competitionover limitedresources. Suclompetition can exaceale social tensions,
conflicts regimefailure, and illegaimmigration to moresupportiveregions(World Bank
Group, 2018; United Nations, 2022; Brown, 223

1.2. Salinity and heavy metals in the Shatt AlArab River

Today, the economy in Iraq depends almost entirely on the export of oil. Oil fields are
concentrated in southern Iraq, especially in Basra Governorate which represents the economic
capital of Iraq. Howeer, the oil industry has caused severe environmental degraddtiens.

Shatt AFArab River, southern Iraq, is the main fresh water body in a rather arid area
surrounding Basra (Saad, 1980). The main water inputs enter the SAa#tbAlvatercourse
throughthe Tigris, Euphrates, Karun, and Karkheh rivers (Sheppard et al., 1992). The river
sustains domestic, industrial, agricultural, natural ecosystems, and transportation purposes for
millions of people living within its basin (Mohamed and Abood, 2017). Stmett AFArab

also represents the prime source of freshwater for the northern gulf and thus plays an
importantroleformarineabi t ats in the gulfds northern c
York, 2013). The quality and quantity of river water, howelias significantly declined in

the last three decades duesémious reasons. Firghe increasing amounts of wastewater and
runoff that the river receives from the surrounding oil production fieldsSgsld and Salman,

2012), urbanized areas (Aawash et al., 2013), and agricultural lafgd®yel and Hussain,

2015) have resulted in a éeibrated water quality in the river waterway {®dedi et al.,

*Over time, various empires emerged in Mesopotamia, each |
Sumerian Empire was followed by the Akkadian Empire 2,238 BCE (World History Encyclopedia, 2011), the
Babylon Empire 1,880L,595 BCE (Bryce, 2016), the Hittites Empire 1,60078 BCE (Bryce, 1998), the Assyrians
Empire 1,400612 BCE (Saggs, 1995)nd the Persian Empire 55331 BCE (National Geographic Society, 2023).
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2018) . Second, growing damming projects and

upstream countries have led to substantial reductions in freshwsteaidje (Sheppard dt,a
2010. Third, the Mesopotamian marshes draining into the Shatr& that were once

acting as a powerful filter for pollutants (Maltby, 1994) are still far from adequate restoration
after the delibrate desiccation in 1989@Al-Gburi et al., 2017). &urth, climate change
patterns for this region have displayed an overall precipitation decrease and temperature
increase (and consequently evaporation incre&8seh climate changes were reported to
have a strong effect dheriverés discharge andgubsequently, on the concentration of
pollutants in its wateoyel and Hussain, 2013\|-Saidi et al., 2024)n other words,
diminished flows in a rivecanincrease concentratiasf harmful pollutant§News and

Events, 2019 Likewise, t has been reported that the declining river discharge has led to
seawater intrusion towards the upstream reaches &tk AFArab due to the dominance

of seawaters over the riviematers (AtAsadi et al., 2023)Therefore, the vital furtions that
theriver plays in sustaining healthy communities and maintaining a balanced ecosystem in
the northerrgulf are greatly jeopardize@l-Yamani, 2008)

Heavy metal pollution has been marked as a serious environmental problem owing to
their persistent and aamulative propertiesgkuku and Peter, 20L2Although such metals
have essential biological functions in flora and fauna, their chemical settlement and redox
characteristics enable them to connect to cell components. Heavy metals can occupy protein
sites in the cell by displacing original constituefrom their normapositions As a result,
there will be a defect in cell structure and eventuatkycity (Flora et al., 2008)

Furthermore, heavy metals at higher concentrations are toxic to landarelinked to
chronic diseases such as renal faijdiver cirrhosisandbrain syndrome (Salem et al.,
2000).Accumulation of such metals in human balisturbs the functioning of various
organs such as the braliver, lungs, and kidney; andamperdloodformation Prolonged
exposure to such metaldasdsthe neurologicalphysical,and muscular functioninggsulting
in ailmentssuchasmultiple sclerosis, ParkinsonAlzheimeld ,anuscular dystrophy, and
even cancefGhosh et al., 2007FFurthermore, such metalspose deleterious impaas the
ecological balance of the aquadife (Ay et al., 2009) After being discharged into rivers,
such metals can adhere to particulate matter and eventually deposit in sefats®t al.,
2011 Rahman et al., 20)4Contaminated sediments daane an adverse impact on benthic
fauna(National Research Council (NRC); 1989; McGann, 2G0®) flora(Rodriguez

Martin, 2015) Sediment contaminants tend to accumulate in the biological tissues of some
organisms, and when larger consumers (including hufead)on such organisms, the
contaminants are then transferred into their bo@esSburi et al., 2017)Moreover, the
nonbiodegradability of heavgnetals usually resulia their accumulation in the environment
(Shi et al., 2008)Depending on their sption properties, heavy metals can ultimately be
partially or entirely released back into the wdtdcCready et al., 2006jhereby threatening
human ancquatic lifehealth(Jonsson et al., 2003)ikewise, hgh salinity levels have
resulted in multiplanegative impactsncluding compromising water supplies for drinking
and irrigation purposg®ontazeri et al., 2023High salinity can lead to aquatic habitat
degradation via disrupting the physiological functions, impair growth, reproduction, and
biodiversity(Hartet al., 1991; Nielsen et al., 2003; Cari&tguelles et al., 2013High
salinity levelsresult indecreased dissolved oxygen levaisyeased pH, aniticreased
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nutrient concentrationsvhich camnadversely influencéhe aquatidife andcauseharmful

algal bloomgHaddout et al., 2022Moreover, elevatedalinity in river water can teice soil
fertility and crop production(RomaneArmada et al., 2020Buch negative impacts of high
salinity levels impose significant economic consequencesffiected communitiefMustafa

et al., 2019 Previoushydrologic investigationsf the Shatt AlArab havemainlyfocused on
assessing the contaminariievels and distributioas well asvater suitability for drinking

and irrigation purposes (e.g.,-Abwash et al., 2013; Moyel, 2014; Moyel and Hussain,

2015). Other studies wepgimarily constrained either to a specific reach within the river
stretch or were limited tafew and sparseations along the river coursherefore, these
studies are not capable of comprehensively identifying the spatial distribution characteristics
of the pollutants in the Shatt Mrab. Few studies have applied new tools to investigiae
sources of contamation andsalinity. Therefore, comprehensive identification of the spatial
distribution characteristics @llution andsalinity, and their sourceis the Shatt AlArab is

still required.Seasonal variations in climatic parameters and anthropogeniitiastcan
causefluctuations in water quality parametekgariationsin weather patternsuch againfall,
temperature, and winchn influence the sources and transport of pollutants in rivers
(Whitehead et al., 2008hurtun et al., 2019 Lack or low runoff duringhedry season
compared tahewet season causes the concentrations of contaminants derived from point
pollution source to increag®unus and Nakagoshi, 2004jowever,low runoff can result in
lower inputs of pollutants from lansources. This can lead to lower levels of certain

pollutants entering rive&wolsman and van Bokhoven, 2000n the contrary, nepoint
pollution source increases through seepage and rdnoffg wet seasofYunus and

Nakagoshi, 2004]jia et al., 2021)Yet, the higher river flow in wet season can also have a
dilution effect, reducing the concentration of some pollutants in the \Watisrmeans that

while the total amount of pollutants might increase, the concentragiounit of water might
decreaseThus, effects of seasonal variations consequently determine the quantity and quality
of the water paramete(¥unus and Nakagoshi, 200&imilarly, heavy metal contamination

in sedimentis most likely to arise from the deposition of polluted sediments from the
adjacent areas through land surface ru(i®dindey et al., 2013\Vhile higher discharge

during the wet season most likely proemsediment washout from basin and thus introduces
considerable amounts of pollutants to rivers, siigh discharge results in an additional

dilution and consequently less pollutiahg et al., 2021 In other words, the wet season is
supposedtoredutceh e el ement <concentrations in the ri
dilution by increased dischar@g@ostami et al., 2021However, the additional dilution

resulting from increased discharge may be offset by the flushing of uninterrupted deposition
of waste in a basin with no proper sanitation infrastructure as the case of the Skrath Al
basin(Roy et al., 2018)Likewise, anthropogenic activitigsatcontribute for water quality
degradation can change season&lby. examplegffluents from fauplands are mostly

controlled by surface runoff and can be considered a seasonal phenomenon that is generally
influenced by climate aaditions within the river basin (Singh et al., 200 rtilizer

application and soil distbance during spring plantingcrease the runoff of nutrients and
pesticides into riveréXu et al., 2014)Harvesting activitiesmostly in &ll, can result in the
mobilization of sediment and soil erosion contributing to sedimentation and niitredmig
(Boggs et al., 2016Dn the other hand, wastewater effluents from municipal and industrial
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activities in riparian zones represent a constant pollution s¢8iregh et al., 2004)hus, it

is important to nvestiga¢ the impact ofeasonal changes waterand sedimenguality.
Nonetheless, the influence of seasonality in the Shattré&b basin is not adequately covered
as a key factor in controlling the sources of pollutamis salinityin the Shatt AlArab. Thus,
the firstobjectiveof the current works:

Objective 1: To carry out a preliminary studgr identifying the main sources giollution
and salinityin the Shatt AlArab water and sedimerand to investigate the influence of
seasonalitynthe sourcing and transpartf pol | ut ants i n trse rivero

By identifying the sources of pollution, the current analgiswns for the implementation of
mitigation measures to reduce pollutant inputs into the river. By addressing specific sources
such as industrial discharges, agricultural runoff, and urban pollution, it becomes possible to
improve water quality and minimé environmental impactBollution sources identification

helps to protect and restdresriver ecosystems, safeguard aquatic habitats, and preserve
biodiversity.Knowledge about these fields of research wolhtribute to the overall health

and resiliene of the environmenéensure compliance with water quality standaads,

enhances ecosiem services provided by the river, such as water purificatiofiGodl

control(Liu et al., 2024; Kraken Sense, 202Binally, communicating information about
pollution sources raises public awareness about environmental issues and encourages
individuals and businesses to adopt more sustainable practices (SaderQa0h8)other

hand, seasonal variati®m pollution provideinsights into the complex interactiohstween
environmental factors and pollutant transport processes. Understanding these dynamics helps
predict and manage pollution impactstbariver ecosystems and water quality. Seasonal
investigationprioritizes monitoring efforts and resource allo@ati By focusing on periods of
peak pollution, monitoring programs can efficiently assess environmental risks and adjust
pollution control measurd®uyang et al., 20065easonal variations trackihglps

understand how land use practices can impadajuhetity and quality of water that flows

into the river(Wang et al., 2023 Such tracking also assistsresponahg to climate change

and predicting future trends in water quality as climate change leads to shifts in precipitation
patterns, temperaturegimes, hydrological cycles, and consequently water quality
(Mahmoodi et al., 2021

1.3. Groundwater in the Shatt Al-Arab River basin

The basin of the Shatt Adrab River is a tranboundary bas shared between Iraq and Iran.
The areas that drain to the ShattAhb River encompass the Tigris and Euphrates basins in
addition to the Karuand Karkheh subasins (Figure )1 Surfacewateris scarcen the Shatt
Al-Arab basin due tthelimited precipitation and high evaporaticatesin such an arid

region Climate change exacerbates these challenges by altering precipitation patterns,
increasing temperatures, and intensifying droughts, all of wiagkfurther reducd water
availability. Additionally,anthropogeni@activities hae alsoaggravatedvater scarcity irthis
basinby contaminatinglreadylimited surfacewater sourceslhereforethe surface water
declinei s rai sing the signiycance of (Agdullahetndwat er
al., 2019) Groundwaterhowever, faces a resourdepletion threat in this region
(Lashkaripour and Ghafoad2011;Al-Azawi and Ward, 2016 he depletion of groundwater
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resources in the Shatt-Arab basin emphasizes the need for sustainable management to
secure steady water Qs Delineation of groundwater potential zones is considered a
primary step towards sustainable management of these resour@dsaghl 2017).
Nevertheless, no single recharge study has been done over the Skrath Absin despite its
r e gi o n aance asiagraridoyndary basin in a watscarce area. Therefore,
investigating the groundwater potential zones in the Shatrélh basin can play a

signiycant role in the i mplementation of efy
policies (Ozdemir2011). Therefore, the second objective of the present work is:
Objective22To deyne the groundwat er p o tAeabbasim | zon

By identifying areas with high groundwater potential, authorities and stakeholders can
prioritize these zones for sustainable water resource development and management. By
diversifying water sources and reducing dependence on surface water, groundweateal pot
zone identification can help alleviate water stress. This contributes to greater water security
and resilience in the face of climate change, population growth, and other pressures on water
resources in such an arid zone.

1.4. Runoff in the Shatt Al-Arab River basin

It is important to identify the runoff potential in the ShattAkhb River basin for twenain
reasons. First, regions wittigh groundwater potentials are not necessarily the same regions
where water is needed the most (e.g., agricultuiuaiban areas). Second, in the Middle

East, where water is scarce, and in the Shattath basin in particular, a large portion of the
annual precipitation is in the form of higitensity rainfall. Such heavy rainfall causes
flooding, and large quantieof it end up in the sea without being used. Therefore, mapping
areas prone to runoff (such as those with high rainfall and low infiltration capacity) can assist
in better water resources management. For instanaegasof high runoff potentials,
constucting artificial recharge projects such as rainwater harvesting can enhance
groundwater potentiand reducdlooding risk (Jehanzaib et al., 2022). In saglegion, the
provision of accurate information about runoff is barely available due to thénisigiiation

and maintenance costs of the hydrologic gauging stations. Accordingly, reliable information
on watershed runoff must be continuously developed to facilitate the creation and
management of watershed programs (Zade et al., 2005). To addreatatleek constraint,
remote sensing and empirical hydrological models were used for estimating direct runoff.
Thus,

Objective 3: To employ remote sensing data and ai®Esed hydrological method to
simulate the potential areas of surface runoff in thet@taArab basin.

The fulfillment of such an objective provides valuable data on the quantity and timing of
water runoff from rainfall events. This information helps water resource managers and
policymakers better understand the hydrological dynamics tarsfeeds and make informed
decisions regarding water allocation, storage, and management strategies. In addition to
groundwater potential enhancement and flooding risk reduction, runoftpoadiechniques
are critical forhydrologic projects such as water balance calculations (Souli, 2021), soil
erosion mitigation, and determining the water yield capability of watersheds (Deshmukh et
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Figure 1. The Shatt AlArab River basin

al., 2013; Mishra et al., 2014). Surface rumo#asurement can also assist to monitor drought
conditions and response measures implementation to mitigate drought impact (Fowler et al.,
2022). Moreover, by identifying areas with high runoff potential, eregrome locations can

be targeted for erosiarontrol practices (USGS, 2019). Finally, surface runoff measurement
allows for the monitoring of water quality parameters, such as sediment load, nutrient
concentrations, and pollutant levels, transported by runoff. By understatiagngpurces and
trangort pathways of contaminants, water quality management strategies can be developed to
safeguard water resources and protect downstream ecosystems and human health (Bicknell et
al., 2005).

1.5. Soil erosionin the Shatt Al-Arab River basin

Both dimate changeand human activities carause soil erosion. Climate chamyemotes
soil erosion througkeveral mechanism§) prolongedperiodsof droughtreduce vegetation
cover,exposingsoil to wind and water erosigiMasroor et al., 202250il erosion increases
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during drought periods and decreases after prolonged periods of rainfall and vegetation
growth. Drought limits vegetation grow#is well as the afterward residue cothet play a
significant role in reducingoil erosion (Baumhardt and Blan@anqui, 2014Awadh,
2023); (ii) risingtemperatures increase evaporation, which dries out soils and makes them
more susceptible to erosion. During prolonged warming periods, higher temperatures reduce
soil particlesaggregation and thus enhance erog¢ardans andd?iuelas, 2013); (jji
rainfall patterns canhange due to climate change. For instance, increased rainfall intensities
canamplify runoff and soil erosion. This process accelerates soil erosion and reduces soll
fertility. Heavy rainfall can cause approximately 90 tons of soil to be lost per acre. Lost soll
particles clogsurface pores, reducinigfiltration, increasing runoff, and fensifying erosion
(Al Kaisi, 2008). Similarly, human activities can also contributetberosion in several
ways: (i) ceforestation, which destroys th&antroot systems that fizoil in place, increases
wind andwater erosion (Kaiser, 2021);)(igicultural activities such as owéertilization,
conventional tillagemonao-cropping, and poor irrigation techniques escalate soil erosion
(EOS Data Analytic2024); (iii) urbanization and the accompartyimcrease in impervious
covess close soil pores drdisrupt natural water absorption, promoting enogiong and
Dorn, 2019); and (ivovergrazing, which causes vegetation to degrade and organic matter to
decrease, reduces solil resistance to decompositiomenedss erosion (Kaiser, 2021).

Erosion, n turn, hasevere global environmentahpacts such asoil nutrient lossland
degradationandincreased risk of flood&.i and Fang, 2016, Wang et al., 2Q&artoriet al.,
2019, Wan et al., 2021For instanceerosion results in agricultural landssof around 33
ton of soil per hectare per year in Iran. A ton of soittainsaround 28 g of nitrogen,
phosphorus, and potassium. Consequently, approximatelygR®nkitrients per hectare are
lost (Bybordi, 2003) Based on the average cost of femtirs, the annual damage of nutrient
loss due to soil erosian Iranis around USD 2.7BEmadodin et al., 2012n the region of
Khuzestan, where the Shatt-Afab basin extends, roughly 18 tons of soil per hectare is
eroded each ye#Bavari and Gharbaee, 2020nakingKhuzestan provincerankr st i n | r @
in erosion rates. Such high erosion levels restrict the wiabiliagricultural endeavors
(Koohizadeh et al., 2021hn other instancespil erosion has led to an increase in dust
pollution in this area, which has harmed the habitability of rural house{fdsushani et
al., 2021a; Foroushani et al., 2028avari et al., 2022The abovedescribed erosional
degradation results in enoromeconomic impacts in the upper parts of the basin. Moreover,
the downstream parts of the basin have a limited potential for soil erosion. Yet, materials that
are eroded from the upstream parts uswmdlyumulate n t he ri ver 6s | ower r
exacerhbt e pood ri sk and i mp ¢MinetryfoflMuriiclpalitres amct o n o mi ¢
Public Works, Iraq, 2015In fact, erosion removes soil and sediment from the land surface,
which can be transported by runoff into rivers, streams, and other water #sdibs.
sediment load in rivers increases due to erosion, the capacity of waterways to convey water is
reduced. This can lead to sediment deposition and the buildup of riverbeds and channels,
decreasing their capacity to accommodate floodwaters and imgehsirisk of flooding
Further, eosion can also causlee blockage ofdrainagesystems and the degradation of
natural features such as wetlands, riparian zones, and floodplains that serve as natural flood
buffers and provide flood mitigation benefilda s h poods +Ambhbhasiren28®att Al
(Earth Observatory, 2024esulted inens of human deatthousands of injurieground
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365,000human displacemeraind179,0®M houses desiction and bilionsofd o | | ar s 6
damagecost(Reliefweb, 2024aReliefweb, 2024h)Thus, & soil @osion drives detrimental
environmental issues including nutrient loss as well as floptheghext objectives of the
present work are:

Objective 4 Toassess soi l er osi omRiverbagsines i n the Shat

Objective 5. To identify the spatial distribution of the nutrients (nitrogen and phosphorus)
discharge loadand to determine how climate factors and human activities contribute to N
and P lossn the Shatt AlArab River basin.

Objective 6. To map thdlood prone areas in the ShattAtab River basin

Pursuing such objectives contributes to the followkigst, ©il erosionassessmeirtelps

identify specific locations where erosion is most severe. This information allows for targeted
interventions and land management practices to be implemented in areas experiencing high
levels of soil loss. Soil erosianformationcanalsobe used tanodel andpredict future

erosion trends under climate change, land use changes, and soil management practices
(Marondedze and Schutt, 202$econd, ssessing TN and Téischargd oadsassiss in

identifying the sources of nitrogen and phosphorus potuiibhin a watershed. This
understanding is crucial for developing effective management strategies to mitigate nutrient
pollution. Pinpointing areas within a watershed that contribute the mestramen and
phosphorus loadsnables targeted implementatiof management practices. This targeted
approach ensures that resources are allocated efficiently to areas where they can have the
greatest impaan reducing nutrient pollutiodN and TP discharge loads analysas

simulate longterm trends in nutrient loading, allowing stakeholders to anticipate future
changes and plan accordingly. This is especially important in the context of climate change,
as it enables proactive adaptation to potential shifts in hydralog#tterns and nutrient
dynamics(Hanet al., 2024)Third, theflood risk assessmenan provide managers and
policy-makers with a more integrated analysis and clear guidelines for designing early
warning systems, emergency response procedures, floatdhr@zluction measures, and
indicating where further development should be avoided or cont(@kduelt al.,2009).

Research Approach

Population growth associatedtivanthropogenic activities haaused land use change and
climate change. Such changes have created various challenges in the-8inaltt River

basin (Figure 2). Solid, liquid, and gaseous waste dispoffa farm of industrial,

residential, and agricultural wastesong with landcover modification practices such as
damming, river diversion, wetland desiccation, agricultural and urban expamasien

resulted in contamination, water shortgggosion, and flooding in the basin. Thaim
objectives of this thesis ate evaluate antamination (in water and sedimentspundwater
and runoff potentialdentification, erosion and nutrient loss evaluation, and flooding hazard
mapping in the basin. The data used were field measurements and conventional data. The
methods applied were R6IS, and statistical models. The ultimate goal is to use the
outcomes of these evaluatidiwsconstruct integrated sustainable plans to deal with the
aforementionedhallenges in this region.
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Chapter 2

Study Area



1. Study area

The region that drains into the ShattAab River includeshe Tigris and Euphratdmsing

as well as the Karkheh and Karun sadsins (Figure 1). The Shatt-Arab River is formed

by the merging of the Tigris and Euphrates rivers at the city of Qurna and flows southeast for
about 100 km before becoming the boundary between Iran and Irdwg st 92 km of its

course, eventually emptying into the Gulf. The total drainageddrba Shatt AlArab is
approximately 144,000 kmz2, excluding the upper Tigris and Euphrates basins (above Qurna),
but including the Karun and Karkheh shsing(Allafta et al., 2021). Historically, the

Karkheh Riveywhich stems from Irarilowed into the Karun, but after 70640 AD, it

changed course to the west until emptying into the Hawiza Marsh near tHeahrdmprder.

This shift was likely caused by human fasttike weakened river levees, high sedimentation,
and unfavorable channel gradientich madehe river prone to avulsion (Heyvaert et al.,
2011). The waters of the Hawiza Marsh flow into the Shat#rab via the Swaib River,

which joins the Shatt Ahrab at 6 km from the | atterds orig
thesource of th&hatt AlArab, the Karun Riverlso stem$rom Iran, emptiesnto the Shatt
Al-Arab. The river then continues southeast for a total length of 19%kone draining into

the Gulf (Al-Asadi et al., 2020). Historically, the Karun River ran parallel to the Shatt Al

Arab to the east and flowed directly into th
redirected its course to join the ShattAiab. According to geograghAkMa qdi s 9, t hi s
channel was constructed in 986 AD to i mprove

Basra, leading to boundary disputes between the Ottoman Empire and Iran. These disputes
were resolved with the Treaty of Erzurum in 1847, granting Icaess to the eastern bank of

the Shatt AlArab and the right to use the waterway (Britannica, 2019). However, since 2002,
Iran has built dams on the Karun River, significantly reducing its flow into the ShattaAl
(Al-Mahmood, 2015; AMahmood and Mahnaw, 2019). Due to water scarcity, the

Euphrates River was diverted from feeding the Sha#rab and used instead for the-Al
Hammar marshes, leaving the ShattAkhb primarily dependent on freshwater from the

Tigris River since 2010 (AAsadi and Alhellp2019). The Shatt AArab is a relatively

recent geological feature, formed due to the coastline's gradual retreat. Around 12,000 BP
during the Holocene, the Tigris and Euphrates rivers flowed through a marshy area and
separately emptied into the Arabi@ea at the Strait of Hormuz (Teller et al., 2000). The
maximum marine transgression occurred around 6,000 BP, extending roughly 400 km inland
from today's coastline. After this point, the Shatt3sab delta advanced southward to its
current location (Coak 1987). Neotectonic activity, related to the Arabian Plate's movement
under the Zagros Fold Belt, may have contributed to the sea's retreat (Markovic et al., 1996).
However, climatic changes and sediment deposits from the rivers also played a role
(Sissalkan et al., 2018). Over time, large volumes of alluvial sediment from the Euphrates and
Tigris rivers pushed the coastline back to its current position. Though the two rivers
originally drained separateinto the Gulf, since around20 BP they have flowetogether,

with the Shatt AlArab forming as a distinct river by6D0 BP (AtHamad et al. 2017).

2. Geological, hydrological, and climatic setting
The Shatt AtArab basin consists of the Karkhahd Karurbasins as well asaqi territories.
TheKarkheh is he thirdlargest riveiin Iran after the Karun and the Dez with a basin area of
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approximately 51,00Rm? (Marjanizadeh et al. 2010). The Zagros Mountain range is the
source of the Karkheh River, which flows to the Hawiza Marsh on the Irdmaignborder
(Alizadeh and Arian, 2015). Thick sedimentary strata from the Cambrian to recent ages are
what define th&agros structural zone. According to geological studies, the region
experienced collisions in the Tertiary and rifting processes in the Pelméaasic (Berberian
and King, 1981). The Zagros Mountains are made up structurally of hundreds of anticlines
ard synclines organized "egchelon” to form a sequence of ranges. The anticline cores in the
western region are mostly composed of Cretaceous limestone and dolomite, whilst the cores
in the central region are predominantly composed of Eocene limestone oMaey
anticlines on the western margins reveal the Glijocenelimestone and the Miocene
gypsiferousmarl (Issar, 1969)NW-SE dominant striking is present on the basin's anticlines
and synclines. In the southwest direction, the folding intensity éhes (Rahimi et al.,
2017). This basin has variatis in altitude, ranging fromb80 meters above sea level in the
north to 10 meters above sea level in the south. According to Chegnizadeh et al. (2022) the
basin is semarid in the upper section and anndthe southern half. According to JAMAB
(1999), the average yearly precipitation varies from 150 mm in the lower arid plains to 750
mm in the higher areas. The precipitation is extremely limited in the summer (June to
September) and high during the win(Becember to March). In the mountainous areas
during winter months, because the temperatures frequently drop below zero degree Celsius
the winter precipitation fallboth as snow and as rakrom the northern to southern parts of
the basin, there is ancrease in temperature and potential evaporation. There is significant
variation in the temperature throughout a year, with January being the coldest month
(27A)2 and July bei n@.Atchrding iv Masimetslt(20{1}, thé aBrivial
evapoation demand is highes the southern dry plains420 mm in Ahwaz) and lowest in
the mountainous serairid zone (15,515 mm at Kernmanshah).

With a length of 950 km and a basin areamproximatelys7,500 kni, the Karun
River is the longest river in In(IWPCO, 2009). It originates in the Zagros Mountains and
empties into the Mesopotami@ersian Gulf Foreland basin after passing through the Upper
and Lower Khuzestan Plains. The principal geological features in the Zagros area are folds
and thrust fault extending in NVASE direction, which are the result of the Arabian Plate's
continued convergence with the Eurasian Plate at a rate of aroi@® rhén yf! (Sella et
al., 2002). According to Hatzfeld et al. (2010), aseismic folding, faulting, and stable cr
account for the majority of earth surface motions on faults and folds. Around 33% of the
Karun basin is in high plains, while the remaining 67% is in mountainous and foothill
regions. The elevation varies from O to 4409 meter above sea level. A$ atrpagses
across a range of mebabitats and climates (Afkhami et al., 2007). The region has dry
summers and rainy winters due to the Mediterranean climate (Vaghefi et al., 2019). There is
400 to 800 mm of precipitation on average every year. Inigterhountains, winter
precipitation builds up as snowpacks, and snowmelt plays a major role in springtime river
discharge. From June to September, there is seldom any precipitation throughout the dry
summer months (IWPCO, 2009). While the discharge isietb& summer, longer stretches
of the Karun are perennial. The Karun is vital to the area because it provides freshwater for
multiple purposes sudsdrinking, irrigation hydropower, and industrial us@svVPCO,
2009).
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The Iraqi part of the Sha#tl-Arab basin is situated within the Mesopotamia zone. The
Tigris, Euphrates, and Zubair subzones are the three primary subzones that make up the
Mesopotamia Zone, which is mostly covered by Quaternary sediments (Buday and Jassim,
1984). While the Zubairubzone is situated inside the ShattAkhb basin, the Tigris and
Euphrates subzones are extended outside of it. Clastic lithology dominates the Zubair
subzone, with limestone limited to its higher regions (Agrawi et al., 2010). The Zubair
subzone is chacterized by numerous elongated folds that také td NW.SE directions
outlining the main oil fields in the Basra GovernoratefAlsawiet al., 2019 These Late
Cretaceous folds resemble basement rocks and are classified as anticlinectigstedby
faulting (Idan et al., 2019The quaternary sediments consist of Holocene and Pleistocene
sediments over 100 m thickhereas fine sand, clay, and silt predominate in the Pleistocene
river sediments (Hussain et al., 1990). Such eglimentdrequenty exhibit both vertical
and facialithological variationsThe flood plain system of the Tigris and Euphrates is where
thesefluvial sediments have been depeditThe top of a bed of silty or yellowisinown
clay was where the upper contact with the Idelte deposits occurred. There are enormous
gypsum crystals in this clay bed. It frequently mastesrpcontact with the deposits above.
Fluviatile, lacustrine, Sabkha, and marine habitateposehe majority of the Holocene
deposits (Yaacoub, 1986)he iver's depthvariesdepending on the tidieom 8 to 15 meters
(Moyel 2014). According to AKubaisi and Hussein (2014), the floodplain of the river is flat
and has an elevation of three meters and zero meters above sea level at its source and mouth,
respetively. The river's width changes as it flows, from 200 meters at the Tigris and
Euphrates river confluence to around 500 meters close to Basra and more than 800 meters at
the mouth. The hydrological conditions of the river's basin are influenced by &nafmb
variables, including the conditions of the upper sections of the Tigris, Euphrates, Karkhah,
and Karun rivers; seepage of groundwater into the river; the impact of regional climatic
fluctuations; and the state of the tide advancing from thédelslahmood P09). The Shatt
Al-Arab area has a hot and arid climate. The summer months are hot, with highs of 43°C in
the shade at daytime and lows of 26°C at night. During the winter, the temperature ranges
between 18°C and 2°C during the day and nigbpectively (Hussein et al991).

According to FAO (2003), thennual rainfall rates the deltavary from 200 mm in the east

to around 100 mm in the west. Every twelve hours, the river's estuary experiences flood and
ebb tides. Additionally, springde produces the largest total tide of three meters, while neap
tide produces the least total tide of one meter. Salinity levels change in response to freshwater
and tidal cyclesand freshwater discharge. Salinity intrusion increases during sje)g

flood tide and low discharg@nd regresses during netige, ebb tide and high discharge
(Zachopoulos et al. 2020).
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Abstract: This analysis investigated the salt wedge extension and water quality in the coastal
River of Shatt AlArab, southern Iraq. Extensive samplings were conducted at 25 sites along
the entire river course during fall, winter, spring, and summer. The Soil atiea Service
(SCS) Curve Number (CN) model was used to calculate runoff in the Shatalbasin. In

the fall season, when the cumulative runoff for the last three months prior to the sampling
time was the lowest, the salt wedge extended around 1Qp&tream of the river. In the

winter, spring, and summer seasons, when the cumulative runoff for the last three months
prior to each sampling time was relatively high, the salt wedge extended merely 10 km
upstream. Such salt wedge variations indicatedrthoff, and consequenttlischarge, plays

a significant role in pushing the salt wedge towards the sea. Likewise, Water Quality Index
(WQI) analysis revealed that water quality declined during the fall season, and improved
during the next three seasongdo higher runoff that has a diluting effethe analysis

detected strong correlations between rainfall and runoff with salt wedge extension and WQI.
Such correlations can be utilized to predict the salt wedge extension and WQI by means of
rainfall andrunoff data. The study found thihie wet seasons experience more WQI
consistency, and thus require less monitoring stations and consequently less financial costs.
Statistical analysis such Bsincipal Component Analysi®CA) and Factor analysis (FA)
indicated that while some investigated elements were of anthropogenic origins, others were
of natural sourcingrinally, it was found that the weather parameters and human activities in
the watersheds of the rivers that feed the Sha&rAb River manipulatthe sourcing and
transportation of elements.

Keywords Salt wedge - Water quality - S&3N model- Seasonal variations - Shatt-Afab
River

1. INTRODUCTION

The Shatt AlArab River, southern Iraq, is the main fresh water body in a rather arid area
surrounding Basra (Saad 1980). The main water inputs enter the SAa#tbAlvater course

through the Tigris, Euphrates, Karun, and Karkheh rivers (Sheppard @92). The river

sustains domestic, industrial, agricultural, natural ecosystems, and transportation purposes for
millions of people living within its basin (Mohamed and Abood 2017). The Shatrat

also represents the prime source of freshwater fordatteern Arabian Gulf and thus plays

an i mportant role for marine habitats in the
York 2013). The quality of river water, however, has significantly declined in the last 30

years due to various reasons. Eitlse increasing amounts of wastewater and runoff that the
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river receives from the surrounding oil production fields-$alad and Salman 2012),
agricultural land¢Moyel and Hussain 2015), and urbanized areas éash et al. 2013)
have negatively influec ed t he ri ver 6s wa-Amodiegal 2008;Aly ( Mah
Saedi et al. 2018). Second, growing damming
by upstream countries have | ed to subestanti a
al. 2010,Al-Asadi 2017. Third, the Mesopotamian marshes that flow into the Shattad,
which were previously powerful filters for pollutants (Maltby 1994) have never recovered
from the deliberate draining in the 1990s (Richardson et al. 2005;rBsdmand Hussain
2006; AFGburi et al. 2017). Fourth, climate change patterns for this region have displayed an
overall precipitation decrease and temperature increase (and consequently evaporation
increase)Such climate changes were reported to haweag effect on rivers discharge and,
subsequently, on the concentration of pollutants in its water (Vega et aj.JE9@®i 2013;
Moyel and Hussain 2015 has been documented that the declining river discharge has led
to seawater intrusion towards thpstream reaches of the river due to the dominance of
seawaters over the river flow (sadi et al. 2022).

In recent years, concerns have arisen over increasing salinity and heavy metals in the
river (Rahi 2018Al-Darraji et al. 2023)High salinitycan compromise drinking and
irrigation water supplies (Montazeri et al. 2023), degrade aquatic habitats by disrupting
physiological functions, reduce dissolved oxygen, increase pH, and raise nutrient
concentrations that affect aquatic life and cause hdwaigal blooms (Hart et al. 1991;
Nielsen et al. 2003; Cafeduguelles et al. 2013; Zhong et al. 2021; Haddout et al. 2022).
Elevated salinity levels also reduce soil fertility and crop production (Machado and
Serralheiro 2017; Romandrmada et al. 2020mposing significant economic impacts
(Mustafa et al. 2019). Owing to their persistent and accumulative properties, heavy metals
may have serious health and environmental problems (Yuan et al. 2004; Okuku and Peter
2012). Heavy metals can occupy protetesin the cell by displacing original constituents
from their normal positions. As a result, there will be a defect in cell structure and eventually
toxicity (Flora et al. 2008). At high concentrations, such metals cause chronic diseases and
organ dysfuniton (Salem et al. 2000; Ghosh et al. 2007), and aquatic life degradation (Ay et
al. 2009). The river discharge change can even influence fishing. For instance, Qasim (2018)
found that the discharge decrease in the Shattad leads to reducing the qudiats of fish
caught. Hence, the Shatt-Arab's role in sustaining healthy communities and ecosystems is
threatened. Previous studies focused on water contaminant levels and distribution as well as
water suitability for drinking and irrigation purposegy(eAl-Tawash et al. 2013; Moyel
2014; Moyel and Hussain 2015). Other studies were primarily constrained either to a specific
stretch within the river course or were limited to few sites along the river channel. Therefore,
comprehensive studies using n@als are still required to identify pollution and salinity
sources and distribution in the ShattAiab. Moreover, pattern changes in weather
parameters such as precipitation, temperature, and evaporation can impact the sourcing and
transportation of cdaminants in rivers (Whitehead et al. 2009; Bhurtun et al. 2019). For
example, lack or decreased runoff during dry seasons compared to wet seasons results in
increased concentrations of contaminants derived from point source pollution (Yunus and
Nakaguchi2z004). However, such low runoff can lead to reduced inputs of contaminants from
land sources. This in turn causes lower levels of some contaminants entering rivers
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(Zwolsman and van Bokhoven 2007). In contrast-poimt source contamination increases
through seepage and runoff during wet seasons (Yunus and Nakaguchi 2004; Jia et al. 2021).
However, higher river flow in wet seasons can also have a diluting effect, reducing the
concentrations of some contaminarhétstali n t he
amount of contaminants may increase, the concentration per unit of water may decrease.
Thus, the effects of seasonal changes consequently determine the quantity and quality of
water parameters (Yunus and Nakaguchi 2004). Likewise, anthropoggvittescthat
contribute for water quality degradation can change seasonally. For example, spring planting
increases nutrient and pesticide runoff due to tillage and fertilizer application (Andraski et al.
1985; Chichester and Richardson 1992; Sharpleysamith 1994; Jaynes et al. 2001;
Franklin et al. 2012; Xu et al. 2014). Harvesting, mostly in the fall, can cause soil erosion and
sediment mobilization and nutrient flushing (Boggs et al. 2016). Conversely, municipal and
industrial wastewater effluentseaconstant pollution sources (Singh et al. 2004).
Investigatingseasonal variations in salinity and pollution can unfold the interactions between
environmental factors and pollutant transport mechanisms (Phlips et al. 2012). Understanding
these interactianhelps predict the impacts of pollution on river systems and how to manage
them. Monitoring seasonal changes assist in prioritizing efforts and resources, in other words,
focusing pollution control measures during peak periods of pollubolygdng et al2006.
Monitoring these seasonal variations also reveals the impact of land use practices on the
guantity and quality of water flowing into the river (Wang et al. 2023). Finally, this
monitoring helps respond to climate change by understanding how shpfiscipitation
patterns, temperatures, evaporation, and hydrological cycles impact the quantity and quality
of water reaching the river (Mahmoodi et al. 202Tjerefore, it is crucial to study the
impact of seasonal changes on water quality. Howevespsabty's role in controlling
salinity and pollution in the Shatt Mrab River is not adequately explored.

Multivariate statistical techniques have been broadly used for evaluation of spatio
temporal variations of water quality and interpretation of large veptality data sets
(Helena et al. 2000; Singh et al. 2004; Singh et al. 2005). Such statisticafjtexshassist to
understand the sources of pollution and develop suitable strategies for pollution control.
Principal Component Analysis (PCA) has been used in the present study to interpret large
data matrices for a better understanding the water quatigtieds and ecological status of
the studied system and to identify possible parameters and sources that control water quality.
Identifying sources of pollution helps in taking mitigation measures to minimize the input of
pollutants into the riverShiferaw et al. 2023)Addressing specific sources of pollution such
as industrial effluents, agricultural runoff, and urban discharge can reduce adverse
environmental impacts (Li et al. 2024). This process assists to protect the river ecosystems
and aquatic lig (Liu et al. 2024; Kraken Sense 2024). In addition, sharing information about
pollution sourcing and transport enhances public environmental awareness and promotes
sustainable practices (Sader 2023). Therefore, the objective of the current waxk is (i)
envisage the spatial distribution of salinity and heavy metals in the SkatalAIRiver, (ii)
to calculate surface runoff and examine how it controls the salinity and heavy metals levels,
(i) to investigate the influence of seasonality on salinity amdhe sourcing and transport of
pollutants in the river, and (iv) to identify the main sources of salinity and pollution in the
river using statistical techniques
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2. STUDY SITE

The Iraqgi lands have been divided into four primary tectonic zones dependimg i@tk

type, age, and structural development. These four areas are: Inner Platform, Outer Platform,
Shalair Zone, and Zagros Suture Z¢Reuad 2015). The study area is situated within the
southeastern parts of the Outer Platfgfouad and Sissakian 2D)1which is covered by
Holocene alluvial deposits with marine influence in the southernmost margin&Y peoub

2011; Sissakian et al. 201Mhe Shatt aArab River extends in southern Iraq within Basra
Governorate. The river consists of the confluenfcéhe Tigris and Euphrates rivers at the

town of Qurna, and flows towards the southeast. The Karkheh River that originates from
Iranian territories empties in the Hawiza Marsh near the-Iragian border. The Hawiza

Marsh waters flow into the Swaib Riwwhich joins the Shatt Ahrab at 6 km from the

|l atterds origin. At a d-Arsltoagnctre Karun Rited whick m f
also originates from Iranian territories, flows into it. The river continues to flow southeast
with a total leigth of 192 km until it empties into the Arabian G{(M -Asadi et al. 2020)

The Shatt AlArab River is one of the modern geological features in the Middle East, which
arose because of the continuoeseat ofcoastline. At the beginning of the Holoceabput

12,000 BP, the Tigris and Euphrates rivers flowed through a marshy area and emptied
separately into the Arabian Sea at the Strait of Hormuz (Teller et al. 2000). The maximum
transgression, at about 6,000 BP, extended about 400 km inland from & poesstline.

After 6,000 years ago, the ShattAitab delta extended southward to its present position
(Cooke 1987). Eventually, large amounts of alluvial sediment carried by the Euphrates and
Tigris rivers returned the coastline to its present locasitthpugh these two rivers continued

to drain separately into the gulf. Since before 2,000 BP, the Tigris and Euphrates rivers have
been draining into separate streams into the gulf. From 1,500 BP on, the ShatbARiver
actually existedAl-Hamad et b 2017).Thus, Shatt AlArab tributaries are Tigris,

Euphrates, Karun, and Karkheh rivers-@dadi 2017). Such tributaries were historically

0]

contributing to 35%, 24%, 33% andEXWATrespect

and BGR 2013)Nonethelesghe Euphrates supplies to the Shattdab have significantly
decreased after the construction of the submersible dam in the Khinzeera area, around 13 km
west of Qurna. In addition, the Karun course was diverted to Iranian territories so that it
empties dectly into the gulf through a channel parallel to the Shat#ralb from the east.

Thus, the Karun is no longer of significant supply to the Sha#rAb. Likewise, the Suwaib
supply has also decreased (Hassan 201R)s, Shatt AlArab discharge has emrmously

declined. Currently, the river depends mainly on the freshwater flow from the Tigris River
(Al-Tememi et al. 2015; AAsadi 2017). The discharge at the Maqal city, northern Basra

city, reached 919, 758, 334, 682, 724, 626, 151, 300, 312, 24M®65 M s for the years
1978, 1987, 1990, 1994, 1995, 1998, 2001, 2006, 2007, 2008, 2014, and 2017, respectively
(Al-Mahmood 2020Q)

The sediments in the area consist mainly of clay and silt with sabkha (Sissakian et al.
2018). Such sediments were originally brought by the Tigris, Euphrates, and Karun rivers and
formed a delta that gradually pushed the coastline towards the southtsastteent position
(De Morgan 1900). The rivero6s depth ranges
consideration (Moyle 2014). The river's floodplain is characterized by its flat nature, with an
elevation of three meters and zero meter abovéesehat the river's source and mouth,
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respectively (AlKubaisi and Hussein 2014). The width of the river varies along its course

from 200 meters near the confluence of the Tigris and Euphrates rivers to about 500 meters

near Basra and more than 800 metrits mouth. Several factors control the hydrological
conditions of the rivero6s basin, such as the
Karkhah rivers conditions, the seepage of groundwater into the river, the influence of the

climate varations prevailing in the region, and the state of the tidal floods advancing from the

gulf (Al-Mahmood 2009). The climate of the Shatahb region is hot and dry. Summer is
remarkably hot, with temperatures in the shade reaching around 43°C, faHirogitml 26°C

at night. In winter, the weather is cold and the temperature ranges between 18°C and 2°C

during the day and night, respectively (Hussein et al. 1991). Annual rainfall rates range from

200 mm in the eastern part of the delta to about 100 mheiwést (FAO 2003 he ri ver 6s
estuary undergoes a tidal cycle each 12 hours with flood and ebb tides. Moreover, the biggest
total tide of 3 meters occurs during spring tide, and the smallest total tide of 1 meter occurs

during neap tide. Salinity levelsictuate depending on the tide cycles and freshwater

discharge. Salinity intrusion increases during spring and flood tide and regresses during neap

and ebb tideAbdullah et al. 2016; Zachopoulos et al. 2020).

3. METHODS
3.1. Sampling

Water samples were collecttdm 25 locations (one sample from the Tigris River and

another from the Euphrates River right before their confluence, and the rest 23 samples along
the main course of the ShattAalab River from its source to its mouth) (Figure 1). Sampling
locatonse pr esent maj or | and cover/ |l and use chancg
these locations accurately represented the characteristics of the areas surrounding the river
course. Samples were taken in four field expeditions: first; October 2018:dabirs),

January 2019 (winter season), April 2019 (spring season), and July 2019 (summer season) to
ensure capturing the seasonal variations in water quality. In the estuaries, in general, the
spatial and temporal changes in physical @meimical parameteend thus water quality are
distinctly affected by tidal phenome(@ereja et al. 202Revina et al. 2022)Thereforeto

avoid the impact of monthiyde, that is spring and neap tides, samples were collected during
the periods between: new moon andt fipsarter; between the first quarter and full moon;
between the full moon and third quarter; and between the third quarter and new moon.
Moreover, to avoid the influence of diurnal tide, that is flood and ebb tides, we followed the
tide charts (Tidd=orecat.com 2024) to synchronize the measurements across different sites
and times. In other words, we consistently followed the same time schedule for each
sampling expedition. Total dissolvedlids (TDS), and hydrogen ion concentration (pH)

were measured ugj portable Hanna digital metarssitu at the time of sampling. Each

sample was collected into 500 ml polyethylene bottles that were previously rinsed three times
with the riverds water to be collected. Samp
membrae filter (Millipore MF) and kept in 50 ml HDPE containers that were previously

rinsed and leached with ultrapure waden d s t o rCe Ahalysds wérelp8rformed in an

ion chromatograpimass spectrometer (IGRS) at the College of Pharmacy at Philipps
Universitat Marburg in Germany.
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Figure. 1 Study site
3.2. Water Quality Index (WQI)
We used 6weighted arithmetic index
following equations:
71) = (1)
Where Qn is calculated using the equation:
17T pnr—— 2

Where Vn is the actual value of the parameter observed (Table Sgpresents the ideal
value of that parameter. Vi is zero for all parameters except for pH (Vi = 7). Vs is the
standard permissible value for tHéwater quality parameter (Table 1).
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Table 1 National and international standards of water quality
Element Standard permissible value (Vs) Reference

Ba 700 ug bt World Health Organization (WHO) (2006)
Ca 50 mg B! (Dwivedi et al 2021)
Cd 3ug bt World Health Organization (WHO) (2006)
Co 70 pg bt Environmental Working Group (2024)
Cr 50 pg bt World Health Organization (WHQO) (2006)
K 12 mg B Gazete (1997)
Li 60 ug k! thrg;e:ch; States Environmental Protection Agency (US EPA)
Mg 50 mg B! Drinking Water Standard 1QS:417 (2001)
Na 200 mg b? Drinking Water Standard 1QS:417 (2001)
Ni 20 pg bt World Health Organization (WHO) (2006)
pH 6.5-8.5 World Health Organization (WHO) (2006)
Sr 7 mg B! Health Canada (2018)
TDS 500 mg B! Environmental Protection Agency (EF2018)
V 21 ug B Environmental Working Group (2024)
Whn is calculated using the equation:
77— (3)
Where k represents the proportionality constant, and it is computed using the equation:
E — 4)

B—
Water quality category is determined according to Table 2.

Table 2Water quality index (from: Yadav et al. 2010)

Water Quality Index (WQI) Water quality status
0- 25 Excellent

26- 50 Good

50- 75 Poor

76- 100 Very poor

> 100 Unsuitable

3.3. Runoff calculation using SCSCN model

The SCSCN was used in Google Earth Engine (GEE) to compute runoff in the basins that

feed the Shatt ARrab River, i.e., Tigris, Euphrates, Karun, and Karkhakins. The method
calculations depend mainly on rainfall, soil, LULC, and slope of the basin. The required data

were obtained for rainfalHunk et al. 2015)soil (Hengl 2018) LULC (Google Earth Engine,

MODIS Collection 6.1 MCD12Q2 Land Cover Dynamif324), and Digital Elevation

Mo d e |l (DEM) t o cal €arletalt 2007 he enethodapplieddhe s | ope (
following equations (USDA 1972):

1 EOE m (5)
T EQE 1

where Q, P, and S are direct runoff, rainfall, and potem#dimumretention, respectively

i's initial abstraction coeffi gof@edisgusedhat r ang
(United States Department of AgricultuMatural Resources Consetiea Service, USDA

NRCS 2004)kS denotes the initial abstraction, which encompasses infiltration, interception,
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and storage of surface depression (Wang et al. 2012). S is computed as follows (Mishra and
Singh 1999):

3 — curt (6)

CN ranges between 0 (when S and Q equal infinity and zero respectively) to 100 (when S

equal zero and when all rainfall becomes runoffle Thap of the study area was then

classified into distiot Hydrological Soil Groups (HSG) based on observations of soil

infiltration capability, as described by Subramanya (2009). HSG are categorized into four
types: A, B, C, and D. AAO0 s oooténsalstbfeumof. hi gh r
Theinfi  tration rates and runoff potentials of

l ow infiltration rates and a moderate to hig
infiltration rates and very high potentials of runoff (Tarun and Jhariya 2DU&)C, HSG,

and Antecedent Moisture Condition (AMC) are the factors that determine CN. LULC map

was projected on HSG map and intersected areas were delineated using GEE. Each area of
specific LULC and HSG has a certain CN value that was obtained from Saryrarg2009).

Next, each area was converted to iIts percent
was multiplied by its corresponding CN to obtain a specific value. The sum of such specific

values for all areas equals composite curve numbeg)(TNe CN is calculated as follows

(Hawkins et al. 1985):

#. B —— (7)

CNi, Ai, and A denote stilbegional curve number,sibe gi onal ar eaaeaand t ot
respectively. Cbtainedfrom equation 7 is considered ¢€Nsuch CN is converted to CN
and CN; for dry (AMC)) and wet (AMG@i) conditions respectively.

#, ———— (8)

# . — (9)
CNi, CNy, and CNy were used according to table 3 to compute S in equation 6. The S value
is inserted into equation 5 to estimate Q. Q was calculateéte last three months prior to
the sampling timedr four times (i.e., for the four seasons investigated in the present study).
For such four Q values, rainfall and LULC were selected for the same time periods (i.e., for
the last three months prior to the sampling time for four times for four Q estislation

Table 3AMC classes and their corresponding.CN
Five Days Antecedent Rainfall (mm)

AMC CN - - .
inactive Season Growing Season
I CN Less than 12.7 Less than 35.6
Il CN 12.7t0 27.9 35.6t0 53.3
i CNu More than 27.9 More than 53.3

3.4. Statistical Analysis
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To determine the element agglomeration and identify the sources of elements in the river, we
performed statistical analysis. The correlation matrix, which is a statistical technique that
showsthe correlation coefficients between variables\@8ables in the current study), is

expected to produce a large matrix (19 x 19), and for this reason it is not effective in
summarizing the large data information of the current study. On the other hand, statistical
methods such as PCA can efficientlyued the dimensionality of such a large data set. In

PCA technique, the initial variables are transformed into a smaller set of variables while

keeping the most important information in the initial data 3atiffe 1986) The PCA was

done for each seas@amorder to obtain a detailed understanding of seasonal variations and
specific parameters influencing the riveroés
PCA, specific requirements such as KaistyerOlkin (KMO) test, KolmogorovSmirnov

(K-S)t est, and Bar t | e tShréstha ancekazama200F)ie KM@tesat t ai n e
was conducted to investigate the data suitability for PCA. The test evaluates sampling
sufficiency that reveals the ratio of variance among the examined parameters that can
represent a common variance. Researchers suggested that elevated KMO test value that
equals or higher than 0.5 proves the PCA fitnelsstas 2010; Field 2013; Cleff 2019)hen,

we performed the ¥S test to explore the data suitability to-egrmal distibution

(Chakravartet al. 1967)For K-S testwe used the lognormal distribution because

environmental data, such as water quality data, usually display a skewed distribution rather
than a normal distributioBar t | et t 6 s t est aavwhetleothedarelationd t o
matrix is an identity matrix. While, the tes
correlation matrix and unit matrix, the alternative hypothesis represents the inequality of the

two matrices. At a significance leved equal or less than 0.05, the null hypothesis is rejected.

The null hypothesis rejection indicates significant relationships among vari@ateschnick

and Fidell2007).The PCA reduces the contribution of variables of minor importance.

However, PCA, whn followed by factor analysis (FA), results in further reduction of the
contribution of the less important variables and enhancement of the contribution of the more
important variablesMassart et al. 1988FA is performed by rotating the axes generated

PCA according to weléstablished criteria. Rotation creates a new factor set, each of which
contains a set of the original variables with the least possible amount of overlap (Sharaf et al.
1986; Menke 2018). The components were considered as priocippbnents when their
Eigenvalues were higher than 1.00.

4. RESULTS

4.1. Salinity and WQI

In fall season, TDS readings exhibit a gradual minor increase along the first 86 km of the
river course (i.e., TDS increases from 1170 ppm to 9870 ppm, with an increment of 8700
ppm in 86 km) (Figure 2). From 86 km to 103 km of the river course, TDS sesdam

9870 ppm to 24280 ppm, with an increment 14410 ppm in only 17 km (Table S1, Figure 2).
On the other hand, in winter, spring, and summer seasons, there are flat lines WithSow
values along the river course till 183 km, followed by a slight Ti2&ase towards the gulf.
Remarkably, adistance of 126 knthere areslight declines in TDS. Such declines were at 20
km downstream of the confluence of the Karun River and the Shattadl (Figure 1, Figure

2).
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WQI results showed that in the fall seasthere is a sharp WQI increase at sit€is
increase continues to rise until the mouth of the river. The winter season exhibited the lowest
WQI values that areearly consistent throughout the river course. The spring and summer
seasons displayed a similar trend as winter, though they experienced relatively higher WQI
levels. The WQI in 5, 23, 25, and 4 sites in fall, winter, spring, and summer respectively was
considered excellent to good (Figure 3, Table 2). WQIl in 3, 2, and 20 sites in fall, winter, and
summer respectively was considered poor to very poor (Figure 3, Table 2). WQI in 17 sites in
fall and one site in summer was considered unsuitable (Figurdl& 2
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Figure 2. Total dissolved solids (TDS) distribution along the ShatAAdb River at 25 sites
during four seasons
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Figure 3. WQI distribution along the Shatt Arab River at 25 sites during four seasons

4.2. Runoff
SCSCN model revealed thatinoff starts to generate in the end of October and continues
until the end of April with an average of 0.2 mm d4Figure 4). Our results displayed that
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runoff follows the same rainfall trend. The analysis indicated that rainfall and runoff
displayed sbng (¢ = 0.99) significant (p < 0.05) negative correlations with salt wedge
extension (Figure 5). Moreover, rainfall and runoff also displayed strérgd(86 and 0.90)
significant (p < 0.05) negative correlations with WQI (Figure 6). Runoff coefficient displayed
even a strongerir 0.93) significant (p < 0.05) negative correlations with WQI (Figure 7).
Our analysis also revealed that the runoff cogffit for the four seasons from the lowest to

the highest was for fall, summer, spring and winter respectively. There was a strong (r
0.87) significant (p < 0.05) negative correlation between the runoff coefficient and the
standard deviation of WQI (Fige 8). Such a negative correlation indicates that seasons of
higher runoff coefficients experience more WQI consistency.
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Figure 4. Rainfall and runoff of the watersheds of the rivers that feed Shataki.
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Figure 5. Cumulative rainfall (mm montR) for the last three months prior to the sampling
time for four times (four seasons) versall svedge extension (km) upstream of the Shatt Al
Arab. Cumulative runoff (mm monith for the last three months prior to the sampling time
for four times (four seasons) versus salt wedge extension (km) upstream of the -Snati. Al
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Figure 6. Cumulative rainfall (mm montf) for the last three months prior to the sampling
time for four times (four seasons) versus median WQI in the Shattald. Cumulative

runoff (mm month?) for thelast three months prior to the sampling time for four times (four
seasons) versus median WQI in the ShatArslb.
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Figure 7. Average runoff coefficient for the last three months prior to the sampling time for
four times (four seasons) versus median WiQhe Shatt AlArab.

4.3. Statistical Analysis

The three tests (i.e., Kolmogor@mirnov, KMO, and Bartlett) criteria required to perform

PCA were all met. First, the Kolmogor@&mirnov test revealed that all the investigated

variables had logiormal distrbution with a confidence of 95% or higher indicating that the
investigated data do not significantly deviate from the specified distribution (i.e., log

nor mal ) . Second, the KMO test values were hi
that the nulhypothesis is rejected as the significance level in the current study was O (less

than 0.05), which implies that there are significant relationships among variables (Tabachnick

and Fidell 2007). For the fall season, PCA and FA have extracted four varifactors (Table 4).

VF1 explained approximately 39% of the total variance and was dominated by Ca, K, Li, Mg,
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Figure 8. Average runoff coefficient for the last three months prior to the sampling time for
four times (four seasons) versus standard deviation of WQI in the Shatafl

Na, Sr, TDSand B. VF2 explained 31% of the total variancd around 70% of the
cumulative varianceand was dominated by Al, Co, Cr, Ni, V, Mn, and Fe. VF3 explained
14% of the total variancand around 84% of the cumulative variarened was dominated by
Cd, Cu,Pb, and Zn. VF4 explained 8% of the total variaseeé around 92% of the

cumulative variancegnd was dominated by Ba, As, and a negative loading of pH. For the
winter season, PCA and FA have extracted four varifactors. VF1 explained approximately
55% of he total variance and was dominated by Ba, Co, Cr, K, Li, Mg, Na, Ni, and V. VF2
explained 12% of the total varianaad around 67% of the cumulative variarared was
dominated Ca, Sr, and a negative loading of Cd. VF3 explained 9% of the total vanidnce
around 77% of the cumulative varianaed was dominated by Al and a negative loading of
pH. VF4 explained 8% of the total variarmed around 84% of the cumulative variareoad

was dominated by TDS. For the spring season, PCA and FA have extraetedriiactors.

VF1 explained approximately 36% of the total variance and was dominated by Ba, Ca, Co,
Li, Sr, V, As, and B. VF2 explained 16% of the total variaaee around 52% of the
cumulative variancegnd was dominated Cd, K, Mg, Na, and TDS. VF3a&rpd 9% of the
total varianceand around 61% of the cumulative variaregg was dominated by Al and Zn.
VF4 explained 8% of the total varianaed around 69% of the cumulative variarexed was
dominated by Cr and Ni. VF5 explained 7.5% of the totabwaeand around 77% of the
cumulative variancegnd was dominated by pH and Fe. For the summer season, PCA and FA
have extracted four varifactors. VF1 explained approximately 29% of the total variance and
was dominated by Al, Ba, Cr, Ni, and a negatiwadiog of V. VF2 explained 25% of the

total varianceand around 54% of the cumulative variararégd was dominated Ca, Li, Sr, As,
and B. VF3 explained 17% of the total variaacel around 71% of the cumulative variance,
and was dominated by K, Mg, Na, and. X’F4 explained 9% of the total variareed

around 80% of the cumulative varianaed was dominated by Co, Fe, a negative loading of
TDS, and a negative loading of pH.
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Table 4 Principal component analysis followed by factor analysis for the water ssiopl
the Shatt AlArab River for four seasons. The cells shaded in gray represent elements
included in the related varifactor column.

Fall season Winter season Spring season Summer season

Element Varifactor Varifactor Varifactor Varifactor

VF1 | VF2 | VF3 | VF4 | VF1 | VF2 | VF3 | VF4 | VF1 | VF2 | VF3 | VF4 | VF5 | VF1 | VF2 | VF3 | VF4
Al 0.11 | 097 | 0.03 | -0.16 | 0.06 | 0.05 | 0.87 | -0.13| -0.12 | -0.10 | 0.75 | -0.13 | -0.03 | 0.85 | 0.26 | 0.05 | -0.01
Ba 0.17 | 056 | 0.28 | 064 | 0.86 | -0.14 | 0.11 | 0.32 | 0.73 | 0.19 | -0.09 | -0.04 | 0.17 | 0.66 | 0.08 | -0.07 | 0.57
Ca 0.97 | 001 | 0.03 | 020 | 0.61 | 065 | 0.18 | -0.17 | 0.78 | 0.00 | -0.41 | 0.07 | -0.02 | 0.05 | 0.92 | 0.10 | -0.06
cd -0.06 | 0.24 | 0.71 | -0.14 | 0.04 | -064 | -0.24 | -0.41 | -0.35 | 0.60 | 0.18 | 0.25 | 0.40
Co 0.02 | 099 | 0.04 | -0.04 | 0.78 | 0.05 | -0.07 | 030 | 0.64 | -0.10 | 0.29 | 0.15 | 0.34 | 0.27 | -0.01 | -0.21 | 0.66
Cr 0.03 | 097 | 0.02 | -0.07 | 080 | -0.13 | 048 | 0.21 | -0.02 | 0.09 | 0.23 | 0.92 | -0.04 | 0.92 | 0.06 | 0.02 | 0.34
K 099 | 0.04 | -002 | 0.02 | 092 | 0.21 | -0.15| -0.11| 0.20 | 085 | 0.13 | 0.01 | -0.25] 0.21 | 0.19 | 0.91 | 0.17
Li 099 | 0.04 | -0.02 | -0.03| 092 | 0.31 | 0.04 | -0.13| 0.89 | 0.20 | -0.14 | 0.03 | -0.13 | 0.24 | 0.82 | 0.37 | -0.04
Mg 099 | 008 | -0.03 | 0.03 | 092 | 0.23 | -0.15| -0.10 | 0.21 | 0.91 | -0.10 | -0.07 | -0.06 | -0.18 | 0.23 | 0.89 | 0.12
Na 099 | 0.07 | -0.03| 002 | 093 | 0.26 | -0.13 | -0.09 | 0.13 | 0.80 | -0.23 | 0.09 | 0.18 | -0.66 | 0.14 | 0.68 | -0.11
Ni 0.07 091 | 0.25 | -0.18 | 0.76 | 042 | -0.03 | 0.18 | 0.28 | -0.10 | -0.42 | 0.66 | -0.01 | 0.76 | 0.36 | -0.09 | 0.26
Sr 09 | -0.16 | 0.05 | 021 | 0.54 | 0.69 | 0.06 | -0.05| 0.85 | 0.00 | -0.26 | 0.13 | 0.02 | -0.58 | 0.69 | 0.13 | -0.16
\% -043 | 080 | 006 | 0.34 | 097 | 0.16 | 0.01 | -0.05] 081 | 0.26 | 0.06 | 0.08 | -0.19 | -0.78 | 0.43 | -0.20 | -0.09
TDS 0.92 | 001 | 0.03 | -0.18 | 0.06 | 0.07 | -0.08 | 0.94 | 0.47 | 0.78 | 0.14 | 0.01 | -0.21 | -0.29 | -0.21 | 0.56 | -0.57
pH -0.45 | 0.07 0.03 | -0.75| 0.17 | -0.18 | -0.74 | -0.06 | -0.05 | -0.29 | 0.17 | 0.03 | 0.65 | 0.00 | 0.04 | -0.11 | -0.63
As -0.58 | 0.31 | -0.02 [ 0.68 089 | 0.14 | -0.03 | -0.09 | 0.15 | 0.07 | 0.92 | -0.20 | -0.03
B 1.00 | -0.01 | 0.00 | 0.07 080 | 049 | -0.05| -0.06 | -0.01 | 0.13 | 0.69 | 0.53 | 0.30
Cu 0.02 0.13 | 0.86 | 0.33
Mn -0.03 [ 0.96 | 0.07 | -0.03
Fe 0.08 | 0.97 | 0.08 | -0.06 030 | 019 | -0.31 | -0.15| 0.76 | 0.16 | -0.12 | 0.27 | 0.61
Pb -0.04 | 0.19 0.95 | -0.02
Zn 0.07 | -0.23 | 0.90 | 0.00 0.10 | 0.14 | 0.68 | 0.49 | 0.05 | 0.44 | -0.38 | 0.66 | -0.32
Eigenvalue | 8.5 6.8 3.1 1.7 8.2 1.9 1.4 1.1 6.9 3.0 1.8 15 1.4 5.3 4.4 3.1 1.6
:)I/"a:?;nce 387 | 311 | 143 | 79 | 548 | 123 | 9.4 76 | 361 | 157 | 9.4 8.0 75 | 29.2 | 247 | 170 | 87
;}”m“'at've 387 | 69.7 | 84.0 | 919 | 548 | 67.2 | 765 | 842 | 36.1 | 51.8 | 61.3 | 69.2 | 76.7 | 20.2 | 53.9 | 70.9 | 79.6

5. DISCUSSION

5.1. Salinity and WQI
The rivers that feed ShattArab (i.e., Tigris, Euphrates, Karun, and Karkheh) have their
lowest discharge during August, September, and October (Figure 9). Then, these rivers
discharge starts to increase reaching its maximum levels in April (Euphigittesth
discharge is in midune). Lower discharge during fall season allows the salt wedge to move
further upstream. Therefore, the sharp TDS increase at site 19 (at river length of 90 km)

during the fall season can be attributed to the salt wedge ext€rgjoire 2). In other words,

ti des
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season. During the other three seasons, the river higher discharge pushes the salt wedge
further seaward. The fluvial force of theeivovercomes the tidal force, driving the salt
wedge out of the delt@iang-wen et al. 2006Gong et al. 201,3_eonardi et al. 200)5The
unusual declines in TDS at distance of 126 km, 20 km downstream of the confluence of the
Karun River and the Shatt Mrab, can be attributed to the fresh water supplied by the
Karun. AlAsadi et al. (2022) detected that the discharge of the Karum &luges the

concentration of salts and limits the penetration of
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Figure 9. Average monthly discharge (m3 58dor the four rivers feeding the Shatt-Al
Arab. Note: From (UNESCWA and BGR 2013)

seawater in the Shatt Mrab. Likewise, higher WQI leals in dry seasons (i.e., fall and

summer) can be attributed to the reduced dilution in lower flows. On the other hand, during
periods of high river discharge, the concentration of pollutants may decrease due to dilution
(Hayderet al. 2021) Similar findings were detected by many researchers who found that
pollutants concentrations are negatively correlated with discharge (e.g., Chang and Carlson
2005; Abdullah et al. 2016; Miller and Hutchins 2017). Even with the fact that pollution
increases through sesge and runoff during wet season (Yunus and Nakaguchi 2004; Ojok et
al. 2017; Jia et al. 2021), higher discharge in wet season can also have a diluting effect,
reducing the concentrations of pollutants in
amount of pollutants may increase, the concentration per unit of water may decrease. This is
the case in the current study, that is, the dilution impact overcomes the higher flushing
influence in the wet seasohhe results are consistent with other stadeg. MenaRivera et

al. 2017;imbulanaet al. 2021 Anh et al. 2023Prasacet al. 2024 thatconcluded that low

water quality in the dry season get improved in the wet season due to runoff dilution.

5.2. CN Runoff
The negative correlations rainfall and runoff with salt wedge extension and WQI (Figures 5
and 6) indicated that the inflow of saline wdtem the gulf to the Shatt A\rab River was
hindered during the wet season by the dischardeced, relatively high water levels. During
the periods of high discharge, normally linked to relatively high rainfall seasons, the elevated
guantity of water an dilute elements in the river, resulting in a better water quality.
Conversely, during the periods of low discharge, there is less water for dilution, which can
result in higher concentrations of salt ions and contaminants. While the high dischaige level
in the wet season lead to increased runoff from urban, industrial, and agricultural sources that
brings pollutants such as fertilizers, pesticides, and sediments into the river, such flushing can
be suppressed by the dilution influence (Prasad et af)202

The correlations detected between rainfall, runoff, and runoff coefficient with salt
wedge extension and WQI (Figures 5, 6, and 7) can be utilized to predict the salt wedge
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extension and WQI by means of rainfall and runoff data. The strong negatigkation

between the runoff coefficient and the standard deviation of WQI (Figure 8) indicated that the
dry season that is typically associated with lower runoff coefficient, the WQI shows a higher
variability. This advocates that there should be moreitmong stations in the dry season to
capture such variability. On the other hand, the wet seasons experience more WQI
consistency, and thus require less monitoring stations and thus less financial costs.

5.3. Statistical analysis

Multivariate statistical techques such as principal component analysis and factor analysis

are broadly used for pattern definition, grouping, and data dimensionality reduction
(Filgueiras et al. 2004; Glasby et al. 2004; Tang et al. 2010). In the current study, PCA and
FA have beengrformed on the normalized data sets for the four seasons. For the fall season,
the elements in VF1 (i.e., Ca, K, Li, Mg, Na, Sr, TDS, anéBjibited an increasing trend
towards the gulf. These elements that account for more than 99 % of the disstitigeh so

the oceans (Railsback 2008)n be ascribed to seawater intrusiBlements irvF2 showed
relatively high concentrations at the river upper and middle reaches, and then exhibited a
gradual decrease towards the gulf (Table S1). Such element&l(i@o, Cr, Ni, V, Mn, and

Fe) are most likely related to anthropogenic sources. Co, Ni, V, Mn, and Fe are linked to
densely industrialized and urbanized zones that surround the SiatlAtourse in these
reaches. These metropolitan areas create coabldeamounts of pollution such as industrial
discharge and urban effluents {Asadi et al. 2019). Al is used in various industries such as
metallurgical, construction, transportation, and chemical and electrical manufacturing
(KabataPendias and Pendida®01). Major anthropomorphic sources of Cr include metal

alloy production, cement production, sewage sludge, and municipal refuse burning (Weiner
2008). VF3 elements (i.e., Cd, Cu, Zn and Pb) displayed high levels in sites 10 and 19, sites
that correspontb industrial centers with metal welding workshops, and thus can be linked to
industrial effluents (Weiner 2008). As and Ba correlation with pH in VF4 is bepiusan
influence As and Ba speciation within water and control their existence tofmeeor

compound form (Smedley and Kinniburgh 2002; KnowYourH20 2024 )and Ba

concentrations in the present study are within their regular levels in the global natural water.
Moreover, they and do not exhibit any association with urban and industrial zoned #re

river course. Therefore, these elements can be attributed to geologic sourcing-(Kabata
Pendias and Pendias 2001; Bird et al. 20Ed).the winter season, VF1 that encompasses

Na, Mg, K, Ba, Co, Cr, Li, and Ni can be credited to natural souraeavy, and K levels

are less than in both Alawash et al (2013) amglobal natural wateBa, Co, Cr, K, Li, and

Ni are often present in natural waters in concentrations less than 1.0 mg/L. In the current
study, they all displayed levels of much less thahmg/L. Elements in VF2 (i.e., Ca, Sr, and
Cd) that showed an increasing trend towards the gulf indicated the effect of sea water. The
Aluminum that is inversely correlated with pH in VF3 displayed levels that are much less
than AlTawash et al. (2013)nd can be attributed to natural sourcing. Al displayed

decreasing concentrations near the gulf while pH exhibited increasing levels near the gulf. As
the pH increases, Al tends to precipitate out of solutions (Driscoll 1985). TDS in VF4 that
displayedasdden i ncreasing | evel at the riveraos
In the spring season, elements in VF1 (i.e., V, Co, Li, B, Ca, Sr, As, and Ba) have high levels
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at the middle reaches of the river where the urban centers concentrated) bad ca

considered of anthropogenic sourcing-@dadi et al. 2019). Elements in VF2 that includes

Na, Mg, Cd, K, and TDS can be attributed to natural sourcing as they are within low levels,
and are not linked to any specific activities around the river eolitee Al and Zn in VF3 are
related to anthropogenic sourcing as they showed relatively high concentrations near
urbanized centers. Yet, the general low level of these metals refers to the dilution influence in
this season. VF4 elements (i.e., Ni and @r) be attributed to natural sources as they are

within the natural levels and are not showing any trend along the river course. Iron is
combined with pH in VF5 because iron solubility in water is influenced by pH (Zhu et al.
2023).For the summer seasahl, V, Cr, Ba, and Ni in VF1 exhibited relatively high levels

at the river source in sites 1, 2, and 3. These elements can be ascribed to oil industry as Qurna
oil field is sit u&abataPendiasand Péntiss 20@1:Saadrettals s our c
2017). Li, B, Ca, As, and Sr in VF2 that displayed elevated levels in the middle reaches of the
river that are surrounded by heavily urbanized and industrialized areas can be of industrial
sources (Moss and Nagpal 2003; Choi et al. 2019; Upadhyay et aj HaHIth Canada

2019. The VF3 components (i.e., Na, Mg, K, and Zn) that exhibited high levels in the very
lower reaches of the river can be ascribed to seawater influence (Railsback 2006). Likewise,
VF4 elements (i.e., TDS, pH, Fe, and Co) can be at&tibia the seawater intrusion. TDS

and pH that displayed relatively higher levels at the lower reaches had inverse relationships
with Fe and Co. The negative correlation between TDS and Fe is attributed to the fact that Fe
agglomerates to form colloids whawrer water mixes with seawater (Sholkovitz 1978;

Mayer 1982; Gerringa et al. 2007). Daneshvar (2015) found that Fe levels in the River Irt and
the River Esk decrease once they mix with estuary water. Fe and pH inverse correlation is
due to thatron becanes more soluble with lower pH level (Lenntech 2024tional Testing
Laboratories 2024 Likewise, the inverse relationship between cobalt and salinity can be
ascribed tdhat rivers represent major sources of cobalt to the dS=dto and Moffett

2002).The negative correlation between cobalt and pH is due to that at lower pH levels, Co
tends to be more soluble (Moore 1991; Narimannejad et al. 2019).

6. CONCLUSIONS

Rainfall and runoff in the watersheds of the rivers that feed Shaitald control the salt

wedge extension and water quality in the latter waterway. During the dry season, the salt
wedge extendaround 100 km upstream of the rivemn the other hand, dag the wet

seasons, the salt wedge extends arduihkin upstreanSimilarly, Waterquality declines

during the dry season, and enhances during the wet selBwesspecifically, the salt wedge
extension and WQI can be precisely predicted by mean oalaamid runoff which can be

obtained using remote sensing data in Google Earth Engine environment. The periods of high
rainfall and consequently high runoff, cause elevated water volumes. Such high water mass
can dilute the elements in the river, resulaibetter water quality, and push the salt wedge
towards the sea. On the other hand, the periods of low runoff when there is less water for
dilution, the contaminants become concentrated and the salt wedge extended further upstream
due to the dominance stawaters over the river floRCA assisted in reducing the
dimensionality in water quality data by defining the principal components that captured most
of the variance in the data. In general, four PCs were able to explain the variance in the data
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of eachseason. Such PCs indicated that some investigated elements were of natural sourcing,
while others were of anthropogenic origifitie seasonal variations in weather and in human
activities (e.g., tillage, planting, harvesting) controlled the sourcing and transportation of
elements in the Shatt Mrab River. Finally, the wet seasons experience more WQI
consistency, and thus the nuenlof sampling stations and associated costs would be less.
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Supplementary Material

Table S1.Element concentrations in the ShattA#ab River at 25 sites during Fall 2018,
Winter 2019, Spring 2019, and Summer 204B: Not Detected

Element Site 1 Site 2 Site 3 Site 4 Site 5

Fall Winter Spring SummefFall  Winter Spring SummefFall  Winter Spring SummerFall Winter Spring SummegFall Winter Spring Summe|
B (mg ET 0.5 ND ND 0.9497 |0.45 ND ND 0.5204 (0.48 ND ND 0.9006 (0.47 ND ND 0.4768 [0.74 ND ND 0.5816
ND(mgk) [320 ND 2439 83.07 (2819 ND 207  37.88 [309.6 ND 3109 8243 (2824 ND 4082 270.6 |784 ND 262.7 289.7
Mg (mg £ |60 6 49.57 92.44 |68.09 16.98 43.23 26.78 |58.07 8.037 66.49 89.46 |70.47 5.807 68.98 63.85 [131.8 12.33 48.19 66.65
Al(mgtY [0.41 0.0221 0.026 0.0308 [0.076 0.026 0.0233 0.0383 |0.6321 0.0221 0.0206 0.1192 |0.3647 0.0221 0.0233 0.01905(0.3817 0.0212 0.0191 0.0215
K(mgky |11 956 6.235 3097 |[7.13 2.039 5262 11.15 (8.17 1.057 7.951 28.34 |11.02 0.8423 8.786 6.673 [22.69 1.316 14.46 7.704
ca(mgty [150 36 117.8 307.3 [119.1 50.48 132.4 51.29 [180.9 42.73 139.1 294 150.1 36.1 157.8 85.98 [183.9 58.44 253.9 94.68
Sr(mgky [2.4 094 1893 1942 |2.18 1.363 1.982 0.5033 |2.56 1.153 2.222 1.822 |2.28 0.9249 2.793 1.616 |3.1 1.6 4372 1.847
Liugby |37 ND ND 50.86 |36.38 ND ND 5.73 [37.77 ND ND  47.67 |35.18 ND ND 23.35 |[43.22 ND ND 24.07
Vugty (8.8 4 6.19 671 (878 4.72 538 6.12 [11.73 4.47 6.82 573 10 402 612 1252 |11.4 4.09 8.04 1231
Crugty |45 1.4 147 271 |133 134 134 297 |45 143 141 338 (313 138 151 141 (302 136 147 16
Mn (ug LY (37 ND ND ND 9.67 ND ND ND 1359 ND ND ND 59.64 ND ND ND 60.43 ND ND ND
Fe (ug U 750 ND 042 1.26 97.37 ND 134 25 1036 ND 1.01 159 574.4 ND 1.06 115 541.6 ND 131 181
Co(ugky |13 0.1 0.2 0.34 077 013 025 055 (1.87 0.09 025 0.27 145 0.09 0.3 0.27 (134 011 027 013
Ni(ugtY 7.9 5.3 6.1 756 |2.66 5.03 6.27 10.82 [10.99 492 6.61 14.47 |8.12 4.86 588 6.16 (894 515 7.17 6.21
Cu(ugky |27 ND ND ND 1.17 ND ND ND 412 ND ND ND 4.37 ND ND ND 478 ND ND ND
Zn(ug by [2.1 ND 12.15 41.8 |10.41 ND 221 19.71 [20.94 ND 11.68 48.59 |20.94 ND 26.97 1.9 36.92 ND 19.1 5.61
As(ugty [1.9 ND 295 824 [1.71 ND 148 104 (239 ND 295 10 176 ND 251 471 (244 ND 486 2.06
cd(ugty o1 0.03 0.03 ND 0.06 0.03 003 ND 0.16 0.03 003 ND 0.04 0.03 026 ND 0.09 0.03 003 ND
Ba(ugby [130 5.2 24.19 154 83.96 14.26 34.32 143.8 [99.06 14.36 31.34 107 93.88 1.81 22.34 70.57 |107.6 3.92 36.59 81.16
Pb(ug kY (0.7 ND ND ND 0.37 ND ND ND 1.81 ND ND ND 1 ND ND ND 1.29 ND ND ND
TDS (mg'Ly[1170 2200 1890 1160 [1350 2370 1960 1120 [1250 2400 2430 1150 [1210 2580 2920 1220 (2610 2250 3400 1560
pH 8.7 8 7.2 7.4 8.3 8.1 7.5 7.4 8.2 8.1 7.6 7.6 8.2 8 7.7 7.8 8 8 7 7.8
Element Site 6 Site 7 Site 8 Site 9 Site 10

Fall Winter Spring SummefFall  Winter Spring SummerFall Winter Spring Summe(Fall  Winter Spring SummeiFall Winter Spring Summe|
B(mgtY |0.86 ND ND  0.5017 |1.1 ND ND 0.5973 [1.89 ND ND 0.5355 |2 ND ND 0.7509 (2.8 ND ND 0.6411
ND (mg EY |1047 ND 240.4 256.3 (1487 ND 3345 336.1 (3328 ND 3455 329.8 (3561 ND 378.8 426.2 |5547 ND 280  350.6
Mg (mg b)Y |158.1 9.275 64.96 63 2085 8.461 54.78 78.38 |409.6 7.022 56.61 77.28 |375.5 4.67 63.29 1039 |513 12.61 51.54 85.82
Al(mg £} [0.8672 0.0194 0.0254 0.0245 [0.3349 0.0194 0.0233 0.02537(0.5511 0.0203 0.0224 0.01725/0.3095 0.0197 0.0227 0.02507|0.7428 0.0218 0.0206 0.02296|
K(mgtY [30.73 1.242 134 6.433 (4394 1134 7.453 9.194 [104.4 0.9954 7.761 9.505 |111.7 0.7537 8.692 12.81 [159.3 1.588 15.99 10.62
Ca(mgty [2045 56.74 220.2 81.98 |227.9 60.61 208 167.5 |[300.6 30.23 2353 201.7 [310.9 13.56 2345 237.3 |417.7 553 217.7 186.1
Sr(mgky [3.25 1.307 3975 1523 |3.94 1554 327 2963 |[547 0.8113 3.625 3.376 [5.81 0.4865 3.548 4.126 |7.75 155 3.8 3.3
LiugkY [43.06 ND ND 23.66 [50.38 ND ND 27.03 |[73.29 ND ND 27.07 |[77.09 ND ND 35.46 |102.8 ND ND 30.11
VugtY [1414 43 7.38 11.33 |10.83 4.09 6.22 11.78 [11.32 4.02 6.47 1175 [11.21 388 598 1399 (148 426 7.65 13.43
Cr (ug f’_T 5.6 141 147 134 294 138 143 16 449 136 162 158 2.8 132 138 156 577 141 149 165
Mn (ug LY |168.7 ND ND ND 86.06 ND ND ND 97.6 ND ND ND 62.81 ND ND ND 135 ND ND ND
Fe(ugty |1306 ND 0581 059 [509.3 ND 1.03 123 |826.7 ND 037 1.06 [495.1 ND 1.78 137 [2033 ND 0.64 0.06
Co(ugty [233 009 057 025 |121 016 048 027 188 011 027 025 [1.39 009 03 032 |2.16 0.09 0.3 0.23
NiugtY [15.75 503 7.22 627 [7.75 5.2 576 6.83 (121 5.2 6.16 6.66 |[8.44 486 571 812 (1622 543 734 6.94
Cu(ugty (459 ND ND ND 3.98 ND ND ND 5.69 ND ND ND 3.83 ND ND ND 1591 ND ND ND
Zn(ug by [26.55 ND 147.3 10.86 [6.95 ND 298 283 (548 ND 1457 5.3 19.05 ND 35 746 |145 ND 8.54 5.04
As(ugtYy [326 ND 442 398 [1.48 ND 162 295 |258 ND 1.04 691 (226 ND 3.68 912 |3.17 ND 412 6.03
Cd(ugky [013 015 0.3 ND 0.06 0.03 003 ND 0.06 0.03 0.03 ND 0.06 0.03 003 ND 0.16 0.03 0.03 ND
Ba(ugkY |101.8 0.48 3166 67.47 [101.6 353 29.14 7153 |[119.6 0.76 30.03 74.17 |120.5 3.48 30.22 70.53 [145.3 0.4 354 5472
Pb(ugtYy |1.84 ND ND ND 1.02 ND ND ND 132 ND ND ND 0.6 ND ND ND 434 ND ND ND
TDS (mg'Ly[4030 2330 3630 1770 [6340 2680 2810 2340 (8350 3410 2660 2080 [7770 3250 2710 2360 [8060 3090 3820 2720
pH 6.9 8 7.2 7.5 7.9 8.1 7.3 7.4 7.6 8.2 7 7.6 7.8 8 6.9 75 7.8 7.9 75 7.8
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Table S1 Cont. Element concentrations in the ShattAxab River at 25 sites during Fall

2018, Winter 2019, Spring 2019, and Summer 20I® Not Detected

Element Site 11 Site 12 Site 13 Site 14 Site 15

Fall Winter Spring  SummefFall Winter Spring SummefFall  Winter Spring SummefFall  Winter Spring SummerFall Winter Spring Summe)
B (mg t)ﬂ 25 ND ND 0.6989 (3.09 ND ND 0.9031 |3.15 ND ND 0.4971 |13.16 ND ND 0.6548 |3.28 ND ND 0.7504
ND (mg LY (4764 ND 377.9 370.6 |6297 ND 360.5 497.5 |6340 ND 232.8 3522 |6473 ND 436 3654 6640 ND 366  461.5
Mg (mg LY [441.3 12.75 6549 84.97 |581 16.11 64.45 114.8 [581.3 11.62 61.04 73.86 |[590.1 8797 76.4 9594 [604.6 11.03 63.47 99.06
Al(mg £ [0.1036 0.0209 0.0278 0.02266|0.3376 0.0224 0.0263 0.02146(0.0817 0.0269 0.026 0.02477|0.3434 0.0203 0.0251 0.02266(0.1335 0.0218 0.0215 0.0221
K(mgky [149.8 2.366 9.066 11.03 |196.2 2.883 9.3 13.82 [198.7 2.062 13.33 10.03 |202.3 1.649 1279 12.6 [207.5 2271 8.659 13.05
Ca(mgty (3565 39.61 1653 247.1 [439.5 5533 167.6 2927 |420.1 36.82 2017 220.4 [429.9 728 191.1 238.9 |428.6 32.02 1919 2432
Sr(mgb) [6.97 1174 2649 4127 [8.78 1.689 2.674 5044 (856 1.18 3.373 361 [8.66 1.814 3.162 4.152 [8.76 0.9933 2.894 4.263
LiugkY (9225 ND ND 2999 |1164 ND ND 39.13 (1169 ND ND 2425 (1156 ND ND 2991 |[121.3 ND ND 3133
V (ug t)‘ 987 412 675 13.04 [11.1 416 682 1633 (998 412 849 1196 (10.77 395 745 1161 |9.22 416 6.61 1273
Cr(ugky |176 134 141 147 (389 145 149 16 165 13 156 156 293 141 156 167 (208 149 158 143
Mn (ug Y {28.57 ND ND ND 55.24 ND ND ND 22.63 ND ND ND 59.19 ND ND ND 329 ND ND ND
Fe(ugb) [1486 ND 045 103 |[4782 ND 153 167 (1008 ND 002 098 |[507 ND 115 1.81 [152.8 ND 0.87 1.06
Co(ugky |09 013 016 0.2 126 011 018 0.36 (082 013 027 027 |[142 016 032 0.2 1.04 011 02 016
Ni(ugty [6.17 48 571 694 |96 509 6.05 835 [573 486 672 6.1 9.7 486 7 8.4 7.01 52 571 7.62
Cu(ugty [379 ND ND ND 11.29 ND ND ND 2.8 ND ND ND 341 ND ND ND 332 ND ND ND
Zn(ugty |009 ND 489 227 (459 ND 242 221 |05 ND 1053 854 |1 ND  36.08 11.22 (26.49 ND 7.62 2.06
As (ug H 253 ND 192 5389 3.03 ND 221 853 221 ND 4.27  6.32 1.62 ND 3.68 838 1.71 ND 177 824
Cd(ugty |0.06 003 003 ND 0.04 0.03 015 ND 0.04 0.03 0.03 ND 0.09 0.03 0.03 ND 0.06 0.03 015 ND
Ba(ugb) [128.6 2.77 2457 74.04 |162.6 0.19 23.79 7569 [1546 175 2854 60.66 |146.8 3.76 28.4 72.48 [140.9 115 256 71.23
Pb(ugk}y [024 ND ND ND 066 ND ND ND 008 ND ND ND (089 ND ND ND 066 ND ND ND
TDS (mg'Ly[8330 3600 2490 2360 (8900 3140 2610 2620 (9070 3400 3380 2200 (9010 3190 3550 2330 (9700 3440 2990 3010
pH 7.9 8 7.4 7.7 7.3 8.1 79 7.7 6.5 8.1 6.9 7.3 7.2 8 7.6 7.4 6.7 7.9 6.5 7.8
Element Site 16 Site 17 Site 18 Site 19 Site 20

Fall  Winter Spring SummefFall Winter Spring Summe(Fall  Winter Spring SummefFall Winter Spring Summe(Fall  Winter Spring Summe
B(mgkY (332 ND ND 0.7189 (3.75 ND ND 0.9514 |13.86 ND ND  0.5811 |4.03 ND ND 0.5213 |4.26 ND ND  0.7711
ND(mgkYy [6565 ND 3453 417.6 (7773 ND 384.3 256.5 |[7966 ND 356 402.8 8271 ND  386.5 407.9 |8663 ND 211.5 355.9
Mg(mg LY |596.8 16.28 60.8 88.39 (7032 29.61 68.14 54.89 [716.1 33.68 64.01 8552 (7437 183.8 70.68 86.31 |776.2 28.81 36.85 51.93
Al(mg LY [0.0341 0.0272 0.0185 0.022960.0322 0.0236 0.0242 0.02356(0.0166 0.0257 0.02  0.02777|0.1458 0.0344 0.0248 0.02326(0.049 0.0233 0.023 0.02687]
K(mgtY [204.6 3.135 8411 1226 (2424 5217 9.6 17.65 |246.9 5.848 8.902 12.51 |258.2 52.04 9.504 11.96 |267.6 5.292 5.481 17.05
Ca(mgty |421.5 5555 1511 242 469.4 75.13 226.6 287.3 |4635 659 239 216 4834 855 2581 209.7 |495.2 81.93 173.9 287.6
Sr(mgh) [8.75 1.603 2431 4001 [9.94 193 3.4 4989 [10.02 1.716 3.558 3.644 [10.6 1.87 3.915 3.6 10.91 1.947 2.453 4.934
Li(ugky [120.7 ND ND 27.44 1384 ND ND 381 |143.1 ND ND 264 [1559 ND ND 26.25 |157.3 ND ND 3492
Vugty [8.07 426 654 1409 |7.62 493 657 12.87 |[7.45 454 619 1133 [7.59 671 6.96 10.98 |7.32 465 528 13.32
Cr(ugk¥ |01 147 145 143 |1.27 162 138 149 126 16 165 143 |149 323 136 138 |16 154 138 154
Mn (ug LY [22.54 ND ND ND 16.24 ND ND ND 15.26 ND ND ND 28.33 ND ND ND 16.86 ND ND ND
Fe(ugby [4751 ND 095 184 (3553 ND 0.56 0.98 |[33.84 ND 051 176 |86.2 ND 042 142 |79.09 ND 0.37 156
Co(ugty |08 011 013 03 072 011 027 039 [0.78 011 027 023 [0.87 0.2 0.18 018 |[0.78 011 0.2 0.13
Ni(ugty [5.38 526 58 7 483 571 655 767 [545 554 1582 7 874 588 644 739 (664 548 548 745
Cu(ugkY |211 ND ND ND 552 ND ND ND 281 ND ND ND 2087 ND ND ND 202 ND ND ND
Zn(ugty 6.1 ND 3469 021 |255 ND 577 376 |10.15 ND 4.07 597 (261 ND 7 9.52 |49.08 ND 5,51 1153
As(ugby [235 ND 1.62 618 |1.35 ND 295 809 |13 ND 192 721 094 ND 206 6.03 |0.71 ND 0.16 10.14
Cd(ugt) [0.13 003 003 ND 0.11 0.03 0.03 ND 0.06 0.03 0.03 ND 0.18 0.03 0.03 ND 0.11 0.03 0.03 ND
Ba(ugt) [1436 0.61 19.27 59.28 [150 5.96 27.55 69.02 [146.1 5.74 27.29 72.58 [166.4 43.19 26.83 62.16 |153.1 14.71 16.15 73.67
Pb(ugky [0.25 ND ND ND 0.29 ND ND ND 0.13 ND ND ND 7.98 ND ND ND 0.4 ND ND ND
TDS (mg'Ly {9020 3190 2340 2350 (9870 3480 3490 2580 (9870 3482 2550 3100 |20160 3520 3530 2650 22120 3340 2510 3120
pH 7.2 8 6.7 7.8 7.5 8.1 7.5 7.9 7.5 8.1 7.5 7.2 7.4 7.9 6.9 7.6 7.3 7.9 7.3 7.6
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Table S1 Cont. Element concentrations in the ShattAxab River at 25 sites during Fall
2018, Winter 2019, Spring 2019, and Summer 20I® Not Detected

Element Site 21 Site 22 Site 23 Site 24 Site 25

Fall  Winter Spring SummegFall Winter Spring SummerFall  Winter Spring Summe(Fall  Winter Spring SummejFall  Winter Spring Summel
B(mgtY 5.6 ND ND  0.4025 [4.9 ND ND  0.6372 [6.67 ND ND  0.4319 |5.82 ND ND 123 |482 ND ND  0.07781
ND (mg kY {12820 ND  295.1 393.9 |11600 ND 171.2 339.6 |[17630 ND  90.53 459.8 |13250 ND  308.5 849.1 (10190 ND  484.1 249.3
Mg (mgEY (1128 3444 53.85 80.52 [1028 32.46 28.77 109 1561 10.58 14.65 89.74 (1186 384.5 37.86 248.7 |904.3 18.24 132.1 43.41
Al(mg tY [0.2847 0.0206 0.0266 0.02266(1.489 0.0185 0.0263 0.01935/1.09  0.0157 0.023 0.02567|0.3293 0.0145 0.0263 0.0266 |0.079 0.0127 0.0227 0.02025
K(mgky [411 6378 7.404 11.34 [390.9 5.307 4.7 15.62 |459.2 1.282 3.013 12.88 |413.1 108.8 10.5 73.08 (313.1 2.851 39.31 5.088
Ca(mgt) |580.3 64.77 182.9 198.6 [4945 50.95 101.2 193.1 [693 2044 56.81 2023 |627.7 1021 86.41 173.9 [532.4 3519 1013 86.69
Sr(mgby |11.9 1784 2773 3.39 (8.3 1.909 1502 3.62 [13.03 0.8819 1.867 3.521 |13.38 2.393 2.03 3.405 (11.8 1.465 1.887 1.787
Li(ugky [253.1 ND ND  23.84 [195.1 ND ND 3051 [283.3 ND ND 24.72 |227.1 ND ND  40.23 |180.6 ND ND 14.11
VgkYy |[5.92 461 577 944 [1227 458 598 1098 [11.31 437 475 989 (592 762 566 951 (631 451 647 7.34
Cr(ugky |237 156 138 149 (859 171 154 156 |6.15 154 141 147 [272 188 169 167 |L4 177 145 156
Mn (ug EY [32.75 ND ND ND 1742 ND ND ND 185.3 ND ND ND 2221 ND ND ND 18.82 ND ND ND
Fe(ugby (3858 ND 019 1.01 (2345 ND 044 167 |1781 ND 003 153 3732 ND 048 187 (9373 ND 026 115
Co(ugty |106 011 027 0.2 318 0411 018 034 |231 013 013 016 [0.93 0.2 0.27 0.2 0.9 0.16 016 0.18
Ni(ug L) [6.69 5.6 593 616 |1588 515 599 711 (1232 498 509 6.72 (758 6.38 6.05 6.21 [6.84 565 56 5.54
Cu(ugty |231 ND ND ND 3.28 ND ND ND 4.47 ND ND ND 113 ND ND ND 272 ND ND ND
Zn(ug by |1 ND 0.1 329 |3.18 ND 262 438 |1.71 ND 396 319 (176 ND 4445 9847 (423 ND 804 1232
As(ugby [0.29 ND 118 427 [0.56 ND 0.01 53 135 ND 029 412 (079 ND 0.01 177 (012 ND 118 03
Cd(ughy |0.09 003 0.03 ND 0.11 0.03 0.03 ND 0.06 015 0.03 ND 0.06 0.03 0.15 ND 0.09 0.03 015 ND
Ba(ugb) [108.4 1006 2151 5252 [58.9 13.27 19.55 5355 |[57.39 14.45 20.27 59.4 |126 29.83 23.49 68.29 [1455 28.08 29.78 43.41
Pb(ugty [0.32 ND ND ND 1.88 ND ND ND 117 ND ND ND 0.24 ND ND ND 0.21 ND ND ND
TDS (mg'Ly[24280 2820 3400 2650 (26520 1490 1720 1780 28600 1540 1210 2505 [37250 2760 2870 4500 38640 8290 5450 5540
pH 7.6 7.9 7.3 7.4 7.8 8.1 7 7.3 7.4 8.2 7.7 7.7 7.8 8.2 7.4 7.5 7.8 8.1 6.7 7.9
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Chapter 4

Spatio-temporal Variability and Pollution Sources
| dentification of the Surface Sediments of ShattAl -
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Spatio-temporal variability and
pollution sourcesidentification of
the surfacesediments of Shatt
Al-Arab River, SouthernlIrag

Hadi Allafta2™ & Christian Opp*2

Abstract: Water draining from heavily industrialized basinsintroduces significant amounts of

pollutants to the rivers water and sediments. Heavy industrial activities ithe Shatt Al-Arab basin
resultinincreased®B 1 1 1 OOAT & 11T AAOG OI1 O ETheretvie thddnes cuCadieEA A A OA
investigate the influence of anthropogenic activities on both spatial and temporal scaleshis study
unfolded the extent, sources, and distributions of heavy metals pollution in the sediments of the
Shatt Al-Arab River. Extensive samplings were performed during the dry and the wet seasons at 25
stations along the river course for the analysis of 11 heavy metal¥he analysis revead high

pollution levels inthe river sediments compared to both their historical values and international
standards. Statistical analysis techniques such as Princip@lomponentAnalysis (PCA) and Factor
Analysis (FA) were applied Statistical analysisshowed that all the elements were well represented by
four varifactors that explained a cumulative total variance of 74%. PCA/FA indicated that most
investigated metals were of anthropogenic origins (i.e., industrial, residential, and agricultural
sources) Pollution indicesthat were applied, suchasContamination Factor(CF)and Nemerow
Pollution index (Pn), indicated that sediments were: (i) considerably contaminated with Fe and Mo (ii)
moderately contaminated with Cr,Zn, Ni, Cu, Pband Mn and (iii) not contaminated with CoandV.The
Pn valuesindicated seriouspollution in the river sediments in all sites, even though the pollution was
not evenly distributed, i.e., the upstream reachesof the river were more polluted compared to the
downstream parts. Our data showed no significant relationship between metals concentrations and
seasonality. Thisstudy addressesseveralof the major limitations of the current knowledge on this

O E Opbliniod sourcesand analysis, suchasthe limited number of analyzed pollutants and

restricted samplings in the current literature.The findings necessitate the implementation of

effective management strategies to control pollution in the river basin.

Introduction

Basra Governorate, the economic capital of Iraq, is ttidatigiest city in the country with a population of
aroundhreemillion (Country Policy and Information Np2918)Consideretb bethecenteof theoilindustry

in Iraq, Basracontributessignificantlyto the growingnationaleconomy(above70% of the grossnational
product)(Middle East Institut2018)Howeverthe economigrowththatthecountryisexperiencingascome

at a high cost. Suchgrowth has causedsevereenvironmentatlegradations thatot only threatensthe
environmenbut alsomadethe resultingeconomiagrowthdifficult to maintain(Al-Manssory et al., 2004; Al
Aboodi et al., 2018fhe Shatt AArab River, formed by the confluence of the Euphrates and Tigris rivers and
empties in the Arabiabulf, istheprimaryfreshwatesourcen aratheraridareasurroundindasrglsaevand
Mikhailova 2009) The river provideslifeline berefits sharedby millions of peopleliving within its basin
(Mohamed and\bood, 2017)Waterneededo sustairdomesticagriculturalindudrial, naturalecosystems,
transportationandrecreationgburposess mainlyprovidedby theriver (Aboodi et al., 2018)loreover, the

river constituteshe mainfreshwatesourcefor the ArabianGulf andplaysa crucialrole in supportingthe
marinehabitatsn thenorth-easterwoastahrea®f the Gulf (Al-Yamani et al., 2007a; United Nations New York,
2013) However the ShattAl-Arabwaterqualityhas remarkably deteriorated in the last three decades due to
anthropogenic activities. The increasing amounts eatedwvastewateandrunoffthattheriverreceives
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from the surrounding oil production fields$alad and Salman, 2012), urbanized ardasnv@sh et al., 2013),
and agriculturéndgMoyelandHussain2015have resulted in a declined water quality in the river waterway
(Mahdi, 2015; Abaedi, 2018Moreover, the Mesopotamiaarshesdrainingnto the ShattAl-Arabthatwere
onceactingasapowerfuffilter for pollutantgMaltby, 1994 arestill farfrom adequateestoratiorafterthe
deliberateesiccatiom the1990gRichadson et al., 2005; Richardson and Hys&a06; AlGburi et al., 2017)
Thereforethevitalfundionsthatthe ShattAl-Arabplaysn sustainingpealthycommunitiesndmaintaining
abalance@cosysterm the northern Gulf are greatly jeopard{2é®amani 2008)

Owing to lack of proper wastewater treatment facilities in such pidgvebointry, anthropogenic eéhts
are often directiischarged or flushed via runoff into the fielmarah et al., 201 Anthropognic efflents
are widely doenented to increase heavy metals concentrations considerably(Kriagers1988; Sanchez
Chardi et al., 2007After being discharged into rivers, sogtalscanadhereto particulatematterand
eventuallgeposiin sedimentglp et al., 2004; Yates et al., 2011; Rahman et al.C20idininatedediments
can imposean adverse impact on benthic fa(Mational Research Council, 1989; McGann, 2b@9jlora
(Rodriguez Martin et al., 2015¢diment contaminants tend to accumulate ibidlegicaltissuesof some
organismsandwhenlargerconsumersgincludinghuman)feedon suchorganismshe contaminantarethen
transferredhto theirbodieqAl-Gburi et al., 2017Moreoverthenon-biodegradabilityf heavymetalss ustally
resultingn theiraccumulatiom the environmen{Shj 2008)Dependingn their sorptionpropertiesheavy
metalscanultimatelybepartiallyor entirelyreleasetlackinto thewater(Howarth andNombela, 2003; McCready
et al., 2006}herebythreateninghe aquatidife (Jonsson et al., 2008hus, heavymetalscontaminatiornn
sedimenthasnegativémplication®nwatemualityandtheirbioaccumulation in aquatic biota results in-long
term impacts on human and ecosystem lgathal., 2007)

In recentyearshoweverconcernhiaveemergeavertheincreasingrevalencef heavymetalsn the Shatt
Al-ArabRiver.Severalesearclstudiesonductedn theassessmenf pollutionstatusn theriversediments
havecontributedto a better understandin@f the river pollution in termsof sourcesmechanismsand
managmentstrategie@Abaychi an®ouabul, 1985; ALhfaji et al., 199 ahdj 2015; Shamsi et al., 20TBgse
studieshoweverweremostlyconstraine@itherto aspecifiaeachwithintheriver stretctor werelimitedto few
andsparsstationalongherivercourseThereforethesestudiesrenot capablef comprehensivelgentifying
thespatiatlistributioncharacteristiad thepollutantsn theShattAl-ArabsedmentsFurthermoreywastewater
effluentdrom municipabndindustriahctivitiesn ripariareonesepreserd constant pollution sour¢8ingh et
al., 2004)On the other hand, efééints from far uplands are mostly controlled by surface anmtbéainbe
consideredseasonglhenomenothatisgenerallinfluencedy climateconditionswithintheriverbasin(Singh
et al., 2004Mostof thepriorresearchasnot coveredheinfluenceof seasonalitgsakeyfactorin controlling
the sourcesf pollutantsn the ShattAl-Arab sedimentsUnderstandinghe trendsof seasonalariationss
critical toderivingadaptivestrategiefor effectivebasinmanagementVu et al., (2016),ufar et al., (2013) and
Pandey an8ingh, (201™undthatastheriverflow decreasen the dryseasortherateof sedimentatioand
thusthemetalsoncentrationimcreasdn thewetseasomowever, higheiverflow producesdilutioneffect,
andthus,metalsconcentrations sedimentleclinelnvestigatinghetemporalariationf pollutionin East
River(Dongjiang)n ChinaWu and Chen (2018)undthatthedry seasomepresenta cruciaperiodfor point
sourcepollutiondueto therelativelyowerriverflow, whereatheendof thedryseason artiebeginningfthe
wetseasoiis acriticaltimefor nonpointsourcepollutiondueto theagriculturateturn flowsandthe flushing
effectsof overlandiows.

Theprimarystepto controllingandtreatingheavymetalpollutionis to investigatéhe pollutionstatuswhich
often requires obtaining informatifmom environmental monitoring dgfeang et al., 2018Jhe multivariate
statistical analydischniquesreeffectivetoolsin the interpretatiorof complexenvironmentatlatasetsto:
identifythepossiblgollution sources, understand the ecolagtals of the investigated systems; affaluable
way for solid magemenof waterresourcesgndproviderapidsolutionto pollutionproblemgLee et al., 2001;
Wunderlin et al., 2001; Wang et al., 20Adjivariatestatisticahnalysisnethods(e.qg, principalcomponent
analysisndfactoranalysiflavebeenusedn the presenstudyto charaterizeandevaluatsurfacesediment
quality andto identifythe sourcegontrollingmetalpollution.Moreover, fomdequatevaluatiomf pollution
withheavymetalspollutionindicatore€anbeusedasguidedor adetailed evaluatiafthestateof thesediment
environmen{Dung et al., 2013; Kowalska et al., 20d@he currentstudy theseindicatorsvereappliedto
examinavhetheithe presencef heavymetalsn the ShattAl-Arabsedimentsvasdueto naturalprocessesr
anthropogeniactivities.

Thus,themainobjective®f the currentstudyare (i) to explorethe spatiatistributionof heavymetaldn the
ShattAl-Arabsurfacesedimentgji) to identifytheoriginof theseelementsisingmultivariatestatisticahnalyses,
(i) to assesthelevelof elementontaminations sedimentsisingpollutionindicesand(iv) to envisagéhe
seasonalariation®f metalsoncentrations sedimentsluringdry andwetseasons.

Study site

Thestudyaredssituatedvithinthe MesopotamiRlainof the OuterPlatform(Fouad an&issakian, 201The
riverwatersheésmainlycoveredy Holocenelluviasedimentsith marinenfluencen thesouthermpartsatthe
ArabianGulf coastgYacoub, 2011; Sissakian et al.,)20tiginatingrom the confluencef theEuphratesand
Tigrisriversatthe QurnaCity,the ShattAl-ArabRiver flowgo the southwestor 101km beforeit constitutes
theboundarpetweeriraqgandlran for thelast91km ofits maincourseuntil draininginto the ArabianGulf
(Fig.1). The ShattAl-Arabhasatotallengthof 192km, anda widthrangingrom 300m atits originto 700m
nearthe BasraCity andaround800m atits mouth (UN-ESCWA andBGR, 2013)Theriver hasa depththat
rangedetweer8-15m, consideringides(Moyel, 2014 heriver watersheds generallgharacterizelly flat,



low-gradientandscapesf aroundl cm/km (Al-KubaisiandHussein, 2014An areaof approximately44,000

kmz drainsdirectlyto theriverbasin downstream of the confluence of the Euphrates and Tigris rivers (excluding
the Euphrates and Tigris Basin ar@ehi, 2018)The hydrological status of the riwetershed is governed by
conditions irthe upper reaches of the fieedivers tidesresultingrom the seawatemovementf the Arabian

Gulf, andthe effectof climaticconditions(i.e. precipitationtemperaturegvapotranspiratioandrunoff) on
dischargeatesandsoliddoadin theriver (Al-Mahmood, 2009T he ShattAl-Arabwatershets characterizeloly
acontinentatlimatethatrange$rom subtropical hot,anddry summeto cold andrainywinter.In summerthe
averageéemperaturén the shadds around45°C inthe daytime anddropsto around30°C at night.In winter,
temperatureangedetweeri8and2 °C duringthedayandnight,respectivelyr heaveragannuaprecipitation
intheregionisaboutl00mm (Hussein et al., 1991)
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Figure 1. Studysite.

Methods

Sampling. Sedimensamplesverecollectedrom 25samplingstationson the21stof October2018(drysea
son)andthe 21st of Januan2019(wet season)The samplingschemenasdesignedo evaluateéhe seasonal
varationsin surface sediment contamination. The sampling locations were selected to capture the maj
transitions irthe land cover/landuse.Thereforethe monitoringlocationswerethoroughlyrepresentinghe
characteristiosf the river basin,andtheywerenot restrictedo specificnodalinformation.One sediment
samplefrom each statiomvasobtainedduring eachseasonGeographicgbositionsof samplingsiteswere
measuredvith a portableGPS.Two samplingsites(sitesl and2) andone samplingsite(site3) lie on the
EuphratesandTigrisriversrespectivelgeforetheirconfluenceandtheothersiteg(i.e. 4025)arealongheentire
ShattAl-ArabRivermaincourse (Fidl). Water temperature (WT), pH, and total diss@lekds (TDS) were
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measured onsite using Hanna Apatameter probe. We collected samples at a distance from the riverbanks
to avoid possible contamination from the bank material (&adhi2009). The sampling was accomplished
aspertheUnitedStateg€nvironmental Protectiohgencf{USEPA, 2014)ywadingnto theriverwhilefacing
upstreanintothecurrent)scoopinghetop 5cm of the sediments in the upstream direction using a stainless steel
scoop. We then carefully removedainedexcessvaterfrom the scoopto prevent/minimizehe lossof fine-
grainedparticlesassociatewith the substratbeingsampledAbout one kilogramof sedimenfrom each
samplingsitecollectedsthenplacedn a labelledlaspanandthecapistightlysecuredr hereaftenveshipped
thesampleto thelaboratornanddriedthematroomtemperatur27-35°Cfor twoweeksThesamplewerethen
gentlypulverizedvith anagatenortarandafterward were sieved with the standard sieveuofi.6i8 has been

proposed to use the63um fraction foheavymetalsneasuremen(gorstner and Salomon, 1980¢to many
reasonstheheavynetaldravebeerfoundto beavailablenainlyin the clay/siltparticlesthisfractionisnearly
equivalentto the materialscarriedin suspensionsievingdoes not alter heavymetal concentrationdy

remobilizationandnumeroustudie®n heavymetalthavebeenperformedon the < 63pum fraction(Sly, 1982)
Seven grams of each sample were used to determine the element concentratiesga@thetsaveutilized
similarsamplingandexperimentapecificationé.g., Gashi et al., 200bBhe concentrationsf heavymetals
weremeasuredsingX-rayfluorescenc€XRF)SpectrometeEPECTROXEPOS2006deviceatthelragirGerman
Laboratonatthe Departmentf GeologyUniversityof Baghdad.

Certainlyweadmitthatsamplingustonetimein eachseasomanrepresenasourceof uncertaintyn our
analysesioweverthatwastheoptimumexecutablschemeurrentlyin thestudyareatakinginto accounthe
securityconcernsgn anunstableegionwith almosthalfof theriver courseepresentansettledorderbetween
Irag and Iran.

Statistical analysis. Correlation matrix, which is a statistical method showing correlation coefficients

betweervariable¢l4variableg thecurrentstudy)js expectedo producealargematrix(14x 14),whichisnot
thebestechniquéo summarizéheinformationinthecurrenfargedataset Alternativelymultivariatetatistical
methodssuchasprincipalcomponengnalysigsansubstantiallyeducethe dimensionalitpf datacontaininga
large set of variabl@delena et al., 200@)his can be accomplished by converting the initial variables to a new
small group o¥ariables without missing the most important information in the initial data set. The new variable
sets correspont alinearcombinatiorof theinitialdatathatarecalledprincipalcomponentgJolliffe, 1986)o
perform a valid PCA, severalprerequisitege.g. Kolmogorov¥Smirnov,KaiserMeyerOlkin (KMO), and
B a r t teseskhbuidiseachieved firffShrestha and Kazama, 200 KolmogorovSmirnovstatisticalest
wasappliedo investigatthefitnesof thedatao log-normaldistribution(Chakravarti et al., 196KpImogorov
Smirnov test revealed that all the investigated variablestaudnlalgdistributiomvith aconfidencef 95%or
higher Furthermoreto testthe datasuitabilityfor PCA,the KaiserMeyerOlkin (KMO) testwasperformed.
KMO testestimatesamplingadequacyhat expressethe proportion of variance amonthe investigated
variablethatcouldbeacommonvarianceHighKMO valuesndicateheusefulness ¢fCA,andsomeauthors
recommen@KMO valuehigherthan0.5(Hartas, 2010; Field, 2013; Cleff, 20@itirhisthecasen thepresent
studywhereKMO equald.76.MoreoverB a r t testdf spldescitywasperformedto examinewhetherthe
correlatoomat ri x i s an identity matrix. The null hypo
the unitmatrixagainsthe alternativénypothesishatthetwo matricesareunequalln the curren study the null
hypottesisis rejectedasthe significancdéevelwasO (lessthan 0.05),which impliesthat thereare significant
relationshipamongvariablegTabachnick and Fidell, 2Q07)

WhilePCAreduceshe contributionof variable®f minor significancdactoranalysi¢FA), whenfollows
PCA,canfurtherreducehe contributionof variablesf lesssignificanceesultingn evenmoresimplification
of thedatastructurebtainedrom PCA(Massart et al., 1988hisgoalcanbeaccomplishebyrotationof axes
definedbyPCA inaccordanceithwellestablishedilesandcreatingnewvariablesetscalledvarifactorgVEs)
(Menke, 2018Rotationof principal components results in a more straightforward and more expressive depictior
of theunderlying factors bgducinghe contributionto principalcomponent®f lesssignificanwariablesand
enhancinghe contributionto principal componentsof more significantvariablesPrincipalcomponents
rotationgeneratea newfactors seteachfacor includesmainlya subgrouf the originalvariablesvith the
leastpossibleoverlapsothatthe original variables are partitioned into new independent (Bbags et al.,
1986) While the principal component is basicallinear combination of observable variables, the varifactor
can encompass unobservable, latent, hypotkatiahlegVega et al., 1998)rior to performing PCA and FA,
we standardized our data througdtale transformation to preveamtymisclassificationgiginatingfrom the
differentordersof magnitudef numericatlatavaluesndvariancef parameterf.iu et al., 2003; Simeonov et al.,
2003) PCA and FA were performed using (SPSS version 25) to determine the agglomeratiors afhdlement
eventuallyo identifythesource®f elementin theriversurfacesedimentg§yan et al., 2010; Zhang et al., 2015)

Pollution analysis. The pollutionindiceswveredevelopedor evaluatingoil andsedimentuality(Muller,

1969) Various authorge.g., Hakanson, 1980; Salomons and Forstner, 1984; Bryan and Langst@vel992)
proposedhe pollutionimpactrangedo convertthe calculatechumericatesultsnto descrifive spectraof

pollution that rangefrom low to high intensity.Sedimentquality guidelinesprovide valuesthat permit
quantification of sediment pollution and eventually make an overall assessment of the metal pollution deg
in a river or marine sedime@hung et al., 201@yollution indices such as contamination faCiey ére

handy tools for the assessment of metal contamination in sediments and widelynabegrfgrasmd
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transferring environmental information to decisiakers, managers, and the public (Caeiro, CosRarand,
2005) Thelevelof contaminatiofior ametal inaparticulaareds expressedythe contaminatiofiactor(CF).
It istheratioof measuredoncentratiomnd backgroundoncentratiorof a pollutant(Hakanson1980)and
calculatethy thefollowingformula:

#& # j# 1)

whereCm sampidStheconcentrationf ametalin sedimentKig. 2), andCm sackgroundS thebackgrouna@oncentration
of that metalin sediment%alahet al., 2018Roy et al., 2018As backgrounatoncentrationfor this area,
AbaychiandDouabul(1985)valuesvereusedasbackgroundaluesHakansor(1980)classifiedontamination

factor valuesinto four groups,i.e.,CF< 1 represent$ow contaminationl O CF< 3 indicates moderate

contamination3 O CF < 6 representsonsiderable contaminaticand CF O 6 indicatesvery considerable
contamination.

Singleindicesareindicatorsusedto estimatesinglemetalpollution by comparinghe metallevelsto its
baclgroundlevelsAlternativelyintegratedndicesmainlybasedn singleindicesareusedio measurenore
thanone metal pollution. In the current study, the Nemerow Pollution ingexd® used as an integrated
index toevaluatéghecomprehensiveollutionstatusn sedimen{Chenget al., 2007)

f\x e S /\‘T\H

A ‘.)4

A(\.
3
o
=

Ni{mg kg™')

Pl fmg kg™

b ity
AAAA

& <¥1:>‘A\/\
s N v

S04 6 6 7 & 8 M0 W 2 13 0% 15 cE 78 9 20 2 2 2 2 X A2 3 4 6 6 7 & 8 M 1 1245 M 5 15 1T 1 8o 21 2 28 2 2%

102 34 5 0 7T 8 0 b 111z 13 M 45 10 17 18 10 3 I L B M %

A5 tmg k™)
W {rmgg ™)

Go {mg ka )

= anony-
kg
-
4 -t

oo+

Cuima kg™l

2 - o et o

Figure 2. Spatiotemporafariationsn concentrationsf heavymetalsn the ShattAl-ArabRiversediments
during the dry season (red) and the wet season (blue).

Py allowsthe assessmemtf the overalldegreeof pollution of sediment@andincludesthe contentsof all
investigatethetal{Gonget al., 2008)t ismeasuredccordingo Eq. 2.

0 H& #& jC )

where, CF is the averageof contaminationfactors of investigatednetalsand CFpax is the maximum
contamintion factorfor ametalin asampleAccordingo Nemerowpollutionindex thesedimengualitywas

classifiedhto five bandsPy < 0.7,safedomain0.70 Py < 1.0,warningdomain:1.00 Py < 2.0,slightlypolluted

domain;2.00 Py < 3.0,moderatelypolluteddomain;and Py > 3.0,andserioushypolluteddomain(Zhaoet al.,
2015)

Results

Comparisonof sediment quality with USEPAguidelines. Thesedimengrainsize(< 63um fraction)
in thecurrentstudyrangeetweer65%087%o0f thetotal sedimensamplesize Theconcentrationsf heavy
metals in the Shatt-Alrab sediments showed considerable spatiotemporal variatia?)s AFoigmparison
of ourdatawith sedimentjualityguidelinedescribethytheUnitedState&nvironmentaProtectiorAgeny
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(USEPA, 2006) revealed that concentrations of Ni, Mn, Cr, and Cu in all sites were higher than the USEPA
threshold values (Fig. 3, Tables 1 and 2). The average concentration for Ni observed in the current study is 1
mg/kg, which is much higher than th8EPA maximum permissible value for Ni in river sediments (i.e., 22.7
mg/kg). Similarly, thaverageoncentrationfor Mn andCr observedn this studyare735and264mg/kg,
respectivelyyhicharemuchmore than the USEPA guidelines for Mn and Cr30.end 43.sg/kg

respectively). Cu average observed concenis&icdmg/kg comparedo 31.6mg/kg of the USEPAthreshold

(Fig.3, Tablesl and2). Sitel8and19have Pb concentrations of 74 andh8%g which are higher than the

USEPA maximurmpermissible value for Pb in river sediments (i.e., 35.8 mg/kg) (Fig. 3, Tables 1 and 2).

Spatial and temporal variations in river sediment quality.In general, heavy mistéend to have
relatively low concentrations in sites 1, 2, and 3. Sites 1 and 2 represent the Euphrates River, whereas site 3
on the Tigris River (Figs. 1 and 2). The Shdttald River course which starts from site 4 at the confluence of
Euphratesind Tigris rivers, shows higher heavy metals concentrations compared to these two rivers (Fig. 2).
Sites4 and5 exhibitechighconcentrationsf Fe,Ni, Mn, As,Co,andMo. Likewisesite18showecdighCu,
Pb,andzn concentrations. Along the river waterway, however, we observed a tendency of a gradual decrease i
the level®f somemetalgsowardg¢hemouthof theriverasthedownstrearstationdhaverelativelyow
concentrationm termsof Fe,Ni, Mn, As,Co,andsomewhaCr (Fig.2).

Our first approacho establishinthe parameterassociatedith temporalariatiorwasusingthe Spearman
non-parametricorrelatiorcoefficien{ S p e a R)riia perdosnthe SpearmaR evaluationeachseasonvas

transformed to a numerical value in the data file (dry sedsand wet seasen?2). This numerical variable

was then correlated (pair by pair) with all the measured parameters. These bivariate results showed that ar
thellheavymetasinvestigatedh thecurrentstudyonlytwo metalexhibitedsignificantorrelations
withtheseasorPbandV displayedignificantorrelationsviththeseason,e.,S p e a r Rtaeffiéienivas
-0.61and0.37for thesemetalgespectivelyOther heavymetalsshowedho associatiowith the seasorfFig. 2).
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Figure 3. Box and Whisker for the heavy metals concentrations during the dry season (red box) and wet
season (blue box). The horizontal black lines (insidexs) denote the medians of the concentrations. The
bottomandtop of theboxshowthefirst andthird quartile§Q1andQ3).Thewhiskerarethelinesinsidethe

region defined by QIL5(Q3Q1) and Q3 1.5(Q3Q1). The individual points with values outside these limits
represent outliers. The horizontal green thick lines denote the USEPA thresholds. USEPA has no thresholds ft
V and Mo.
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Watemphysicaparameter§.e. WT andTDS),howeverexhibitedsignificantorrelationsvith theseason,e.,
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Water temperature exhibited higher values in the dry season compared to the wet season, with an ave
of 28.6 °C and 11.3 i@ these seasons respectively. WT was mainly constant along the river course during
both seasons. TDS readings in the dry season have been displayed a gradual slight increase along the fir:
km ofthe river course (i.e., TDS increases from 1350 pB@@g®m throughout this upper reach). At a
distance of 90 km (Sangar City), TDS exhibits a sharp increase (increases from 9870 ppm to 20160 ppm
within 8 km) (Table 1; Fig. 2). In the wet season, nonetheless, TDS values were more consistent along the
riverwaterway except for a gentle increase at site 24 (Table 1; Fig. 2). pH measurements revealed a stead
trend in the wet season with an average of 8.0. On the other hand, pH in the dry season exhibited some
anomalies at sites 8, 15, and 17, whesesitesshowedH valuesmallethanothersiteg Tablel).

Longi- | Lat wWT pH DS Pb Mo Zn Cu Co As Ni Mn Fe cr \Y

Site | tude tude D W D |W|D W |DWI|D |W | D (W D |W|[D|W |D|WI/D|WI[D|W|D |W |D |W |D |W
47724 | 31°0x

1 20.1/10.8 8.7 | 8.1 | 1180 |232( 13.613.7|9.0 |10.1) 94.3 | 87.6 |39.1/4024 | ND |6.1 |5.0 |141|132| 680| 664 | 35955 | 34190 | 215 | 203 | 112 | 103
56.6X B | 2.4\
47°2& | 31°0x ]

2 28.4[10.9/ 88 |NA | 1170 [NA | 14.7NA |88 |NA | 77.0 [NA |304{NA |30 | NA |52 |NA |134|NA | 646| NA | 34505 NA | 221 |NA |99 |NA
0.9%E | 18.0&4N
47728 | 31°0x

3 28.2(10.9 8.3 | 8.0 | 1290|2300 13499 |7.0 |56 | 86.4 | 86.6 |33.6/38.4/80 | 10.0 |51 |6.1 |149| 169| 658| 701 | 37987 | 39412 | 168 | 231 | 110 | 121
19.13K | 425N
47728 | 31°0x

4 28.2(11.0/ 83 | 8.1 | 1350 |237( 13.69.9 |14.1/38 | 95.2 | 86.9 |43.9)43.0/ 15.0 16.0 |8.0 |8.7 |211|204| 941| 894 | 50377 | 48684 | 357 | 335 | 109 | 160
31.00E | 17.0& N
47°2&% | 30°5%

5 28.9(11.1] 8.2 | 8.1 | 1250 |2400 13496 |14.3/12.2 949 | 80.1 |43.7/35.1/14.0, ND |8.1 |6.8 |209|155| 939| 1001 50301 | 39953 | 355 | 224 | 107 | 114
47.30K | 10.3kNX
47°3% | 30°54

6 27.4/10.9 8.2 | 8.0 | 1210 |2587 14.19.2 |69 |8.1 | 87.0 | 83.0 |34.1/39.8 11.0 12.0 |6.8 |7.8 | 149| 185| 816| 821 | 42418 | 45035 | 644 | 248 | 73 | 145
14.79K | 12.0& N
47°3& | 30°4%

7 Jaxs | o7an |278/110/80/80 2610|2250 144117|146/80 | 917 | 918 |39.6427/140) 12082 |85 | 166 179| 846 815 | 44291 | 44627 | 246 | 254 | 112 | 149
47°3% | 30°4&

8 saxm |33z 2221126980 4030|2330 14895 |32 | 116946 | 818 39838 160 140|904 |78 | 188 181|871 818 | 48240 45532 | 228 | 226 | 130 | 140
47°4% | 30°4&

9 285(11.3[ 7.9 | 8.1 | 6340 |268( 13.49.4 |7.3 |51 | 96.0 | 80.9 |37.9)36.3 10.0 14.0 |8.3 |9.0 | 169| 169| 758| 818 | 43397 | 44463 | 247 | 222 | 103 | 129
50.34 K | 57.3% N
47°4% | 30°3%

10 27.4/11.6 7.6 | 8.2 | 8350 |341( 16.69.8 |13.5/36 | 98.0 | 824 |40.837.2 11.0 18.0 |9.2 |11.1) 185| 170| 795| 730 | 46475 | 44642 | 251 | 190 | 145 | 144
39.9% K | 54.85N
47°4% | 30°3%

11 28.3[11.7| 7.8 | 8.0 | 7770 |325( 15.195 |10.5/13.1) 107.0 85.0 |40.1/40.5/11.0 15.0 |99 |9.1 | 184| 175| 805| 817 | 46685 | 45339 | 240 | 197 | 121 | 160
37.0QE | 51.6& N
47°4% | 30°34

12 285(11.4 7.8 | 7.9 | 8060 |309( 23.6 10.8/14.7|7.1 | 101.3 80.2 |40.8/37.2/9.0 | 15.0 |6.6 | 7.3 | 147| 170| 696| 749 | 39759 | 41459 | 349 | 271 | 93 | 128
20.45E | 16.8% N
47°46& | 30°3& 4

13 28.8/11.8 7.9 | 8.0 | 8330 |360( 18.912.5/5.8 |13.0| 113.8| 103.3/ 42.4/39.9/ 10.0| ND |85 |7.6 |175| 158| 716| 719 | 43700 | 39827 | 203 | 206 | 117 | 118
42,05 | 41.32 N
47°4% | 30°3%

14 30.8/11.9 7.3 | 8.1 | 8900 |314( 13.6 10.114.1/7.4 | 76.6 | 78.0 |30.0/34 |14.00 ND |52 |5.6 |136|143| 808| 786 | 36930 | 37899 | 883 | 738 | 76 | 153
57.0%E | 34.92
47°4% | 30°3%

15 30.5(11.8 6.5 | 8.1 | 9070 |340C 20.5 12.6/4.4 |65 | 889 | 84.6 |36.2/34.180 | ND |58 |5.6 |143| 134| 694| 703 | 37505 | 37201 | 326 | 665 | 120 | 78
55.34 B | 25.36 N
47°5K | 30°3%

16 asam | soogn |20 |17 72|80 9010(3190 23113185 | 108 925 | 911 39.1/39.2 110 100 |75 | 7.5 |184| 13| 822| 892 | 44571 39449 | 328 | 193 | 120 | 125
47°5% | 30°3&

17 29.1/11.6| 6.7 | 7.9 | 9700|3440 21.917.4/14.6/50 | 91.5 | 88.9 |38.251.6/80 | 17.0 |69 |7.4 |160 | 163| 747| 728 | 40311 | 41237 | 261 | 246 | 112 | 109
3LIGE | 17.7XNX
47°5& | 30°2%

18 285(11.4 7.5 | 8.1 | 9870 |348( 73.174.9/69 |3.8 | 140.0| 128.3/55.855.3 30 | 9.0 |68 |65 |119|160|579| 693 | 39021 | 40918 | 136 | 196 | 106 | 131
32,68 | 59.3&4 N
48°0x | 30°2% 4

19 285116 7.4 | 7.9 | 2016(352( 63.4 15.0/ 12.212.3) 107.7| 106.3) 32.4)38.4 7.0 | ND |52 |7.7 | 110| 125| 522| 609 | 33261 | 38292 | 225 | 252 | 96 | 117
12,98 K | 43.76N
48°1x | 30°2%

20 28.3(11.3 7.3 | 7.9 | 22120334( 23.912.4/3.0 |7.4 | 90.3 | 79.5 |32.8)34.3/10.0] ND |52 |59 |132| 131|665| 643 | 36526 | 34612 | 311 | 316 | 95 | 108
55.8%E | 25.2% N
487 | 30°2%

21 27.7/11.1| 7.6 | 7.9 | 24280282( 30.§ 10.5/6.6 |12.0 80.6 | 93.6 |34.838.4/80 | ND |54 |65 |139| 131|656| 597 | 36650 | 36081 | 127 | 197 | 95 | 128
266K | 47.0&4N
48°1% | 30°2&

22 27.5(10.9| 7.8 | 8.1 | 265201497 16.98.7 |13.1/6.8 | 115.5/ 92.2 |36.5/29.9 10.0| ND |6.4 |69 |125| 108| 623| 595 | 37676 | 34516 | 122 | 118 | 99 | 103
38.18E | 17.1% K
48°1% | 30°1&

23 28.1/10.9| 7.4 | 82 | 28600154( 18.610.4/49 |54 | 97.0 | 96.4 |36.5/34.6/30 | ND |7.3 |56 |128|123| 726| 656 | 38415 | 37305 | 118 | 131 | 111 | 149
3352 | 47.26N
48°2% | 29°5&

24 20.2(10.7| 7.8 | 8.2 | 372502767 20.6 10.1|14.5/11.9) 69.7 | 90.9 |22.4)34.6/30 | ND |57 |5.8 |100| 116| 605| 602 | 31590 | 35184 | 149 | 142 | 98 | 115
22.3&E | 25.38
48°3& | 29°5&

25 20.8/10.9| 7.8 | 8.1 | 3864(829( 27.¢8.6 |10 |7.0 | 79.3 | 77.4 |30.8/30.6/30 | ND |7.0 |6.0 |118|107|704| 652 | 36199 | 33307 | 116 | 127 | 122 | 102
35.8E | 39.6% N

Mean 28.6(11.3 7.7 | 8.0 | 118823041 22.113.7|9.3 |82 | 94.7 | 89.0 |37.338.5/9.0 | 135 |69 |7.1 |152| 152| 733| 738 | 40510 | 39965 | 273 | 255 | 107 | 126

SD 09 |04 | 06|01 | 114171270 14.713.2(44 (32 | 146 | 112 |63 |57 |40 | 29 |1.44/1.42/30.0 26 | 107|106 | 5249 | 4306 |170 | 148 | 16 |21
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Table 1. Heavy metals concentratigng/kg) in theShatt AlArab Riveisediments in digeason (D) angetseason
(W).NA: standgor Not AvailableND: standg$or Not Detected.
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Statistical analysis. One of the most commonlyusedcriteriafor selectinghe appropriatenumberof
conponentsn PCAis the Eigenvalu@®necriterion(Kaiser 1960)In this approachanycomponentavingan
Eigenvaluabovel.00shouldberetainedandinterpretedTherationaldor thiscriterionisthateactobserved
variablecontribute®neunit of varianceo thetotal variancén the entiredataset.A componenthatdisplays
anEigenvalue above 1.00 is thus accounting for a larger amount of variance than has beentgooiéuted
variable. Thereforsychacomponents contributingo ameaningfubmountof varianceandisworthyto be
retained anthterpretedKim andMueller 1987;Girden 2001; OldaRloey2013)dn thee present
study thecomponentsvereconsideredsprincipalcomponentsvhentheir Eigenvaluewerehigherthan1.00,
andhencdour principalcomponentsvereselectedequalnumberf varifactorgVFs)wereextractedhroughthe

FA performedn theprincipalcomponentd.iu et al. (2003) classifigaefactorloadingsisstrong, moderatand

weak, corresponding absolutdoading values of 0.75, 0.78.50,and 0.5@.30,respectivelyAmongthe
four VFsobtainedn thecurrentstudy VF1,with anEigenvaluef 6.13explainingt3.8%of thetotalvariancehas
astrongpositivdoadingon Co,As,Ni, Mn, andFe;andmoderatdoadingon Cu,andV (Table3).VF2with an
Eigenvaluef 1.98explained.4.2%of thetotal varianceandshowedstrongmoderatdoadingfor WT, pH, and
TDS.VF3withanEigenvaluef 1.17explaine®.3%of thetotalvarianceandexhibitedstrongloadingor Zn and
moderatdoadingfor Pb.VF4 with an Eigenvaluef 1.1explained.8%of the total varianceanddisplayed
strongloadingfor Cr andmoderatdoadingfor Mo. The FA revealedhat all investigate@lementsverewell
representebythefour VFsthatexplaine@cumulativéotalvariancef 74.08%Table3).

Pollution analysis. In generalCF valuesof the measurednetalsrevealednoderateto considerable
cortaminations. The CF values suggested that among all pollutants, Iron had the highest CF for the whole stt
area followelly Mo, Cr,Zn, Ni, Cu,Pb,Mn, Co,andV. Out of the25samplingitesFe showederyconsiderable
cortaminationlevelsin 10 and9 sitesin the dry andwet seasongespectivelyandconsiderableontamination

levelsn theothersitesn both seasongTabled, Fig.4). Mo displaye@onsiderableontaminatiomevelsn 14
andl1llocations in the dry and wet seasons respectively, and moderate contamination levels in the other sites
showed very considerableeontaminationlevelsin two sitesin both dry and wet seasonsconsiderable
contaminatioteelsin five sitesandonesitein thedry andwetseasongespectivelgndmoderateontamination

in the othersitesZn, Ni, andCu generallgxhibitedmoderateontaminatioevelsn all sitesDuring the dry
seasonPb showed considerabt®ntaminatiorin two sites,moderatecontaminatiorlevelsin 12, and low
contaminationin the rest of the sites.On the other hand, Pb in the wet seasorexhibitedconsiderable
contaminatioim onesite,moderate contaminationonesite andlow contaminatioim theothersitesCoandV
showecho contaminatiomn termsof all investigatedhetalsduringthe studyperiod(Table4, Fig.4). The Py
valuesndicatedseriougpollutionin theriversedimentssallsitedisplaye®y value®f greatethan3in both
dryandwetseasoliiTable4; Fig.5).

Heavy Abaychi and Current
metal Douabul 19853 USEPA 20067 | study
Pb 16.1 35.8 18

Cr 107 43.4 264
Cu 33.9 31.6 37.9
Ni 103 22.7 152
Co 17 50 10.4
Zn 63 121 91.9
Mn 740 30 735
Fe 6800 20000 40243
As A 9.8 7.1
Mo 2.6 A 8.8

\% 182 A 117

Table 2. Comparisomf theheavymetalsoncentrationism thesedimentsf the ShattAl-Arabwith historical
values and international standards.

Discussion

Comparisonof sediment quality with USEPAguidelines. Sedimengualityasignificanaspecof
aquatiecosystemss mainlycontrolledby parentmateria{Salonen and Korkkdiemib, 2007)anduse(Liu et

al., 2017; Bhuyan and Abu Bakar, 208lTate(Banerjee et al., 201&)dmixingwith salinevaterdueto tidal
effectin lowerreachesf coastativers(Naskar and Guha Bakshi, 1987; Botté et al., & €)e caseof the Shatt
Al-ArabRiver.Themostnotabldandusesn theShattAl-Arabbasirareindustriabndcommerciahctivitieshat
accompaniethe oil industryin the southerrregionof Iraq (Al-Maliky et al., 2015)hisis in additionto the
residentiaandagriculturalandusesn thisregion(Al-Asadi et al., 2019)anduse types in a watershed have a
critical impact on river sediment quality as land use is associated witproetssdandanthropogenic
activitieshatmanipulatéhecontaminanibadsdrainednto rivercours€Karstens et al., 2019Jhilethegrowing

oilindustryin theShattAl-Arabbasirhadtsconsequencésr theenvironmenandcommunities, suéhdustry



hasattractednorepeopleto settlein the riverbasin.The populationin the ShattAl-Arabbasin hagloubled
duringthelasttwo decadefountry Policy and Information No#018)Suchpopulatiorgrowth typically

accompaniebyresidentialvasteslisposal, has added further load on the

ComponentElement | VF1 VF2 VF3 VF4

WT 0.25 10.74 0.35 0.23
pH 0.33 0.55 0.19 0.17
TDS 10.17 10.71 0.07 10.37
Pb 1012 1041 0.72 10.08
Mo 0.24 0.19 0.37 0.48
Zn 0.33 0.09 0.84 0.18
Cu 0.72 0.24 0.39 0.18
Co 0.85 1014 0.10 0.13
As 0.87 0.16 0.16 10.01
Ni 0.91 0.11 0.07 0.29
Mn 0.81 0.10 10.12 0.30
Fe 0.94 0.11 0.13 0.23
Cr 0.20 0.05 0.03 0.84
\Y, 0.62 0.44 0.23 1031
Eigenvalue 6.13 1.98 117 1.10
% of variance 43.78 14.15 8.32 7.83
Cumulativéo 43.78 57.93 66.25 74.08

Table 3. Loading®f experimentalariable$14)on significanprincipalcomponentor thesurfacesediments
samplesf theShattAl-ArabRiver ExtractionMethod:PrincipalComponenAnalysisRotationMethod:
Varimax with Kaiser Normalization.

Pb Mo Zn Cu Co Ni Mn Fe Cr \% Pn

Site | D W |D W | D W D W |D W |D W | D W |D W |D W |D W D W

1 08 |09 |35 |39 (15 |14 | 12 |12 |02 [ND |14 |13 |09 |09 |53 |50 (20 |(19(/06 |06 |394 |3.80
2 09 [NA |34 |[NA [12 |[NA | 09 |NA |02 |[NA |13 |[NA |09 [NA |51 |[NA |21 [NA|05 |NA |377 |NA
3 08 |06 (27 |22 |14 |14 | 10 |11 |05 |06 |14 |16 |09 |09 |56 |58 |16 (22|06 |07 |412 |4.27
4 08 |06 |54 |15 (15 |14 | 13 |13 |09 (09 |20 |20 |13 |12 |74 |72 |33 |31/06 |09 |552 |526
5 08 |06 |55 |47 (15 |13 | 13 |10 |09 (00 |20 |15 |13 |14 |74 |59 |33 |21/06 |06 |551 |4.37
6 09 |06 |27 |31 |14 (13 | 10 |12 |06 |07 |14 |18 |11 |11 |62 |66 |60 |23/04 |08 (467 |4.88
7 09 |07 |56 |31 |15 |15 |12 |13 (08 |07 |16 |17 |11 |11 |65 |66 |23 |24/0.6 |08 [486 |4.85
8 09 |06 |12 |45 |15 |13 |12 |11 (09 (08 |18 |18 |12 |11 |71 |67 |21 |21/0.7 |08 [519 |4.96
9 08 |06 |28 |20 |15 (13 | 11 |11 |06 |08 |16 |16 |10 |11 |64 |65 |23 |21/06 |07 |47 4.79
10 10 |06 |52 |14 |16 (13 | 12 |11 |06 |11 |18 |16 |11 |10 (68 |66 |23 |1.8/0.8 (0.8 |509 |4.80
11 09 |06 |40 |50 |17 |13 | 12 |12 (06 |09 |18 |17 |11 |11 |69 |67 |22 |18/0.7 |09 |[508 |4.95
12 15|07 |57 |27 |16 |13 | 12 |11 |05 |09 |14 |16 |09 |10 |58 |61 |33 |25/05 (0.7 |443 |45]
13 11|08 |22 |50 |18 |16 | 1.3 |12 |06 |[ND |17 |15 |10 |10 |64 |59 |19 |19/06 |06 |4.73 |4.42
14 08 |06 |54 |28 |12 |12 | 09 |10 |08 |[ND |13 |14 |11 |11 54 |56 |82 [69/04 |08 |6.1 5.15|
15 13|08 |17 |25 |14 |13 | 11 |10 |05 |[ND |14 |13 |09 |10 |55 |55 |30 |6.2/07 (04 |409 |4.66
16 14 |08 |33 |42 |15 |14 | 12 |12 |06 |06 |18 |15 |11 |12 |66 |58 |31 |18/0.7 (0.7 |487 |432
17 14 |11 |56 (19 |15 (14 | 11 |15 |05 |10 |15 |16 |10 |10 (59 |61 (24 |23|/06 |0.6 |446 |4.48
18 45 |47 |27 |15 |22 |20 | 16 |16 |02 |05 |12 |15 |08 |09 |57 |60 |13 |18|/06 |0.7 (432 |452
19 39 |09 (47 |47 |17 |17 |10 |11 |04 |[ND |11 |12 |07 |08 |49 |56 |21 (24|05 (06 |3.76 |4.26
20 15 |08 |12 |28 |14 (13 | 10 |10 |06 |[ND |13 |13 (09 |09 (54 |51 (29 |29/05 |06 [398 |3.83
21 19 |07 |25 |46 |13 |15 | 10 |11 |05 |[ND |13 |13 (09 |08 |54 |53 |12 |18/05 |0.7 [3.99 |4.00
22 10 |05 |50 |26 |18 (15 | 11 |09 |06 |[ND |12 |10 (08 |08 |55 |51 |11 |11/05 |06 (414 |3.76
23 12 (06 |19 |21 |15 |15 | 11 |10 (02 |[ND |12 |12 |10 |09 |56 |55 |11 [12/06 |08 |414 |4.05
24 13 |06 |56 |46 |11 (14 | 07 |10 |02 |ND |10 |11 |08 |08 |46 |52 |14 |13/05 (06 (413 |3.89
25 17 |05 |04 |27 |13 |12 | 09 |09 |02 |[ND |11 |10 |10 |09 |53 |49 |11 (1207 |06 |389 |3.63
Mean| 14 (09 |36 |32 |15 |14 | 11 |11 |05 |07 |15 |15 |10 |10 (60 |59 |25 |24|/06 |0.7 [454 |4.43
SD 09 |08 |17 |12 |02 |02 | 02 |02 |02 |03 |03 |03 (01 |01 |08 |06 |16 |14|/01 |01 |[0.62 |O0.50

Table 4. Contamination Fact¢CF) andNemerow Pollutioindex (R) for Heavymetalsn dry(D) andwet
(W)seasondA: Not AvailableND: Not Detected.



environmenfAbdullah et al., 2016). Anthropogenic effluents that are often dischargedrdivsttydviarunoff

into the river arebelievedto be associateavith producingtoxic and hazardousubstancesmto the river
environmen{Khwedim et al., 2009; Khwedim, 2016). Moreover, the Mesopotamian Marshes draining into the She
Al-Arab that werenceactingasapowerfuffilter for pollutantgMaltby 1994haveremendouslgiegradedue

to theextensivelrainagand diversioof watersuppliegor agriculturegil explorationandmilitarypurposes
inthe1990¢Partow, 2001nternationaéfforts have been made to restore the marshes since 2003, but restoration
is patchy because of high soil and wat@aities (Fawzi aiahdi 2014)Furthermoreypstreandamprojects

now controlthe volumeandtiming of watercominginto the marshes,ral the total volume of incoming water

has diminished (Saeed et al., 1®8zi andMahdj 2014. Wu et al. (2012) found that the projected water yield
redudion thatcausetowerdischargén the channetouldaffectbothterrestriahndaquatiecosystem3hus,
thesenaturapurificatiorsystem§.e. Mesopotamiallarshesjrestill farfrom adequateestoratiorfRichardson

et al., 2005; Richardson and Hussain, 20@huAi et al., 2017Thereforethe concentrationsf heavymetalsn

the ShattAl-Arab sedimentg¢fraction< 63um)in the presenstudyshowedconsiderablitigherlevelscompared
to historicalvaluegAbaychi andbouabul, 1985nd USEPAguidelinesYSEPA 2006)to be discusseth
sectiorpollutionanalysig)Fig.3, Table2).

Spatial variations in river sediment quality. Heavymetalsarereleaseihto the environmenby different
anthropogenieactivities(Tchounwou et al., 201Zhe primaryanthropogenisourcedor heavymetalsare
industrialagriculturaland residentiactivities(Bradl, 2005)industrialactions by which heavymetalsare
introducedinto the environmentjnclude fuektombustionpetroleumextraction,mining, smeltingmetal
finishing,and manufacturingvastedisposal(Kapusta and Sobczyk, 201&pricultural activities such as
applications of chemical fertilizers, animal manures, and pesticides containnetdlezanysignificantly
contributeto the metas pollutingthe environmeniBradl|, 2005) ikewiseresidentiahreas characterizieg
highpopulationdensitiesgxcesgnergyonsumptionandextendedndustriabndtransportion activitiesare
oftencharacterizely largeamountof hazardousvastg KabataPendias and Pendias, 20Bafsragovernorate
(thestudyarea)thelargestirbancentetin Southerdraq, hasvariousanthropogeniactivitieghatmostlikely
involvedn heavy metatontaminatiorfDouabul et al., 2013;-2dberi and Ababbas2014)
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Figure 4. BoxandWhiskeishowingCFof heavymetalsluringthedry seasoifredbox)andwetseasoiiblue
box).Thehorizontablackiines(insidehe boxesyenotehe median®f theseasonaFs.Thebottomandtop
of the box show the first atlaird quartiles (Q1 and Q3). The whiskers are the lines inside the region defined by

Q1-1.5(Q3Q1) andQ3+ 1.5(Q3Q1). Theindividualpointswith valuesoutsidethesdimits represenbutliers.
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Thespatialvariation®f the heavymetalsconcentrations sedimentalongariverwatercoursareacorn
sequence of the different sources contributing to metal {Beutsejo et al., 2003Relatively low metals
concentrations observauther i v tabutériesEuphratesand Tigrisrivers),i.e.,sitesl, 2, and3 canbe
attributedo thefactthatthesetributariesarelesscontaminatedomparedo the ShattAl-Arab.Rightafterthe
EuphratesindTigrisconfluencatthe QurnaCity,heavymetaldevelsshowedsignificanincreasethatexter
to themiddlepartsof theriver coursgFig.2). Theelevatednetalconcentrations thesedimentatthe Qurna
sitemaybecausedby domestiavastewaters and industrial effluents discharged directly mertiffd-Asadi
et al., 2019 Similar to our findingaJ-Asadi et al. (2018)und highmetaldevelsn theriversedimentatthe
Qurnasite,andascribedhatto theurbanwastewateaoil depositscorosionof oil pipelineandfloatingbridges.
In generalmetalexhibitechighedevelsn theupstreanpartsand showedgraduatiecreasewardsheriver
mouth.Thehighpollutionleveldn theupperandmiddlepartsof theriverdetectedn thecurrentstudycanbe
attributedto the highpopulationdensitiesindindustrialctivitiesconcentrated in these parts-ijuje et al.,
2017). The present findings are in agreememIwigiberi et al. (2016), who stated that the primary soiunigs
metals levs in the upstream sites are sewage effluents, industrial wastes, oil spelling, andcagrntadtisral
such as fertilizers and pesticides. Site 18 that corresponds to high metal Bvedsdivigs pollutiomostly
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Figure 5. Seasonahriation®f NemerowPollutionindex(Py) for metalsateachsamplingtationduringthe
dry season (red) and wet the season (blue).

from the nearby local metal workshops that withdraw sunken ships and boat wreck for disimtegration
smallmetalscrap.This procesgequirescuttingand welding,which,in turn, introducessuchmetalsto the
environmentAdekeye et al., 2011; Mistry, 2015)

Thegraduatlecreasi@ concentration®wardghemouthof theriverobservedor Ni, Fe,Mn, As,Co,and
somewhat Cu and Cr could refer to the common source of these metals that is more evident in the upstre
partscomparedo thedownstrearsiteqFig.2). Anotherexplanatioffor therelativelyow pollutionlevelsn the
downstreansitegstheintrusionof marinevatersaswellasthe waterturbulenceandtheerosiorof theriverbed
createdbythehighercurrentvelocityin thesoutherrpartsof theriverwhichcanresultin thereductiorof toxic
metalsaccumulation in the sedime(®¢-Asadi et al., 2019yhe regressions of the gradual decrease in metals
concentrations towards the mouth of the river observed in this study are similar to those ré&pmyrtetidy
(2018)who reported a trend of a gratfeductiorin heavymetalsoncentrationtowardgheBayof BengalRoy
et al. (2018ttributedherelativelyow heavymetalssoncentrationatthedownstreanstationgo the hightidal
activitythroughoutheyearhatthesestationsareexperiencingimilafindingsweredocumentetty Campbell
and Bower (1998yhostatedhatthenaturaflushingactionassociatedith tidalinfluencesouldresultn azone
of low-levelpollutantsLikewiseChen et al2001)foundthatthe spatialistributionof heavymetalsn coastal
riverscanbecontrolledbythetidalhydrodynamiactionChen et al. (200demonstratethattidalflat has an
individual selpurification capacity.

Temporalvariations in river sediment quality. Industriaandmunicipalvastewatesffluentsrepresent
acontinuousontaminatioisourcewhereasurfaceunoff constitutesseasonaourceprimarilyinfluencedy
climateconditionswithin river basin(Singhet al., 20045 easonalariationsn precipitationsurfaceunoff, and
groundwateflow imposea substantiaimpacton river dischargend,consequentlyn the concentrationsf
contaminantim riverwater(Liu et al., 2003; ShrestradKazama2007)However, contaminants are relatively stable
in sedimesstcompared to waté¢gradede k E n ,). O 8a@aShowed no significant relationship between metals
corcentrations and seasonality. Sfimfings are consistent with Karadéde En (200 9) who d
significant seasonal variations in heavy metal levels in seHieaegtmetalstabilityin sedimentan be attributed
to that heavy metals are inert in the sediment environment ddegbagl2013) as sediments act as a significant
sink of heavy metal pollutants in the ribgglies (Banerjee et al., 2016).

The hydrology of the Shatt-Atab basin is characterized by hot and dry summer and cold and rainy winter
with a distinct tidahterplay phenomenon (Moyel and Hussain, 2015). The water flow in the river is influenced by
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the tidal activities of the Arabian Gulf, which characterized bglisemal patterns, with the tidal limit ranging

from around one meter at the Basra City fieetimeters at the Fao City at the river moutRéaAladhan and
Pastour, 1987). Furthermore, climate parameters in the Shatb Adlasin notably vary throughout the year
(Nriagu, 1988). For example, the basin experiences relatively high rainfallcuresthttpimgher discharge in the

wet season. Alternatively, the basin has low to no rainfall outside of the wet season, and hence, the river disct
is relatively lower. The average river discharge in the dry season is 720 m3/s, and increasesrar@3@eh3/s
season (AMahmood, 2009). Due to such discharge variations, the salt wedge from the Arabian Gulf often exten
up to 100 km upstream during the peak of the dry season and minimizes to less than 15 km in the wet season
Maliky et al., 2015)hus, such seasonal variations can explain the trends of water temperature and TDS observ
in the current study (Table 1; Fig. 2). Sharp TDS increase detected at station 18 in the dry season (Fig. 2) ce
assigned to the high seawater intrusion ise¢bson (AMaliky et al., 2015). The average temperature in October
and January (dry and wet seasons respectively) is 28 °C and 12 °C respectively (Weather spark, 2019). Such
can explain the water temperature variations in our study since tieenpatature of a natural stream is controlled

by air temperature (Cluis, 1972). The pH relatively lower levels at sites 8, 15, and 17 in the dry season can be as
to the anthropogenic activities at these sites. Industrial activities, especialgmdaeuring from fossil fuels,

can result in acidification of freshwater systems (United Nations Environment Programme (UNEP), 2010). p
variations in the Shatt-Afab River were documented byA&&di, 2016), and their anomalies (i.e., relatively low
levels) were ascribed to anthropogenic activities in the river basin.

Statistical analysis. Multivariate statistical methods such as principal component analysis and factor
analysis are generally employed for pattern recognition, classification, and data dimensionality reduction
et al., 2003; Filgueiras et al., 2004; Glasby et al., 2@0ét @k, 2010). In the current study, PCA and FA
conducted on the normalized data sets (14 variables) have extracteifaictorbasedn Eigenvalues/F1
explaineanorethan40%of thetotal variancevasdominatedy Cu,Co,As,Ni, Mn, Fe,andV. Theseslements
aremostlikelyrelatedo anthropogenisourcesdn generakthesametals showed relatively low concentrations

at Tigris and Euphrates rivers, a sharp increase at the very origin of thleA8abtandthenagradual
decreasin theirlevelsfrom the middlepartsof theriverto the sea(Fig.2). The elevated metals trend starting

from site 4 to sites 18 and 19 is linked to heavily urbanized/industrialized areas surrounding the river course in |
stretch. These metropolitan areas contribute to different sources of psilatiasthedischargigof industrial
effluents,agriculturateturnflow, anduntreatedirbaneffluents(Al-Asadiet al., 2019)Cu, As, andNi can
originatefrom fuel combustiorandindustrialemissiongBrad| 2005)Anthropogenisource®f cobaltinclude
fuelcombustionspeciasteelsandmetaiminingandprocessingReimann anbe Caritat1998)Mn canresult

from anthropogenisourcesuch as refining, smelting, fertilizer use, sewage sludge, and atmospheric depositic
from fossil fuel combustiaand wast@cineration, which are common in the study(dasaret al., 2018)ron

in stream sediment often shows a very stonglatiorwith vanadium(Salmineret al., 2005 ndthatcan
explairtheircoexistencim the samegroupin thecurrentstudy,andboth ca originate from industrial effints
(KabataPendias anBendias2001) VF2 represents the influence of water physical properties (i'ED$Vand

pH) astheseparametera/erereportedo becorrelatedo eachother(Kefford, 1998; Girardi &tl., 2016)VF3
elementéi.e.Zn andPb)arederivedrom anthropogenieffluentsBoth metalshowhighlevelsn sitesl8and

19; sitesthat correspondto anindustrialareacontainingmetalweldingworkshopsThe procesf welding
producesuchmetalgo the environmen(Adekeye et al., 2011; Mistry, 2015¢ fourth varifactor VF4 is loaded

on Mo and Cr, and can be attributed to agricutouating. The primary sources of Mo in the environment are
from the use of Mo fertilizers in agricult(®ead] 2005) Fertilizeranay alsocontainseverahundredto
thousangppmof Chromium(Brad| 2005)

Pollution analysis. Contaminatiofiactoranalysishowednoderatéo considerablilo contaminatiom
the study area. Mo anthropogenic contaminationecnayfrom fertilizers and sewage slgdganann anbe
Caritat 1998). Large agrituhlareasocatecn thebanksof therivercanexplairnthehighMo contamination
levelsreportedin this study. Highmolybdenuntoncentrationgn the environmentwhetherfrom natural
source®r throughpollution,has poisoningffectasexcessivio levelscanleadto bonedeformatiorand
disruptionof metaboligrocesseim humanandanimalgMigaszewski ard a G u,2@1&)@r alsodisplayed
highCFvaluesangingrom moderatéo considerablpollution.Highlytoxic, causing liver and kidney damage
and acting as a carcinogen, chromium can be introduced to the fartitzbsgGhani 2011)andthatcan
explainthehighCr leveldn theriverreacheshatpasghroughagriculturalands (i.esites4,5,6,14,and15).
Zn andPb highleveldn specificsites(i.e.,sitesl8 and19)arecorrespondingp anindustrial area containing
metal welding workshops which explain their relatively higher pollution levelsite f&dekeye et al., 2011,
Mistry, 2015Nickelhighpollutionlevelsn the upperreachesf theriver canbeattributedo sewagsludge
andfuel combustionThelatterproces$asbeenidentifiedto bethe primarysourceof Ni in the environment,
sincepetroleuncontainconsiderablamountsof Ni (Nriagu 1988)Ni findingsin this studyarecompatible
with (Al-Jaberi and\l-Dabbas2014)who found relativeljigh Ni pollutionlevelsin Basrasedimentand
(Khwedimet al., 2009yhoalsoreportechighNi levelsn northernparts oBasraHigh Ni concentrationare
both toxic, resultingin dermatitisand gastricirritation, as well as carcingenicdiseasegWorld Health
Organization (WHO), 1996romthe Contaminatiofractor(CF)andNemerowpollutionindex(Py) valuesit
wasevidenthattheupperandmiddlepartsof theriver(i.e. sitestto 18)arerelativelhighlypollutedsiteq Table

4; Fig.5). Thecrudeoil productionin Basrayrewbyfour millionbarrelperday risingfrom 0.5millionbarrels
perdayin 19950 almos#.5millionbarrelgperdayin 2017(Country Analysis Brie2017)Suchanoil industry
expansioraccompaniely extensive developmentthe northernpartsof the ShattAl-Arab drainagdasin
can contribute to the increasingmetal pollution. Downstream reaches of the river are the least
industrialized/populated areas, and thus receive reliivehpollutioninputswhichwasconfirmedby their
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lowerCFandPy valuegTables; Fig.5). Additionallythesesites most likely take advantage ofpseification
due to tidal activities.

Conclusions

SubstantisAmountof anthropogenipollutantsverereportedn the ShattAl-Arab surfacesedimentin the
currentstudy.Concentrationsf metalsnvestigateduchasCr, Cu,Ni, Mn, andFewerehigherthanthe United
State€nvironmentaProtectiorAgencyUSEPA)standarddVloreoverconcentrationsf Pb,Cr,Cu,Ni, Zn,

Fe, and Mo in the current study were higher thalo¢hEbackground levels (i.e., the year 1985), indicating
thattheriverisexperiencingonsiderablgollution.Our datashoweado significantelationshipbetweemetals
concentrationandseasonalitydeavy metals stability in sedimeam be attributed to that such metals are
inert in sediment environmenbtatisticahnalysisevealedhat mostmetalsareof anthropogenisourcing.
MetalssuchasCu,Co,As,Ni, Mn, Fe,V, Zn, andPbaremainlyrelatedo industriabndresidentiactivitiesuch
asfuelcombustionmetalmining, processing, refining, smelting, and sewage sludge disposal. On the other han
Molybdenum and Chromium ar®st likely of agricultural origin (i.e., agricultural fertilizers). Furthermore,
pollution analysidisplayed higkediment pollution in terms of several metals Fe, Mo, Cr, Zn, and Ni. The
pollution, however, was not evenlytritisited along the river course as the highest levels of heavy metals were
reported at the upper and middle reaoldbe rive, and were attributed to the higher industrial and urban
development in these parts. Downstream reachdabe river, on the other hand, are the least
industrialized/populatedreasandthusreceiverelatively fewepollutioninputs.Furthermoredownstream
sitesaremostlikelyto takeadvantagef seltpurificationand assimilative capacity of a river with powerful tidal
activities.
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Abstract: Rapid population growth hasraised the groundwater resourcesdemand for socio-economic
development in the Shatt Al-Arab basin. The sustainable management of groundwater resources
requires precisequantitative evaluation, which canbe achieved by applying scientific principles and
modern techniques. An integrated concept has been used in the current study to identify the
ground water potential zones (GWPZs) in the Shatt Al-Arab basin using remote sensing (RS),
geographic information system (GIS), and analytic hierarchy process (AHP). For this purpose, nine
groundwater occurrence and movement controlling parameters (i.e., lithology, rainfall,
geomorphology, slope, drainage density, soil, land use/land cover, distanceto river, and lineament
density) were prepared and transformed into raster data using ArcGIS software. These nine
parameters (thematic layers) were allocated weights proportional to their importance. Furthermore,
the hierarchical ranking was conducted using a pairwise comparison matrix of the AHP in order to
estimate the final normalized weights of theselayers. We used the overlay weighted sum technique
to integrate the layers for the creation of the GWPZs map of the study area. The map has been
categorized into five zones (viz., very good, good, moderate, poor, and very poor) representing 4,51,
35,9,and 1%of the study area, respectively. Finally, for assessing the effectiveness of the model, the
GWPZs map was validated using depth to groundwater data for 99 wells distributed over the basin.
The validation results confirm that the applied approach provides significantly solid results that can
help in perspective planning and sustainable utilization of the groundwater resources in this water -
stressed region.

Keywords: groundwater potential zone; analytic hierarchy process;water-stressedregion; sustain-
able management; Shatt AFArab basin

1. Introduction

Surfacewater is generally scantin arid and semi-arid regions owing to low rainfall and
high evaporation dominated in suchregions [1]. Arid and semi-arid climatic environments
are undergoing agrowing surface water deficit acrossthe world [284]. Hence, groundwater
is considered asa major alternative viable resourcein theseenvironments [5,6]. The Middle
East,an arid to semi-arid region, is the most water-scarcezone in the world, with most of its
countries falling under the international water poverty index setby the United Nations [7].
Among the Middle Eastern countries, Iraq and Iran are specifically facing considerable
water shortages across most parts of their territories. A growing population (Table 1),
increasing basin development (e.g., dam projects by riparian countries), and climate-
related hazards have ultimately resulted in decreasing surface water supplies in these
countries [8,9]. Presently, to safeguard the water resources in Iraqg, the government has
established a comprehensive groundwater monitoring program intending to improve  the
national scope in terms of exploration and management of the national groundwater


https://www.mdpi.com/journal/remotesensing
mailto:opp@staff.uni-marburg.de
mailto:suman.patra@iitkgp.ac.in
mailto:allafta@students.uni-marburg.de
https://www.mdpi.com/2072-4292/13/1/112?type=check_update&version=1
https://www.mdpi.com/2072-4292/13/1/112?type=check_update&version=1
https://doi.org/10.3390/rs13010112
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-7034-6945
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/
https://www.mdpi.com/
https://www.mdpi.com/
https://www.mdpi.com/
https://www.mdpi.com/
https://www.mdpi.com/
https://www.mdpi.com/
https://www.mdpi.com/
https://www.mdpi.com/
https://www.mdpi.com/
https://www.mdpi.com/
https://www.mdpi.com/
https://www.mdpi.com/2072-4292/13/1/112?type=check_update&version=1
https://creativecommons.org/

95

resources. Initiated in 2013, the program has conveyed considerable data, knowledge, and
management information tools related to the groundwater resources in Iraq [ 10].
Similarly, in Iran where groundwater withdrawal represents around 60% of water u sage
(Water Uses in Iran), a number of laws have been developed to control the negative
consequences of the exploitation of groundwater such as the Groundwater Resources
Preservation Act, the Manner of Water Nationalization, and the Water Law. For example,
thed Pr o h iPlin A e wudtlined in theselaws defines several hydrological equations to
orient the planners in the legislation of well -digging policies [11]. The Prohibited Plain Act
becamethe milestone of consecutive regulatory laws such asbanning well construction to
control groundwater over -exploitation [ 11].

Table 1. Presentand future prospective population number (in million) in Iraq, Iran, and Germany *.

Country
Iraq Iran Germany
Mid 2019 39.3 83.9 83.1
2035 55.3 100.6 82.2
2050 70.9 113.3 79.2
Population number per square 786 571 706

kilometer cultivable land
* Source: https://www.dsw.org/laenderdatenbank/

The Shatt Al-Arab basin, atrans-boundary basin shared by Iraq and Iran, is situated in
an arid water-scarcezone. The water scarcity in this basin is exacerbatedby anthropogenic
activities [12]. The rising burden of pollutants that the river receives from the urbanized
areas[13], oil production fields [14], and agricultural areas[15] have caused deterioration
inther i v evaited guality [16,17]. Furthermore, the Mesopotamian marshesflowing into
the river that were historically serving asnatural filters for contaminants [18] are no longer
sodue to the drainage and exsiccationduring the 1990519,20]. Moreover, dam projects by
upstream countries have reduced the water flow to the Shatt Al-Arab. Many studies have
documented a drastic decline in the river discharge and increasing levels of salinity in the
river due to seawater intrusion [ 12,21]. Therefore, the essential role that the river plays in
supporting holistic communities is highly affected [ 22]. The surface water shortage in this
basin is raising the significance of groundwater as an alternative water source [23,24].
Groundwater, however, faces a serious resourcedepletion threat in this region [ 25,26]. For
example, [27] found that during the period from 2003 to 2009, groundwater exploitation
significantly increased in Iragq owing to drought and surface water shortages in the area.
Groundwater resources depletion in the Shatt Al -Arab basin emphasizes the needfor
sustainable management of such resourcesto secure steady supplies of quality water.
Delineation of groundwater potential zonesis considered a primary step towards sustain-
able management of these resources 78]. However, no single recharge study has been
done over the Shatt Al-Arab basin despite its regional significance as a transboundary
basin in a water-scarce region. Therefore, investigating the groundwater potential zones
in the Shatt Al-Arab basin can play a significant role in the implementation of efficient
groundwater management and protection policies [ 29].

Groundwater is a hidden natural resource and cannot be directly detected, therefore,
mapping of this resource can be achallenging task. Depiction of groundwater potential
zones(GWPZs) is necessaryfor the optimal usageof available water resourcesto meetthe
needsof the communities [30]. Stratigraphy analysesand testdrilling arethe traditional and
effective techniques for identifying the locations of an aquifer, but theseprocessesare cost
and time-consuming. Integration of remote sensing data in the geographical information
system surroundings represents an effective alternative for the identification of GWPZs [ 31].
Remote sensing offers a repetitive coverage of an area in a systematic, synoptic, fast,
and low -costway with a combination of different ranges of the electromagnetic spectrum
radiated from various earth features[32]. Remote sensing (RS)representsan exclusive and
powerful tool for obtaining spatiotemporal data of sizable areas in a short period of time
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basedon indirect analysesof somedirectly observableterrain features. Application of RSin

hydrogeological investigation and monitoring canprovide significant information in spatial
and temporal scaleswhich isimportant for effective analysis, prediction, and validation of
water resourcesmodels [33]. The ability of satellite imagery to cover large spatial scalesis
essential for the depiction of basins physiographic characteristics, such as land use/land

cover, slope, and drainage density as well as structural characteristics such as fractures,
faults, and cleavages[34639]. Suchcharacteristicsare major requirements for groundwater

resourcesevaluation and exploration and were used by many researchers(e.g., Table 2) for
GWPZs delineation. Geographic information system (GIS), on the other hand, provides a
distinguished work environment for efficiently processing and storing geo -referenced
data compiled from various sourcessuch assatellite imagery, maps, and land surveys [40].
RS and GIS capabilities of collecting and manipulating data covering large scales within a
short time represent handy tools in demarcating, assessing,and conserving groundwater

resources.With such capabilities, many databasescan be integrated to generate conceptual
models for the identification of GWPZs of an area [41848].

Table 2. Literature review of the thematic layers used to delineate groundwater potential zones
(GWPZs).

Literature Lt Ge So DEM Rf S| LD DD LU DR WT
[49 n n n n n
(50 n n n n n
[51] n n n n n n n
[57 n n n n n n n n
[53 n n n n n n n n
[54 n n n n n n n n
[59] n n n n n n n n
[56] n n n n n n n
[57] n n n n n n n
(5 n n n n n n
[59 n n n n n n n n
[60] n n n n n
[61] n n n n n n n n n n
(62 n n n n n n n n
[63 n n n n n n n
(64 n n n n n n n
[65] n n n n n n n n
[66] n n n n n n n
[67] n n n n n n n n n
(68 n n n n n n n n
[69 n n n n n n
[30 n n n n n n n n
[7q n n n n n n n n
[74 n n n n n n n n n
[77 n n n n n n
[73 n n n n n
[74 n n n n n n n n
[79 n n n n n n n
[7€] n n n n n n n

Lt = lithology; Ge = geomorphology; So = soil; DEM = digital elevation model; Rf = rainfall; Sl = slope;
LD = lineament density; DD = drainage density; LU = land use;DR = distance to river; WT = water table depth.

Around the world, different methods have been used in delineating GWPZs such as
integration of remote sensing and GIS with resistivity data [77], influence factor (IF)
[47,51,66], statistical methods [78,79], groundwater modeling [ 80], and analytical hierarchy
process (AHP) [63,74,81]. These methods have been proven as reliable and effective, and
have been used by many researchers. Among those, AHP is advisable in cases of
segregating multiple substitutes to a set of pairwise comparisons followed by the
incorporation of the result. Propounded by [ 82,83], AHP is also recommended when
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there is alack of sufficient valid data for analysis [ 84686]. AHP approach has been broadly
applied in many fields of natural resources management, regional planning, and
environmental impact assesanent e.g., [56,87]. In the present study, AHP is integrated
with RS-GIS techniques for the identification of GWPZs in the Shatt Al -Arab basin. Similar
to [72,76,88890], weights are allocated to the different parameters and their feature classes
basedon expert knowledge using the AHP method. The integration of RS-GIS with AHP
results in the conversion of data to obtain valuable information for managers and
policymakers [91]. Therefore, the objective of this study is to define the GWPZs of the Shatt
Al-Arab basin through the integration of RSGIS with AHP. For this purpose, we utilized
nine thematic layers (i.e., lithology, rainfall, geomorphology units, slope, drainage density,
soil features,land use/land cover, distanceto river, and lineament density) in the analysis.
This study will be a useful tool for groundwater resources planners and managers when
constructing sustainable groundwater plans in this region.

2. Study Area

The areas that drain to the Shatt Al-Arab River encompass the Tigris and Euphrates
basins in addition to the Karun and Karkheh sub -basins (Figure 1). The Shatt Al-Arab
River, developed by the confluence of the Tigris and Euphrates rivers at the city of Qurnah,
flows to the southeastfor around 100km before it forms the borderline between Iran and
Iraq for the last 90km of its waterway until emptying into the Arabian Gulf. The total area
discharging to the Shatt Al -Arab is around 143,111km2, excluding the Tigris and Euphrates
basins (upstream of Qurnah), but including the Karun and Karkheh sub-basins.The Karun
River stems from the Zagros Mountains in Iran, flows to the west through valleys and
ridges to the city of Ahvaz, and continues towards the Shatt Al -Arab [92]. The Karkheh
River also originates from the Zagros Mountains in Iran and flows to the south, and then
turning northwest and is absorbed by the Hawizeh Marsh that straddles the Iran dlraq
border and eventually flows into the Shatt Al-Arab through the Swaib River (around 15km
south of Qurnah). The Shatt Al-Arab basin, a trans-boundary basin shared by Iraq and
Iran, is situated in both Mesopotamia zone and Zagros structural zone. The Mesopotamia
Zone, which is essentially covered by Quaternary sediments, consists mainly of three
subzones; Tigris, Euphrates, and Zubair subzone [93]. The Tigris and Euphrates sub-
zonesare situated outside the Shatt Al -Arab basin whereasthe Zubair subzoneis situated
within the basin. TheZubair subzoneis characterized primarily by clastic lithology, while
limestone is restrained to its upper parts [94]. The Zubair subzone is distinguished by
many elongated folds that take N-S to NW -SE directions outlining the major oil fields
in Basra Governorate [95]. These folds, of the Late Cretaceous age, are anticline folds with
an appearance to basement rocks that are influenced by faulting [96]. On the other hand,
the Zagros structural zone is charaderized by thick sedimentary sequences that rangein
age from Cambrian to recent. The geological investigations indicate that the area was
subjected to rifting movements during the Permian -Triassic and collision during the
Tertiary [ 97]. Structurally, the Zagros Mountains consist of a series of ranges constituted
from hundreds of anticlineswcharddns®ynclTlhienecso
anticlinesin the western part consistprimarily of Cretaceouslimestone and dolomite, while
in the center they consist essentially of Eocene limestone. In the marginal western parts,
many of the anticlines expose the Oligo-Miocene limestone and the Miocene gypsiferous
marl [98]. The climate in the Iragi part of the basin is mainly hot and arid with average
temperatures varying from 9°Cin winter to 42'Cin summer, and an annual precipitation
range of 1008175mm [99]. In contrast, the Iranian part of the basin is characterized by cold
winters and mild summers. Average temperatures vary from 1 25Cin winter to 37 Cin
summer, and annual precipitation rangesfrom 100to 500mm [99]. Theb a s ipopdlagion
is estimated at 11 million with an annual population growth rate of 2.6%. The average
annual discharge is around 74 billion cubic meter (BCM) of the Shatt Al -Arab River into
the Arabian Gulf. The total annual discharge is measured asfollows: the Karkheh River



contributes of 5.8 BCM; the Karun River of 24.5 BCM; the Tigris River of 25.7 BCM
(measured at the city of Kut); and the Euphrates River of 17.6 BCM (measured at the city
of Hindeyah) [ 92].
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Figure 1. Site map of the transboundary Shatt Al -Arab basin (Irag-Iran) with the Shatt Al -Arab
River and its major tributaries.

3. Methods
3.1. Analytic HierarchyProces$AHP)

The current study depends on the compilation of RSand GIS databasesfor preparing
the GWPZs map. The parametes that control GWPZs were selected based on
comprehensive literature review (Table 2). Nine controlling parameters were used for
delineating the GWPZs (namely, slope, drainage density, rainfall, lithology, soil features,
geomorphology unit s, land use/land cover, lineament density, and distanceto river). The
thematic maps of these parameters were tested by the AHP method using normalized
weights to evaluate the GWPZs of the basin. The application of AHP needsscientific
experience along with solid evidence [10( as well as an assessment of matrix consistency
[54,84]. Similar to [101], we implemented the AHP technique by (i) selecing parameters
controlling groundwater recharge, (ii) performing apairwise comparison matrix, and (iii)
assigning relative weights, and evaluating the matrix consistency (Figure 2).
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Figure 2. Flowchart for the identification of groundwater potential zones(GWPZs).

3.1.1. Selectionof ParametersControlling Groundwater Recharge

The evolution and flow of groundwater are mainly controlled by material features of
the lithology, near-surface and sub-surface soil features, structure, and drainage patterns,
whereas replenishment is influenced by rainfall, land usetype, and infiltration rates[107.
Groundwater potentiality mapping can be achieved by investigating the controlling
factors on groundwater movement, storage, and occurrence [75,103. In the current study,
nine thematic layers (i.e., slope, drainage density, land use/land cover (LULC), rainfall,
soil features, lithology, geomorphologic units, lineaments, and distance to river) have been
established and integrated for producing agroundwater potential zonesmap. Thesenine
layers were explored and digitally mapped asthematic layers using the GIS environment
with the aid of ArcGIS 10.4.1. The factors were used to represent: rainfall as the major
source of water; slope, which drives the water flow energ y; drainage density, which
controls the runoff distribution and infiltration rates; litho  logy, which controls infiltration,
movement, and storage of water; geomorphology units, which determine surface runoff
and infiltration; soil features, which govern the infiltration rates; distance to river, which
determines the effective infiltration zones; land use/land cover, which affects the recharge
processes; and lineaments, which increase hydraulic conductivity [ 54].



3.1.2.Pairwise Comparison Matrix

We created a pairwise comparison matrix according to the number of thematic layers
for the GWPZs mapping [82,83]. Eachinput of the comparison matrix describesthe effect
of the row layer in relation to the column layer. The importance of alayer on groundwater
potentiality related to another & acgle wherwad s
expresses an equal impact of the two layers, and 9 represents the utmost impact of a row
layer compared with a column layer [ 82,83] (Table 3). In other words, the low weights
suggest low groundwater potentials, while the high weights imply high groundwater
potentiality [ 104]. Similar to [72,76,88890], we assigned the significance of the thematic
layers (and later the rank to their feature classes)asedon experts knowledge as explained
below.

Table 3. The one-to-nine scaleof parameters significance [82].

Strength of Significance Explanation
1 Equal significance
3 Medium significance
5 Strong
7 Very strong significance
9 Maximum significance
2,4,6,and 8 Interim number between two adjacentnumbers

The reviews literature indicated that different parameters impose a different impact
on groundwater potentiality. For example, thesereviews showed that lithology plays a
role in the evolution and flow of groundwater, and ther efore was selected as ondayer
(Table 4). Similarly and based on such reviews, we selectedrainfall asanother parameter
sinceit representsthe main source of water recharge [65]. Geomorphological units with
corresponding features were selected asanother parameter since geomorphology
represents an important criterion for demarcating groundwater potential zones [ 68,105.
Slope highly controls the infiltration of rainfall to the ground [106], and was selectedas
another factor in the hierarchy. Drainage density, which hasanegative correlation with
permeability and consequently infiltration rate [107,108], was selectedasanother
parameter. Distanceto river is an important factor, especially in arid regions be cause the
occurrence of alluvial layers is generally situated near rivers [ 73], and was considered to
be another factor. The soil grain size was selectedas another factor in the hierarchy
becauseinfiltration and permeability are directly dependent on soil grain size and
related pore size features [67,109. Land use and lineament density have impact on
groundwater rechargeand thus were also selected as controlling parameters The
parametersdweights were assigned according to expert knowledge using AHP method.
To define the priority and rank of the parameters, we created a pairwise comparison
matrix based on the AHP method (Table 4). Priorities were assignedaccording to the
one-to-nine point scaleto eachpair of layers. Forexample,e x per t s o statedthat i on s
lithology is more important than rainfall for groun dwater potentiality . Thus, the experts
gave lithology a value of 2 in relation to rainfall (Table 4). The eigenvector expresses the
ordering of layer influence on groundwater potentiality [110. The normalized principal
eigenvectorin the current study was calculated using the excel sheet created by [11]
(Table 4).

3.1.3.  AssessingMatrix Consistency

The principal eigenvalue (emax) represents a function for the matrix divergence from
consistency [85]. In other words, a pairwise matrix is considered consistent only when amax
is equal or more than to the number of the layers examined (9 layers in the present study);
otherwise, a new matrix must be constructed [82,83]. The principal eigenvalue (&max) of
Table 5 was achieved by the addition of products of parameter columns sum in the
pairwise matrix in Table 4 and eigenvectors in Table 4. A principal eigenvalue
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Table 4. A (9 x 9) pairwise comparison matrix for the analytic hierarchy process(AHP) -basedgroundwater potential
(GWP) zoning.

Lt Rf Ge S| DD DR So LULC LD Normalized Principal Eigenvector

Lt 1 2 3 3 3 2 2 4 4 24.06%
Rf 12 1 1 1 2 2 3 3 313 15.05%
Ge 1/3 1 1 13/7 1377 2 3 3 313 14.52%
S 1/3 1 2/3 1 4/5 2 4/5 2 2 9.96%
DD 13 12 23 11/4 1 2 12 2 2 9.38%
DR 12 12 12 12 12 1 3 137 2 9.02%
So 12 1/3 13 114 2 1/3 1 119 11/4 7.94%
LULC 1/4 1/3 1/3 12 12 2/3 8/9 1 2 5.60%
LD 1/4 27 217 12 12 12 4/5 12 1 4.47%
Sum 4.0 7.0 79 104 117 125 150 180 20.9
Total 100.00%

Lt = lithology; Rf = rainfall; Ge = geomorphology; S| = slope; DD = drainage density; DR = distance to river; So = soil; LULC =land
use land cover; LD = lineament density.

of 9.558 for a 9*9 matrix was obtained and used for the computation of the consistency
index (Table 5). The normalized weights were verified for consistency by computing the

consistency ratio [117. The allocated weights are considered consistent only if the

consistency ratio is equal or less than 10%; or else, these weights must be rassessed to
minimize inconsistency [113. According to [83], the computation of the consistencyratio

involves calculating the consistency index (Cl):

#) —— )

where amax denotesthe principal eigenvalue, and n representsthe number of parameters.
Thus, the Cl in this study is:

Cl=(9558%89)/9 T 1 = 0.0699

Table 5. Computation of the principal eigenvalue (8max).

Column Sums (Row 11of Table 4) Eigenvectors (Column 11of Table 4) Parameter Rank

@ @ 1) x (2

Lt 4.0 0.24 0.96

Rf 7.0 0.15 1.05

Ge 7.9 0.15 1.14

Sl 104 0.10 1.04

DD 11.7 0.09 1.10

DR 12.5 0.09 1.13

So 15.0 0.08 1.19
LULC 18.0 0.06 1.01
LD 209 0.04 0.93
Sum (8max) 9.558

Lt = lithology; Rf = rainfall; Ge = geomorphology; S| = slope; DD = drainage density; DR = distance to river; So = soil; LULC
= land use land cover; LD = lineament density.

The consistencyratio (CR) was then computed according to:

#2 — 2)
where Rl representsthe random index which is given in Table 6 for different n values. In
the current study, RI equals 1.45 for nine parameters. Therefore, CR is:

CR=0.0699/1.45=0.048=4.8%
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where CR of 4.8%(lessthan 10%)is admissible to conduct the weighted overlay analysis to
integrate the weighted parameters for the GWPZs mapping.

Table 6. Ratio index (RI) for various n scores[82,83].

N 3 4 5 6 7 8 9 10
RI 0.58 0.89 112 1.24 1.32 141 1.45 1.49

3.2. Identificationof GroundwaterPotentialZones

Groundwater potential index (GWPI) is aunitless value that expresseshe GWPZsin
a particular area that can be calculated according to [L14]:

"'70) 7 8 o

where W;j represents the normalized weight of the j parameter, X; refers to the weight of
the i class of the parameter, m denotes the number of the parameters, and n denotes the
number of classes within a specific parameter. For each grid, the GWPI was computed
according to the equation:

"70),602m2RAE" A A 3131 $3$%$% $2%$2 3131
, 5, #5, #, %, A

where Lt, lithology; Rf, rainfall; Ge, geomorphology; SI, slope; DD, drainage density; DR,

distance to river; So, soil; LULC, land use/land cover; and LD, lineament density. The

symbol ©6wd expresses the weight 7pandthesynibel mat
0 rexpressesthe rating of subclassegthe rank) in eachlayer (column 5in Table 7).

Table 7. Classification of parameters controlling the GWPZsin the Shatt Al -Arab basin.

Factor (Unit) Class Groundwater Potentiality = Parameter Weight Class Rank

Evaporites Very low 24 1

Metamorphic Low 45
Plutonic Igneous Low 8

Lithology Volcanic Igneous Low 115
Siliciclastic Sedimentary Medium 15

Mixed Sedimentary High 18.5

Carbonate Sedimentary High 22

Unconsolidated Very high 24

Sediments

<1005200 Low 15 1
Rainfall (mmiyr) 2005300 Moderate 5
3003400 High 10

4003500 Very high 15
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Table 7.Cont

Factor (Unit) Class Groundwater Potentiality Parameter Weight Class Rank
Floodplain Very high 14 14
Bajada Very high 14
Valley fill Very high 14
Geomorphology Pediplain High 9
unit Pediment Moderate 4
Badland Very low 1
Cuesta Very low 1
Denudational hill Very low 1
<10 Very high 10 10
10320 High 7
Slop (degree) 20330 Moderate 5
30040 Low 3
>40 Very low 1
<0.75 Very high 9 9
Drainage density 0.7%1.5 High !
(kmkm ?) 1.582.25 Moderate 5
2.2553 Low 3
>3 Very low 1
0835 Very high 9 9
Distance to river 35970 High !
700105 Moderate 5
(km)
1053140 Low 3
>140 Very low 1
Clay Extremely low 8 1
Silty clay Very low 2
Sandy clay Low 3
Soil Clay loam Moderate 4
Loam High 5
Loamy sand Very High 7
Sand Extremely high 8
Urban Very low 6 1
Shrub land (36%) Low 3
Land use/land Cropland (12%) Moderate 4
cover Bareland (~50%) High 5
Water Very high 6
<0.018 Very low 4 1
Lineament 0.0180.071 Low L7
density (km/km ) 0.07160.143 Moderate 2.50
0.1430.232 High 3.25
0.2330.391 Very High 4

3.3. Digital ElevationModelandWatershedelineation

The digital elevation model (DEM) data were obtained from EARTHDATA Search
(https://search.earthdata.nasa.gov/search ) by outlining the study area and selecting the
Advanced Spaceborne Thermal Emission and ReflectionRadiometer (ASTER) Global Digital
Elevation Model V003. We downloaded the images from (ASTER) DEM data of 30 m
resolution. These images were then added to ArcGIS 10.4.1 and merged (mosaic) using
0 D a Management Tools > Raster > Raster Dataset > Mosaic to New Raster. Next, we
identified the Universal Transverse Mercator (UTM) zone and re -projected the merged
map. The projected DEM was corrected using Spatial Analyst Tool > Hydrology > Fill
tools. The tool OHydr ol ogy flowdracionandflolw zed t o
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accumulation. We then generated the drainage lines using the 6 Ma Al g e haola An
outlet to the watershed was allocated by using the Catalog window and creating a
shapefile. Next, we usedthe 6 Wa t e r ®dl, @tdad within thed Hy d r o todl,goycréate
the Shatt Al -Arab watershed boundary by inputting the flow direction file and outlet file in
thet ool oWatershedo6 window.

3.4. Factordnfluencing GroundwaterRecharg&ones
3.4.1.Lithology

Lithology hasaprincipal impact on the occurrenceand movement of groundwater asit
highly controls the infiltration and flow processeq103. Ref.[115 stated that the rock type
cansubstantially influence the groundwater recharge potential. Similarly, Ref.[116 found
that lithology affectsthe rechargeby governing the water percolation. Someinvestigations
have neglectedthe lithology parameterin GWP zoning by considering the drainage features
and lineament density as a measure of primary and secondary porosity; however, we
followed [ 60] by including the lithology in our analysis to minimize the uncertainty in
estimating drainage and lineament densities. The 1/3,750,000 lithological map of the basin
was achieved by the University of Hamburg website (https://www.dropbox.com/
s/9vuowtebp9fliud/LIMW GI1S%202015.9db.zip?dI=0 ) to describe the lithology in the
study area [117]. The map was then added to ArcGIS, and the study area was extracted
using the tools Analysis Tools > Extract > Clip. Lithological categories classification
was done according to the classesavailable in the lithology classification website (https:
[lwww.clisap.de/fileadmin/B -Research/IA/IA5/LITHOMAP/ ).

3.4.2.Rainfall

Groundwater rechargeis controlled by various factors with rainfall playing akey role
since it represents the main source of groundwater recharge [65,118. The annual mean
rainfall for the period from 2011 to 2018 in the study area was obtained from the Climate
Research Unit(www.cru.uea.ac.uk/data ). We t hen sel ected 0Mai
resolution gridded datasetso6 to downl oad
to a raster layer using the tools Multidimensional Tools > Make NetCDF Raster Layer. We
then converted the raster layer to points using the tools Conversion Tools > From Raster
> Rasterto point. Thesepoints were interpolated through the tools Spatial Analyst Tools >
Interpolation > Kriging to obtain a rainfall contour map. The rainfall map for the study
area was extractedusing the tools Spatial Analyst Tools > Extraction > Extract by Mask.

3.4.3.Geomorphology

Geomorphological units, physical features of the e a r tsurféice and the near-surface
underground, represent significant aspects in hydrogeo logical investigations, evaluation
of topography, and delineation of groundwater resources [ 119. Previous studies e.g.,
[64,68,70,76,10512(] have incorporated geomorphology features as a significant
parameter for demarcating GWPZ. The geomorphic features in the current study were
geo-referenced and digitized from image s.

3.4.4.Slope

Slope depicts the local and regional relief which has a significant influence on
ground water rechargeinto the aquifers [121]. The slope gradient directly controls the surface
water infiltration [ 127 and is widely used in the delineation of GWPZs [ 51]. A region of a
high slope gradient hasrelatively low GWP due to the higher runoff. On the other hand, a
low slope gradient constrains the water flow and hence stimulates the infiltration rate [ 70].
After generating the DEM and drainage lines and creating the watershed boundary in
Section 3.3 we generatedthe slope using the tools Spatial Analyst Tools > Surface> Slope
in ArcGIS 10.4.1.

3.4.5.Drainage Density

Drainage density is the cumulative length of the stream segments of all orders in
aregion divided by the region area[123. Drainage patterns are derived from surface and
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sub-surface features such as texture, fracture, underlying lithology, and hydrogeological
features [124)]. Drainage density represents a good indicator to predict the infiltration r ates
and feature the relation between surface runoff and permeability in a terrain [ 70]. Terrains
of high drainage densities have relatively low rechargerates,whereas areasof low drainage
densities have higher rechargerates[125. High drainage densities are favorable for runoff
and thus result in a poor GWPZ and vice versa [62]. Drainage density in the current study
was calculated using the tools Spatial Analyst Tools > Density > Line Density in ArcGIS
10.4.1.

3.4.6.Distance to River

Distance to hydrographic networks is important in hydrogeological studies because
it is noted that the presence of local alluvial layers is located essentially near the river
coursesespecially in semi-arid regions [73]. Areas closeto rivers are favorable for effective
infiltration and consequently groundwater recharge. In contrast, it is difficult to find alluvial
layers in areas beyond adistance of 600 m [L26]. Distance to river was determined by
selecting Spatial Analyst Tools > Map Algebra > Raster Calculator. In the RasterCalculator
window, we entered the following command:

Con(6 F1 o wA CxX 40000008

where Con represents condition, FIowACC.tif representsthe flow accumulation that was
prepared in Section 3.3, and 4,000,000 is a value that enabled us to create the major river
coursesin the study area(i.e., Tigris, Euphrates, Karun, and Karkheh rivers). The resulting
raster file was then converted to lines using the tools Conversion Tools > From Raster >
RasterTo Polyline. To classify the distance to major rivers, we used Spatial Analyst Tools >
Distance > Euclidean Distance.

3.4.7.Soil Features

Soil hasasignificant control on the infiltration and percolation ratesinto an aquifer [127).
Soil grain size, shape, and arrangement and the corresponding pore system can highly
affect the vertical and lateral water movement [ 109. The soil map was obtained from Geo
Network Web Portal for Food and Agriculture Organization (FAO) Soil Map (http:
[lwww.fao.org/geonetwork/srv/en/metadata.show%3Fid=14116 ). From FAO website,
we downloaded data from o Di g Sdil avlap of the World i ESRI Shapefile f or mat 6 .
Furthermore,  soil categories were  obtained  from SWAT Soil Data
(http://www.indiaremotesensing.  com/p/s.html ). The soil map was added to ArcGIS
10.4.1and geo-referencedto the UTM projected coordinate system. Weextracted the study
areausing the tools Analysis Tools > Extract > Clip. The map was then geo-coded to each
soil type atdifferent categoricallevels in soil classification according to the classes obtained
from the SWAT Soil Data.

3.4.8.Land Use/Land Cover (LULC)

LULC is reported to have an impact on the existence and development of
ground water in an area [128. Built-up lands are typically accompanied by a reduction in
the infiltration rate due to a lack of permeable surfaces. In contrast, forests and agricultural
lands allow more infiltration of water since the vegetative cover can retain water and
facilitate infiltration [129. Ref. [30] discovered that water bodies have the highest
infiltra tion rate followed by forests, cropland, settlements, and industrial/quarry
respectively. Data on catchment LULC were extracted from land cover databaseson the
Earth Explorer (https://earthexplorer.usgs.gov/ ). We outlined the study areaand selected
dataset>Land-sat > Landsat collection 1 Levell > Landsat 8 OLI/TIRS C1 Level-1. From
0OAddi tional Criteriadéd, we chose Land Cloud
to obtain images with minimum cloud cover. Images were then added to Erdas and
processed. For image enhancement in Erdas, we selected Raster > Spatial > Convolution,
added the images, and selected 3x 3 Edge Enhance.To remove black pixels, we selected
Manage Data > Pyramids and Statistics> Compute Pyramids and Statistics> and ticked Set
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NoData Value. Then we selected Pyramids and Statistics > Compute Pyramids and
Statistics > and ticked each of Clear NoData Value, Compute Statistics, and Compute
Pyramid Layers. LULC was classified using the supervised classification in ERDAS
IMAGINE 2014. Inthe supervised classification, we selectedand digitized polygons and
placedthesepolygonsi n an OArea of Interestodé | ayer
words, we drew several polygons around a specific land use type and then created a
related signature to make this land use type a certain class. The same procedure was done
for the other land use types creating multiple classesrepresenting the various land use
types in the study region. The supervised classification method is a more time-consuming
method, but the benefits include higher overall accuracy compared with the unsupervised
method [130.

3.4.9.Lineament Density

A lineament is alinear property that expressesthe underlying structural features such
asfractures, faults, cleavages,and discontinuity surfaces.Lineaments representthe simple
and complex linear features of structures, with parts that are arranged in arectangular or
moderately curved mode, and which differ from the arrangement of the adjacentfeatures
and reflect some subsurfacefeature [131]. Lineaments are often used in mineral exploration
studies [137], geothermal resources [L33, soil erosion studies [134], earthquakes [135, and
the identification of GWPZs [ 51,94]. Regions with high lineament densities indicate high
permeable zones and hence represent good GWPZs]03. Lineament density (L ¢4), which
is the length of lineament segments in a particular region per its area, is calculated
according to the following equation:

, (%)

where B, represents the length of lineament lines, and A represents the area.
Elevated lineament densities indicate good secondary porosity and accordingly suggest
good recharge zones. The lineament density is generally divided into very high, high,
moderate, low, and very low [136]. A lineaments map of the Shatt Al-Arab basin was
created using the Landsat-8 (Thematic Mapper and Operational Land Imager) satellite
image and extracted using PCl Geomatica Software[137]. In PCI Geomatica, the image
wasaddedand enhanced using OEnhancementsodo t
Algorithm Librarian > Line: Lineament Extraction. The obtained map was then added to
ArcGIS, and the lineament density was estimated by choosing the tools Spatial Analyst
Tools > Density > Line Density.

3.5. Resultsvalidation

The prospective zones of groundwater delineated by RS-GIS techniques are typically
verified by comparison with existing borewells data. In the current study, however, such
data are not available. Alternatively, depth to groundwater data were extracted from the
peer-reviewed literature [1383143 for 99 wells distributed throughout the basin. We
performed a comparative analysis between the depth to groundwater and the potential
zones. The map of wells was projected on the GWPZs map to verify the effectiveness of
the RSGIS and AHP-based method in demarcating GWPZs in the study area.

3.6. Sensitivity Analysis

Sensitivity analysis offers significant facts on the impact of eachinfluencing factor on
GWPZs analysis [144]. Sensitivity analysis is an effective way to interpret groundwater
potential index [ 145. The layer-removal technique represents the groundwater potential
sensitivity associated with eliminating one layer at a time [ 67,146 according to the
following equation:

3 _— pTT (6)
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where V is the unperturbed, V @s the unperturbed GWPI (i.e., GWPI when excluding one
factor), and N and n are the numbers of factors used to computeV and V&, resrg
Next, in order to investigate the variation magnitude in groundwater potential zone types

(i.e., very good, good, moderate, poor, very poor) caused by the removal of one layer at a

time, the variation index [ 134] was calculated according to:

3 —— pTTW (7)

where x is the factor number, y is the zone type (i.e., very good, good, moderate, poor,
very poor), Y refers to the percentage variation in yth type of groundwater potential
zone area owing to the removal of xth factor, 0  is the yth type of groundwater

potential zone area resulting from the removal of the xth criterion, and O is the yth
type of groundwater potential zone area using all factors.

4. Results

The study area varies in elevation with the eastern regions having the highest elevation
(150m4400m above sealevel), whereas the western parts are much flatter with the lowest
elevation (00100m) (Figure S1).

4.1. FactordnfluencingGroundwaterRecharg&ones
4.1.1.Lithology

The lithology thematic map distinguished eight litho logical unites, viz;
unconsolidated sediments, evaporites, metamorphic, plutonic igneous, volcanic igneous,
siliciclastic sedimentary, mixed sedimentary, and carbonate sedimentary rocks (Figure S2).
The south western areas of the basin consist mainly of unconsolidated sediments (account
for 42% of the total basin area). On the other hand, the eastern area consist significantly
of carbonate sedimentary rocks and mixed sedimentary rocks that comprise around 44%
of the total basin area. The western parts of these areas are composed primarily of
Cretaceous limestone and dolomite, while the center consists essentially of Eocene
limestone [98]. The extreme northeastern parts are composed of metamorphic, siliciclastic
sedimentary, and igneous rocks that in total form around 13% of the basin area.

4.1.2.Rainfall

The overall feature of the mean annual rainfall is that it hasthe highest levels on the
northern parts, and exhibits a southwards gradient towards the Gulf. The four rainfall

zonesdefined in this study are 400to 500,300to 400,200to 300,and 200to less100 mm yr' 1
(Figure S3).

4.1.3.Geomorphology Units

We were able to distinguish eight geomorphological f eatures according to their
origin. These features are of denudational origins such as pediplain, badland topography,
and denudational hills; of depositional origin such as floodplain, pediments, valley fills,
and bajada; and of structural origin such as cuesta (FigureS4). Floodplains in the current
study stretch along the main course of the Shatt Al-Arab River. Bajada exists along the
foothills in the middle parts of the basin. Valley fills prevail in the northwestern parts of
the study area. While pediplain occupies large areas of the southern parts of the basin,
pediments extend at the margins of the pediplain. Badland and cuesta mainly appear in
the northern parts of the basin. Denudational hills spread along the easternmargins of the
study area (Figure S4).

4.1.4.Slope
Five slope classesvere detectedin the presentstudy (i.e.,< 10, 10320 , 20830, 30340,

and >40°). A substantial area of the basin falls within the first slope category (i.e., <10°).
This category, situated in the southwestern parts, has the gentlest slope and lowest
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topographic elevation. Other slope classes exist mainly in the eastern parts ofthe basin
(Figure S5).

4.1.5.Drainage Density

The drainage density of the Shatt Al-Arab basin is categorized into five classes
(i.e., <0.75km km'?2 which covers 17% of the basin area; 0.7551.5 km km'? covers 41%;
1.532.25km km'? covers33%;2.2593 km km'? covers8%;and more than 3km km'? covers
1%). Thus, most of the study area has low to moderate drainage densities (Figure S6).

4.1.6.Distance to River

The distance to rivers in the Shatt Al-Arab basin is categorized into five classes.
The first class (i.e.,0835 km) covers more than 50% of the basin area. On the other hand,
the other four classeq(i.e., 35870,700105,1058140,and >140km) representlessthan 50%of
the study area (Figure S7).

4.1.7.Soil Features

The soil map of the study area is classified into seven soil categories,viz., loam, clay
loam, loamy sand, sand, clay, sandy clay, and silty clay (Figure S8).More than 90% of the
soil types in the Shatt Al-Arab basin are of loam and clayey loam type. Loam soils occur
in the northeastern parts, whereas dayey loam soils mostly prevail in the middle areas of
the basin. Loamy sand and sandy soils appear in the southern parts of the basin and
representaround 6% of the total soil types. Clayey soils (i.e., sandy clay, silty clay, and clay)
compose around 2% of the soil types.

4.1.8.Land Use/Land Cover

The bareland, shrub land, and cropland, are the main LULC types in the Shatt Al -Arab
basin (Figure S9).On the other hand, urban and water/wetland land use represent only
a small percentage of the LULC types prevailed in the Shatt Al -Arab basin.

4.1.9.Lineament Density

Lineament densities in the basin vary from <0.018 to 0.391 kmkm' 2 (Figure S10).
High lineament density is generally situated at the northeastern parts of the basin taking
asomewhat elongated form in the NW -SEdirection. The generaltrend of the lineaments in
the study area displays a rapid density decrease towards the southwest.

4.2. GroundwaterPotentialZoning

The GWPZs map of the Shatt Al-Arab basin reveals five distinct classes (zones)
(Figure 3). These zones that represent very good, good, moderate, poor, and very poor
groundwater recharge potentiality in the basin cover 12,136, 66,578, 51,836, 11,608, and
953km2, respectively. Typically, the zonesof high groundwater potentiality coincide with
areas of a high groundwater table which is controlled by different factors. In the current
study, the very good GWPZ is situated in the northwestern part, and the good GWPZ
covers the southwestern parts of the basin.On the other hand, moderate, poor, and very
poor GWPZs cover the eastern parts of the study area (Figure3).

4.3. ResultsValidation

The validation results showed that, out of 99wells, 67 wells accurately match, 16 wells
partially match, and 16 wells do not match with the groundwater potential map zonation
(Table S1; Figure4). For example, wells numbered 9, 10, and 12 that show very shallow,
shallow, and medium depth to groundwater, respectively, are located in the very good,
good, and moderate GWPZ, respectively (Table S1).
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Figure 3. GWPZs of the study area.

4.4. Sensitivity Analysis

According to the sensitivity analysis (Table 8), the lithology factor has the largest
variation index (2.78%). Likewise, geomorphology features also influence the GWPZs
assessment reasonably (variation index is 1.27%, Table3). The elimination of the LULC
also affects thevariations of the GWPZs assessment (variation index of 1%). Similarly, the
GWPZs seemto be sensitive to the removal of rainfall and lineaments (variation index of
0.96and 0.89%,respectively). The omission of soil, distance to river, slope, and drainage
density has also contributed to the sensitivity variations; their mean values are 0.73, 0.72,
0.62, and 0.46, respectively (TableB). The exclusion of each factor from the assessment
changesthe percentageareaof the very poor, poor, moderate, good, and very good GWPZ.
Drainage density and slope are the vital influencing parametersin identifying the GWPZs
because their removal considerably increase
80.4%, respectively(Table 9). In the same way, exclusion of geomorphology increases the
0 Go 0@WPZ areaby 32.7%. Moreover,the 0 Mo d e r aad 0cePbo GWEZs areasseem
to be sensitive to the omission of lithology because their removal increases the areas of
thesetwo zonesby 38.5%and 70.6%,respectively (Table 9). Finally, thed Ve p ¢ o GWPZ
category is influenced by the removal of soil features, distance to river, drainage density,
and rainfall by 69.9, 50.8, 39.9, and 38.9%, respectively.
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Figure 4. Projection of depth to groundwater of wells on the GWPZs map.
Table 8. Map elimination sensitivity analysis (one factor is eliminated at atime).
L Variation Index (%)
Factor Eliminated Nin Max Mean D
Lithology 0.60 5.56 2.78 0.80
Geomorphology units 0.35 4.60 1.27 0.95
LULC 0.51 11.10 1.00 0.76
Rainfall 0.53 11.11 0.96 0.82
Lineament density 0.82 1.39 0.89 0.25
Soil features 0.95 2.19 0.73 0.33
Distance to river 0.78 1.39 0.72 0.25
Slope 0.35 1.52 0.62 0.28
Drainage density 0.49 2.32 0.46 0.31
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31°0'0"N

29°0'0"N



Table 9. Zone category changeunder the elimination of eachfactor.

Zone Category Change ((+/-) %)
Very Poor Poor Moderate Good Very Good

Factor Eliminated

Lithology 6.7 70.6 38.5 1743 1100.0

Rainfall 38.9 129.0 114.2 117.3 54.3
Geomorphology units 16.7 130.3 128.3 32.7 7193.0

Slope 7.3 1.4 15.9 710.8 80.4

Drainage density 39.9 10.6 19.2 1.2 83.5

Distance to river 50.8 6.6 114 12.8 26.5

Soil features 69.9 12.3 0.9 16.0 27.0

LULC 719.3 15.9 17.7 3.1 66.5

Lineament density 8.8 7111.0 14.8 1.2 70.9

5. Discussion

5.1. FactordnfluencingGroundwateRecharg&ones
5.1.1.Lithology

The southwestern areasof the basin that consist mainly of unconsolidated sediments
are primarily represented by fluvial sediments of the Euphrates and Tigris rivers and their
tributaries [147]. Thesesediments have high porosity and permeability and were classified
into a high GWPZ in the current study (Table 7). Similarly, carbonate sedimentary rocks
generally have good permeability [148 and were allocated a high rank in groundwater
potentiality classification (Table 7). Siliciclastic sedimentary rocks have moderate porosity
and permeability and were assigned a medium rank. On the other hand, metamorphic,
igneous rocks, and evaporites are typically associatedwith low porosity and permeability
[148 and are normally assigned low ranks in lithology sub -classification [66,149 (Table 7).

5.1.2.Rainfall

Ref. [15(0 found that their regression plots of groundwater recharge versus rainfall
displayed strong linear positive relationships. Thus, the four rainfall zones defined in this
study (i.e., 400 to 500, 300 to 400, 200 to 300, and 200 to less 100 mrhlywere assigneda
very high, high, moderate, and low rank respectively in layer classification for
groundwater potentiality (Table 7).

5.1.3.Geomorphology Units

Floodplains that consist of weathered deposits [151] represent a powerful permeable
sector promoting partial bank recharge and subsurface flow [ 157. Floodplains generally
exhibit good groundwater potentiality owing to the high infiltration rate of their weathered
material deposits [ 71,153, and hence were assigned a high rank in the current study (Table
7). Bajadacomprises of detrital materials of various lithologies and grain sizeswith good
groundwater potential [157. Valley fills consist of loose alluvial deposits along the river
valley floor originating from encompassing highlands [61]. This unit allows for high
infiltration and has good groundwater potentiality [ 125. Pediplain that is produced by
the intensified weathering under semi-arid circumstancesrepresentsthe final phase of the
cyclical erosion [154]. This unit has good groundwater prospects. Pediments are gently
sloping surfacesformed between hills and plains and generally associatedwith moderate
groundwater yield [ 125. Badland and denudational hills are typically associated with
poor infiltration capacities [ 155. Cuesta is a ridge or hill with a low slope on one edge,
and a high slope on the other, and normally is unsuitable for groundwater occurrence [76].

5.1.4.lope
Previous studies indicated that groundwater potentiality increaseswith gentle slope
and low topographic elevation areas owing to the longer residence time for water to

Eercolate [15608159. The first slope category (i.e., <10°) that has the gentlest slope and
|l owest topographic elevation was categori ze:q
owing to the nearly-flat topography that promotes high infiltration rates. The areaswith

a slope of 10820 are classified within 6 h i @grduridwater potentiality due to their gently
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undulant terrains and moderate runoff potential. The areas with a slope range of 20 330
are categorized within 6 mo d e greuhdwaier potentiality due to their limited infiltration

rates and relatively high runoff. The areaswith slopes of 30340 and more than 40 are
recognized asd | oawddd v el r oywrdundwater potentiality respectively owing to their
steeperslope that results in ahigher runoff potential (Figure S5).

5.1.5.Drainage Density

There is a negative relationship between drainage densities in a region and
groundwa ter recharge becausehigh drainage densities lead to low infiltration rates[62].
Most of the study area has low to moderate drainage densities, which represents a positive
influence on groundwater potential (Table 7).

5.1.6.Distance to River

The distance to river is important in groundwater potential zoning because the
presence of alluvial layers is mostly located near the river courses [73]. A negative
relationship is reported between distance to river and water supply from river [160. As
such, the closer the areasto rivers, the higher weights were assigned in groundwater
potential calculations (Table 7).

5.1.7.Soil Features

Based on the literature review (e.g., work presented in Table 2), we found that
irre spective of land use, both the top and the subsoil texture or grain size composition can
remarkably control groundwater recharge. The control of soil on recharge rate can be
ascribed to the variations in hydraulic conductivity and infiltration rate of  various soil
types [161]. Soil pore volume, pore size distribution, and pore continuity can greatly
influence the water movement [ 109. Sandy soils have a high percentage of macro pores
with faster water infiltration ratescompared with loamy soils. Loamy soils which own high
percentagesof middle size pores have higher infiltration ratesthan clayey soils which have
the highest percentage of fine size pores [L09,162,163. Particular weights are allocated to
eachsoil category basedon the soil type and the related infiltration rate. Large areasof the
basin are covered by loam and clayey loam soils and were assigneda high to intermediate
priority in groundwater potential analysis. Loamy sand and sandy soils were allocated
a very high to extremely high weight. Clayey soils (i.e., sandy clay, silty clay, and clay)
were assigned a low to extremely low weight (Table 7).

5.1.8.Land Use/Land Cover

Bare land, which occupies around 50% of the basin area, has higher groundwater
recharge rates compared with other types of land use suchas cropland and shrub land [164].
Cropland was assigneda higher scorecompared with shrub land and settlement land use
sinceirrigation enhancesthe water quantity applied to the fields, and hencepromotes the
groundwater recharge[165. Ref.[128 concluded that the replacement of rangelands with
crop lands alters the direction of water flow from lateralward (discharge) to downward
(recharge). Conversely,urban land use haslow infiltration ratesand capacitiesdue to the
impervious surfaces dominating in such type of land use [ 166€], and thus has a very low
rank in GWPZs assessnent (Table 7).

5.1.9.Lineament Density

The direction NW -SE of the high lineament densities in the current study coincides
with the Arabian dlranian tectonic plate boundary. Lineaments features (e.g., faults,
fractures, cleavages) are usually more concentrated at the plate margins because
boundaries between tectonic plates are made up of a system of faults [L67]. Lineaments,
weak zones in the landscape that facilitate the movement of groundwater, are an
important theme for GWPZs mapping since they have considerable control over the
movement of groundwater [ 168169. Fractures in rocks enhance their secondary porosity
and permeability and thus increase the groundwater movement [76]. Areas with high
lineament density in the present study denote permeable zones, so reveal good
groundwater potential zones (Table 7).



5.2. GroundwaterPotentialZoning

A closer analysis of the map indicates that the distribution is a considerable
consequence of the lithological influence. The very good and good GWPZs mainly
encompass lithological units of unconsolidated sediments, carbonate sedimentary rocks,
and mixed sedimentary rocks. It indicates that the areas where such lithological units
dominated are the most promising areasfor groundwater storage (Figure S2and Figure
3). Similarly, geomorphology units, which are widely documented to have a remarkable
impact on groundwater recharge,displayed areasonablecontrol on groundwater potential
distribu tion in the current study. Geomorphological units that have good groundwater
recharge capacities(e.g.,floodplain and pediplain) prevailing in the southwestern parts of
the basin are most likely contributing to the high groundwater potential in such parts.
Similarly, valley fills that occur in the northwestern part of the basin, which also have high
groundwater recharge capacities,can explain the very good GWPZ in this part (Figure S4
and Figure 3). Low slope areas in the southwestern part of the study area can partially
rationalize the identified good groundwater potential in this part (Figure S5 and Figure 3).
Likewise, the closer distances to the rivers in the souhwestern part can enhance the
groundwater potentiality in this part. The impact of the closedistancesto the rivers in the
northern parts can be observed in the northwestern part which has a very good
groundwater potentiality. Our results, however, show that the close distances to the ivers
in the rest of the northern parts have almost no effect on GWPZ, and this can be attributed
to the offset by the other parameters (e.g.,lithology, geomorphology units, slope, drainage
density, and land use) that have low groundwater potential ratings in such parts (Figure
S7 and Figure 3). Water and bare land use, have high groundwater recharge weights, are
dominated in the southwestern parts, and are most likely contributing to the higher
GWHPZ in such parts in the current study (Figure S9 and Figure 3). The rainfall impact can
be observed in the northwestern part which has a very high groun dwater potentiality. The
southern parts have high groundwater potentiality despite the low rainfall amounts that
these parts receive, and this can be ascribed to the other parameters mentioned above that
have classeswith high GWP in these parts (Figure S3 and Figure 3).

5.3. Resultsvalidation

Thegroundwater depths highly fluctuate from one site to another in the basin, expressng the
different geological settings and the spatial variations in the groundwater recharge rate
throughout the basin. The southwestern part of the basin around the unconsolidated
sediments, floodplain and pediplain, low slope, flat topography, and bare land use is
favorable for groundwater recharge potentiality and, h ence, the depth to groundwater is
shallow. In contrast, zones (generally in the eastern parts of the basin) with unfavorable
lithology, geomorphology units, slope, and topography have low groundwater prospects
and thus a relatively deep groundwater depth. Most of the oOvery shal
territories are concentrated in the northwestern parts of the basin (Figure 4). The best
groundwater prospects in this part can be attributed to the suitable conditions for
groundwater recharge potentiality (i.e., highest rainfall, sedimentary rocks, valley fills,
high soil porosity condition, low drainage density, and close distance to river) (Figure 4).

5.4. Sensitivity Analysis

According to the sensitivity analysis (Table 8), the lithology factor has the largest
variation index. Besidesits relatively high theoretical weight (i.e., 24%),lithology hashigh
values in sub-classes that occupy most of he basin area. In other words, unconsolidated
sediments, carbonate sedimentary, mixed sedimentary, and siliciclastic sedimentary rocks
which comprise more than 90% of the basin have high sub-classratings (Table 7). The
removal of geomorphology features also influence the GWPZs assessment and this can be
explained by the fact that geomorphic units such as floodplains, pediplain, and valley fills
that cover most of the basin are appropriate for groundwater recharge. Theimpact of
LULC on GWPZs assessment can be attributed to the fact that the bare land is favorable
for recharge, and it occupies around 50% of the total basin area. The removal of rainfall
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alters GWPZs estimation due to the key role of the rainfall asbeing animportant source of
groundwater recharge. The removal of the lineaments influences the GWPZs assessment

as |l ineaments enhance rocksd secondary poro
groundwater movement.

6. Conclusions

The present study demonstrated that remote sensing, GIS, and AHP approaches are
feasibletools for demarcating GWPZs in the trans-boundary ShattAl-Arab basin. The study
provided a solid preliminary assessmentfor the groundwater resourcesin this basin in
amore costand time -effective way compared with the traditional techniques. Remotesening
data and conventional data were applied to compose the thematic layers that were then
allocated appropriate weightage through the AHP technique. According to the GWPZs
map, the study area is classified into five different zones, viz., a very good groundwater
potential zone (12,136km?), good (66,578km?2), moderate (51,836km2), poor (11,608km?2),
and very poor (953km?). Good GWPZ mapped in the southwestern areasof the basin are
due to the favorable lithology (unconsolidated sediment s), geomorphology units
(flood plain and pediplain), and slope (flat terrains). On the other hand, poor GWPZs that
cover the eastern parts of the study area can be ascribed to the accumulated influenceof
poor hydrogeological -environmental parameters (e.g., hilly and hard rock region).
Sensitivity analysis has beenconducted for eachinfluencing factor to determine the most
influencing factors for the GWPZs delineation. The most influencing factors here were
lithology, geomorphology units, LULC, rainfall, and lineament density. The GWPZs map
wascompared with the wellsd data (depthWeo g
observed that the map is in agreementwiththe we | | s & o b s er vraap preparedd at ¢
can be used as an initial step for positioning favorable locations of new productive wells
in the Shatt Al-Arab basin without involving significant expenses. The technique of
integrating remote sensing data and knowledge for accurate GWP evaluation applied in
the current study gives scopefor further researchin groundwater exploration in this area.
This approach is most appropriate for developing countries where comprehensive
hydrogeological data are commonly unavailable. Moreover, this approach is in the
direction of developing policies and future strategies for GWP monitoring at regular
intervals for balancing the withdrawal and recharge capacities of aquifers to ensure
sustainable groundwater resourcesusagein this water -stressedregion.
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Figure S1. Digital Elevation Model (DEM) of the study area.
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Figure S2. Lithology of the study area.
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Figure S4. Geomorphology of the study area.
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Figure S6. Drainage density of the study area.
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Figure S7. Distance to rivers of the study area.

A7°E 49°E 51°E
. . . . . .

=
£
o
=
o
8
a
o

Loam

| Clay loam
I Loamy sand
Sand
I Clay

Sandy clay
= )
21 o 100 200km W Sity clay

@ oOutlet
T T T T T T
47°E 49°E 51°E

Figure S8. Soils (dominant grain sizes) of the study area.
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Figure S10. Lineament density of the study area.
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Table S1.Accuracy assessment of GWPZs map with average groundwater water level.

Groundwater Groundwater

Well location on

Well No. Latitude Longitude Validation remarks
depth level GWPZs map

1 oocoAnPAmMnyc wmod 33 Very deep Moderate Disagree

2 ooc HydU nyc wmpU 30 Deep Poor Agree

3 ooc HTU nyc HmMU 32 Deep Good Disagree

4 ooc HpY nyc wmcpd 33 Very deep Good Disagree

5 ooc HpY nycnmehhn 3l Deep Good Disagree

6 ooc HpY nyc wmcU 29 Deep Poor Agree

7 ooc HoY nyc wmdpd 32 Deep Good Disagree

8 ooc HoU nyc HMU 30 Deep Very good Disagree

9 ooc HoU nyc HOU 8 Very shallow Verygood Agree

10 ooc HHU nyc HOU 13 Shallow Good Agree

11 ooc HHY nyc wHTU 18 Medium Very good Disagree

12 ooc HHU nyc HyYyU 23 Medium Moderate Agree

13 ooc HMU nyc HHU 23 Medium Moderate Agree

14 omc nnYY nyc pyd 17 Shallow Good Agree

15 omc nnd ndpc nd n13 Shallow Good Agree

16 omc nnd nyc pdd 13 Shallow Good Agree

17 omc oyUd ndcdpc HU c 18 Medium Moderate Agree

18 omc oTU ndcodudspy ris Medium Good Partially agree

19 omc oT1TU nyc ppU 13 Shallow Good Agree

20 omc ocU nyc pcU 17 Shallow Good Agree

21 omc oT1U ndcdpc nU p25 Medium Moderate Agree

22 omc ocUU ndpc HU c 245 Medium Moderate Agree

23 omc opUY nmnyc pcU 8 Very shallow Good Partially agree

24 omMmc opY nyc pyd 165 Shallow Good Agree

25 omc opU ndcdpc mU n17 Shallow Good Agree

26 omMmc onYY nypyd ndsi3 Shallow Good Agree

27 omc onU ndcdpc nY n18 Medium Good Partially agree

28 omc ond ndcdpc mU mi16 Shallow Good Agree

29 omc ooU ndcdpc mU n13 Shallow Good Agree

30 omMmc ooY ndopc ol o013 Shallow Good Agree

31 omc oMY ndopc wm4y pi13 Shallow Good Agree

32 omMc HyY4Y ndoc cU ni13 Shallow Good Agree

33 onc c¢cY4Y nncc ond 14 Shallow Very good Partially agree

34 onc p4Y oncc omU 8 Very shallow Very good Agree

35 onc nY oncc ond 10 Very shallow Very good Agree

36 onc ¢cY Hncc ocU 34 Very deep Poor Partially agree

37 onc HY oncc ocl 7 Very shallow Very good Agree

38 onc n4Y mncc ocU 14 Shallow Good Agree

39 onc nY Hncc ocU 14 Shallow Good Agree

40 onc nY mncc oTd 5 Very shallow Very good Agree

41 ooc pyUd4 ncc oyd 19 Medium Moderate Agree

42 ooc pyU4Y mcc nmU 1 Veryshallow Good Partially agree

43 ooc pyU ncc nod Very shallow Good Partially agree

44 oHc mMoU pwmc yU HI15 Shallow Moderate Partially agree

45 oHC MHU pmc mmU 24 Medium Moderate Agree

46 oHcngpdYmpmc yUd o025 Medium Moderate Agree

47 oHc mmUd pmc wmmU 28 Deep Moderate Partially agree

48 oHc mMnY4Y pmc wmny 25 Medium Moderate Agree

49 oHc mMnY4Y pmc wmHU 23 Medium Moderate Agree

50 oHcC y4Y Hwpmc wmn4 35 Very deep Moderate Disagree

51 oHc TY Hpmc wmny 38 Very deep Moderate Disagree

52 oHcC TY Hpmc TU wm40 Very deep Moderate Disagree

53 oHc ¢cY4Y mpmc wmmYy 37 Very deep Moderate Disagree

54 oHC pY mpmc TU p34 Very deep Moderate Disagree

55 oHc nY opmc wmn4g 31 Deep Moderate Partially agree

56 oHc oYU nmnpmc wmod 15 Shallow Good Agree
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57 oHC oY mpmc U p22 Medium Moderate Agree

58 oHc HU npmc mmU 15 Shallow Good Agree

59 oHc HU opmc wmoU 11 Shallow Good Agree

60 oHc oU opmc wmcU 18 Medium Moderate Agree

61 onc omU4 ncc pcU 17 Shallow Good Agree

62 onc oHU ncc pyd 13 Shallow Good Agree

63 onc on4Y ntc wm4y pi12 Shallow Good Agree

64 onc oo ntc cUU n22 Medium Good Partially agree
65 onc HTUY ntc wmTU 15 Shallow Good Agree

66 onc onY ntc wmdpy 11 Shallow Good Agree

67 onc HMPY ntc wHnNU 17 Shallow Good Agree

68 onc MoY nTtc HTY 39 Very deep Moderate Disagree

69 onc HcUY ntc onY 6 Very shallow Good Partially agree
70 onc mdpd4 ntc ond 17 Shallow Good Agree

71 onc mn4 ntc omU 28 Deep Moderate Partially agree
72 onc oMY ntc oHU 1 Very shallow Very good Agree

73 onc HpY nTtc opU 1 Very shallow Good Partially agree
74 onc MHU ntc onY 25 Medium Moderate Agree

75 onc mcU ntc oyd 13 Shallow Good Agree

76 onc y4 cntc o1U 17 Shallow Good Agree

77 onc HpY ntc nnY 13 Shallow Good Agree

78 onc HmMU ntc nnY 16 Shallow Good Agree

79 onc mp4 ntc nmU 11 Shallow Good Agree

80 onc HpY nTtc nod 4 Very shallow Very good Agree

81 onc HPY nTtc noU 1 Veryshallow Very good Agree

82 onc McY ntec nod 15 Shallow Good Agree

83 onc y¢4¢ nTc noY 3 Very shallow Very good Agree

84 onc T4 ntTc nyd 16 Shallow Good Agree

85 onc ocY ncc ppU 1 Veryshallow Very good Agree

86 onc onY nmncc ptTvUY 3 Very shallow Moderate Disagree

87 onc oMY ncc pod 3 Very shallow Very good Agree

88 onc omU ncc pnd 12 Shallow Good Agree

89 onc HcY ncc pc9 7 Very shallow Very good Agree

90 onc HpU ncc nyd 25 Medium Moderate Agree

91 onc HpY nmnTtc MU 03 Very shallow Moderate Disagree

92 onc HoU ncc ppU 12 Shallow Moderate Partially agree
93 onc HHWYW nTtc odU wmi10 Very shallow Very good Agree

94 onc HnU ncc pyd 34 Very deep Poor Partially agree
95 onc HmMU ncc ppU 19 Medium Poor Partially agree
96 onc HAY nTtc pU ddi1o Very shallow Very good Agree

97 onc mMdpUd ntc oU o019 Medium Moderate Agree

98 onc myd4d ntc wmmU 19 Medium Moderate Agree

99 onc myd4d ntc wmHU 25 Medium Moderate Agree
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Chapter 6

Rainfall surface runoff estd.i
and geospatial techniques for the Shatt ARrab basin,

lraq T Iran
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Abstract: Accuratequantificationof surface raoff is required for the appropriatiesgn of storage structures,
irrigation patternswaterways, erosion control structurester harvestingrojects and groundwater
development schemeldowever, the paucity of runoff data in Iraq and Iran se@ousobstacleThe soil
conservation servi¢eurve number (SQN) methodwasappliedin conjunction withremote sensing (RS)
andgeographic information system (GIS) to predictsbeface runoff in the Shatt AMrab transboundary basin
(Irani Irag). Rainfall, land use/land cover (LULC), hydrologsoil group (HSG), and slope maps were
developed in a GIS platform and processed to produceutive number (CN) and surface runoff map. To build
the SC$CN modelrainfall data from 19 gauge sites dispersed over the basin were collected for 35 years
(1979 2013). HSG waestablished in order to ascertain the basin's infiltration capacity basedlddliGeand
soil featuresThe curve numbeas determined by HS®jas computed for a variety of antecedent moisture
conditions (AMC), namely dry (AM¢, normal(AMC,), and wet (AMG). To assess the potential for surface
runoff, the spatial distribution of CN wasaphed utilizingArcGIS. Thebasin's annuahinfall fluctuated

between 174 mni2008) and 621 mrtl993)with an average of 448 mm'yr The surfaceunoff ranged

between 163 mnf2008) and 300 mr{1982) with an average of 233 mni yThe averagannualsurface

runoff in the basin wa33.657km?®. A scatter plotonstructed to visualize the linezsnnection between annual
rainfall andannualrunoff revealed a significant positivelation (= 0.67, p < 0.05). Thaunoff potential is

low in the basin's southern regions and gradually rises towardsttieern parts. The basin's surface runoff
potential was classified into five categories: very low,,lavwederate, high, and very high, which accounted for
25%, 10%, 29%, 23%, and 13% of the basin area, respectivelyi Cabdation of the calculated annual
average surface runoff with tla@erage annual surfacenoff data showed reasonably close matches,

demonstrating the procedure's integrity.
Keywords Rainfall, runoff, GIS, RS soil conservation serviceurve number (SQSN), Shatt AlArab basin

1. INTRODUCTION
Decisiori makers in arid and sehdrid areas must develop strategies for exploring new wadeurces or

optimizing the use of existing ones. Runoff is a critical variable in determining a region's water supply (Mishra
et al. 2014). Fdher, runoff represents a significasdurce of water quality degradation issues (Line and White
2007; Todeschir2016). As water flows over a surface, it collects litter, petroleum, fertilizesnicals, and
otherharmfulcompounds and releases them into whtelies, causing a detrimental effect on the environment
andonhuman health (Dunn 1993l-Tawash et ak013. Additionally, runoff poses an economic hazard; for
example, during erosion, runoff removes the rich layer of topsoil upon which farmers depend to cultivate crops
(FAO, 1993). Erosion is accelerated in areas of heawnfall and steep slope landges (Opp and Groll 2014;
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Li et al. 2020). According to Comino et al. (2018), the upper reaches of a river amithe of sediments that
accumulaten the lower reaches. Sediment buildup in streams and drainage systems may result in olgstructio
that fadlitate floods(Di Trapani et al. 2020)Clearance of such sedimeritsm streams and drainage pipes can
only be accomplished by costly dredging (The University of Rhode Island 2021). For example, in the Basra
Governorate, wich is situated in theoutherrareasf the Shatt AlArab basin, high sedimentation rates often
cause drainage systems to get cloggeuoting floodgMinistry of Municipalities and Public Works, Iraq
2015) Thus, simple runoff prediction techniques are critical in hydrolpgigectssuch as flood planning, water
balance calculations (Souli 2021), soil erosion mitigation, and determining the waterapaluilityof
watersheds (Deshmukh et al. 2013; Mishra et al. 2014). Predicting runoff in udgeatgpesheds, howeveds a
critical problem in practical hydrology. For exampletlie Middle Eastern countries such as Iraq and Iran,
precise runoff information is scarce owing to the high expense of installing and maintaining hydrologic gauging
stations. As a result, credible data onewsihed runoféhouldbe created regularly to aid in the development and
maintenance of watershedojects(Zade et al. 2005)n the absence of runoff data, estimated direct runoff
using the SCISCN methodhas produced reliable findings ¢&hobari et al. 2020). The STSN approach was
established by the United States Department of Agriculture to forecast runoff volume for sped#ditevents
(SCS, 1956, 1964, 1971, 1985, 1993, 2004). Due to its siitypdind substantialocumentation, the SCEN
approachs employed globallyn a broad variety of hydrological applicatiomg a large number of engineers
and practitionergSoulis and Valiantzas 2012)he primary reasons for its remarkable succesdatéttis a
simple but well established technique, it uses readily available and rgebbrdedenvironmental inputs, and it
describes large number of variablésfluendng runoffdevelopmenby combiningthem intoonefactor called
the curve number (Ponce and Hawkins 1996). This approach is ugedrtifythe surface runofimountin
unmeasured watersheds. It is a single entity that incorporates the watershed's physiographic elements such as
area, slope, LULC, and s@roperties, as well as climatic aspects suctaadall. It was first created for small
watersheds dess than 15kfin areaand was subsequently improved for lacgéchmentsdy including the
weighting curve approach with LULC and spibpertiesnputs(Ramakrishnan et al. 2009). A significant
benefit of his approach is that GIS technique t&nreadily incorporttad since the approasltfiactorsare
geographical in nature. Numerous researchers have tried to predict surface runoff by cocolbivémgonal
data with remote sengjrdata using the SCEN methodKarunanidhi et al. 2020). The approach has been used
for a variety of regiond,ULC, andclimatic conditionfRomero et al. 2007; Elhakeem and Papanicolaou)2009
Additionally, it was expaded much beyond its initial scope and became a necessary component of continuous
simulation models (e.g. Holman et al. 2088ulis and Dercas 200¥oretti and Montanari 2008idornado
and Yoshida 2000 Many researchersserted that the SCEN can be tilized effectively to predict theunoff
depth in the absence of adequate hydrological data (e.g., Liu and Li 2008; Topno et al. 2015).

The computatiorof runoff generation in the SCEN model mainly relied on CN valueshich are
strongly influenced by significant rundfielated watershefactorssuch as soil typd,ULC, AMC, slope and
meteorologicabystem(Huang et al. 2006; Shi et al. 201&)low CN indicats that the surfee has atrong
capacity toabsorbwater under givenainfall conditions, while higlCN values indicate increased surface runoff
(Tejaswin et al. 2011). LULC has a considerable effect on recharge prog&tsita and Opp 2021)-or
instance, ggetation and foresbveis enhance the soil's infiltration and storage capacity. Additionally, they
significantly slow the overland flow (Subramanya 2009).tle other hand, urban land cotais poor

infiltration rate and capagitowing to the predominance of impermeablgates (Jat et al. 2009; Allafta et al.
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2021a), resulting in excessive runoff (Murck et al. 1996). Similarly, soil characteristics are critical in
determining the region's water retention capabilities, which affects water infiltrates{Rahmati et al2016)
and runoff (Owuor et al. 2016; Opp 2020). Musgrave (1955) categorized soils hydrologically according to their
infiltration rate. He classified all soils into four broad categories based on their minimal infiltration capacity.
They were designated B, C, and D, with sands classified as group A andsctdgssified as group D.
Furthermoreit has been demonstrated that slope may alter anticipated surface runoff by reducing initial
abstraction (Chaplot and Le Bissonnais 2003), infiltration (Philigdl)L,%nd the recession taof overland flow
(Evett and Dutt 1985). In general, it is observed that surface runoff increases with slope (Verma et al. 2018).
Similarly, AMC, which serves as a firgorm signal of basin mdisre and available soil storagancontrol
surface runoff. For example, Western and Grayson (1998) demonstrated that when a specific moisture threshold
was surpassed, surface runoff increased. Detty and McGuire (2010), Radatz et ala¢®0ZBRo et al. (2015
discovered similar relationships betwegater contenbf near surface soilnd runoff

The CN can bealculatedby using widely accessibleurves andables, howevetthis is a difficult and
timel consuming process. On the other hand, RS and GIS arefpbteels for studyingainfalli runoff
interactions (Ran et al. 2020). RSIS serves as a source of data or smhfor calculatingormulacoefficients
and modefactors in runoff computation. Satellite data have been used to generate thematic information on land
use,Digital Elevation Model DEM), and slopes that can be integrated with conventional data such as soil and
rainfall to give the essentigputdatato therainfalli runoff model The data gathered froRSand other
sources arplaced inGIS as a georeferenced data base (Kumar et al. 2010). By incorporating RS and GIS into
hydrologic models, significant cost and time savings are realized while maintaining high dependability and
accurag (Cheng et al. 2006). Mamgsearclstudieshave leenperformedglobally to simulatesurface runoff
utilizing RS and GIS methodologies (Zhan and Huang 2004). Nayabaasdal (2003) and Karunanidhi et al.
(2020) dete@d a strongomrelation between the observed anddeledrunoff depthapplyingthe RS GISi
based SCSCN approach.

This study provides the first comprehensive investigation into measuring surface runoff in the-Shatt al
Arab Riverbasin, filling a considerable gap in the existing literature. Runoff measurements provide valuable
information to hydologists and water resource planners on water allocation and drought management to ensure
sustainable water supplies for various purposes (Fathololoumi et al. 2023). Measuring the amounts and patterns
of runoff can help in developing appropriate strateg@eallocate water for purposes such as agriculture,
industry, domestic use, apdeserving ecosystems (Sujadd Jaafar 2022). Surface runoff also hétps
identifying areaghat aremost exposed to erosion, which in turn causes serious damage taunfrast
agricultural lands, and water quality (Swarm 2024). Moreover, surface runoff measurements are used to identify
regions most prone to floods to eventualdgistin establishing flood control structures and land use planning
(Center fortNeighborhod Technology 2013). Furthermgreurface runoff data contribute to determining the
amount of water infiltrating into the soil that contributes to groundwater recharge, whibklpamsustainable
groundwater resources management (Allafta et al. 2023l surface runoff informationidsin evaluating
the effects of climate change on water resources. Climate parameters rminfalistemperature, and
evaporation are key parameters that control surface runoff. Evaluation of the response ofunofatethese
parameters assists to predict what future climate change might cause to water resources] sviaobr
managers in developing strategies to adapt to the effects of climate change (Zakizadeh et ah@8hajt

Al-Arab basin, which l&n and Iracshare, is situated in an arid to séarid region The basin is impacted by
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groundwater shortages and overexploitation, as well as frequent and severe flash flooding. As a result, accurate
surface runoff data aessentibfor water resource planning and development in order to minimize

sedimentation and floods in downstream portions of the basin and to enhance groundwater resource
management via rain water collecting methods. Thus, the pugptisie work is to employ # remote sensing

and GIS based SCSCN methodto simulateand calculate surface runoff volurimethe Shatt AlArab basin.

2. STUDY AREA

The Shatt AlArab River drains th&uphratesandTigris basins, as well as th&rkheh andKarunsubbasins

(Fig. 1) (UNT ESCWA and BGR 2013)Theriver iscomposedy the convergence of the Tigris aBdphrates
rivers at theQurnacity. It runs southeast for about 100 kilometers before forming the boundary between Iran
and Iraq for the last 90 kilometers of its course. Tverall area draining into théver is about 144,00@m?>.

The Karun River originates frolnan's Zagros Mountains and runs west \a#leys and ridges tAhvazcity,

where itjoinsthe Shatt AlArab (Salonen and Korkkliemib 2007) The Karkheh Riveoriginates from the
Zagros Mountainand flows south before veering nortlst and emptying intthe Hawizé Marsh and
ultimatelydrains into the Shafl-Arabthrough the SwayRiver. Iraq and Iran share the Shattkb basin,
which isextended oboththe Mesopotamia zonandZagros structural zond hefirst zone (i.e., the
Mesopotamigis subdivided into three subonesthe Tigris, the Euphrates, and thebair(Liu et al. 2017).

The Euphrateand Tigrissuli zones arextendedutside of the Shatt A\rab basinwhile the Zubair sukzone

is extendednsideit. The Zubair subzone is dominated by claktimlogical units with limestone confined to

its top portions (Bhuyan and Abu Bakar 2017). The Zubair zute is defined bgeveral elongated folds that
have a directiof north sout to northwestsoutheast, outlininthe main oil fields irthe Basra Governorate
(Banerjee et al. 2016). These Late Cretaceous anticline folds resemble basement rocks and are impacted by
faulting (Naskar and Guha Bakshi 198The second zong.e.,the Zagros structural zojés representety
densesedimentary layers ranging in age from @embrianperiodto RecentStructural geologgvidence
indicates that theegionwas riftedin the PermianTriassicperiodand collidedn the Tertiaryperiod(Botté et

al. 2010). The Zagros Mountains are structurally composed of a set of ranges formeltifig anticline and
syrcline structureorganized "erechelof. In the western parthe anticline cores are predominantly composed
of Cretaceous limestone and dolomite, but in the central section, they are mostly composed of Eocene limestone.
Numerous anticlines on the western margins reveal @ligzene limestone and Miocene gypsifesauarl
(Al-Maliky et al. 2015). The Iragi portion of the basin has a mostly hot and dry environmerd,tentperature
range of 9° C to 42 C in winter andsummerrespectivelyandanannualrainfall range of 100 to 175 mm (Al

Asadi et al. 2019). On thelmtr handthe Iranian portion of the basin has cold winter and warm summe
Temperaturefluctuatebetweeri 25° C and37° C in winter andsummerrespectively and annualainfall
rangeshetween 100 and 500 mm ¢Akadi et al. 2019). Thmeanannualflow of the Shatt AlArab Riverinto

the Arabian Gulfs about 74 billion cubic met¢BCM). The annual flow is calculated as follows: 5.8 BCM
from the Karkheh River; 24.5 BCM from the Karun River; 25.7 BCM from the Tigris River (measured in the
city of Kut); and 17.6 BCM from the Euphrates River (measured in the city of Hindeyah) (Salonen and Korkka
Niemib 2007).

3. METHODS

The adopted methodology in the present stedigson thecollectionof GISandRS databases f@roducing

the surface runoff zones m@pig. 2). The evolution of surface runoff is mainly controlledrbinfall, LULC,
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soil featuresand slopalata(Subramanya 2009)
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Fig. 1 Study area

3.1 Preparing Data

3.1.1 Rainfall Data
Daily rainfall data for 19 stations dispersed over the basin were retrieved from Global Weather Data for SWAT

(Global Weather Data for SWAT 2022) from 1979 to 2013. Isohyetal method is used to estimate the mean
rainfall across the basin by drawing lines of eqa@hfal (isohyets). The averagainfall and the area between

each pair of adjacent isohyets are calculated. The na@#fall across the basif is computed as:

+8+

0 — )
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Where a, @,  @repesent the areas between each pair of adjacent isohyé%s,— represents the average

rainfalbet ween i sohyet 1 and isohyet 2, and A is basinbds
Remote sensing data Conventional data
r————-—-——-—-- \l, —————————————————————— - -~
! J v J ; y
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Fig. 2 Flowchart for thedepictionof surface ruoff of the Shatfl-Arab basin

In ArcGIS, File > Add Data > Add XY Dataere selectedThe 19ainfall stations were added. In the X and Y

fields, the longitude and latitude of the statigrese putrespectively. In the Z field, thaiinfall datawere

added Then, he Geographic Coordinate Systemhich is GCS_WGS 1984asselected Next , O Add Dat ¢
wasselectedo add the basin boundary. Finally, Arc Toolbox > 3D Analyst Tools > Raster Interpolation >
Splinewereselected | n 6Splined windofweatheed, edbdsvafudl hipakdd
were filled by theainfall stationsrainfall data, and TENSION respectively.

3.1.2 LULC Data

The catchment LULC data weretrievedfrom the Earth Eplorer's land cover databas&sSGS 2023

Through this database website, the research field was defined, and dataset > Landsafl} hadsht

collection 1 > Landsat 8 Operational Land Imager and Thermal Infrared Sensor Cilllweet selected’en

scenes were collected for the year 2013 teecdve investigated basin (Table The Landsatmagesaddedio

Erdas magine,2014for procesmg. In Erdas ImaginefiConvolutiord which is an option undér R a sitom, r 0

wasinserted the image andchose3 x 3 Edge Enhance. Then, und@@omputePyramids and Statistidseach
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of the following optionsCompute Statisticlear NoData Valueand Compute Pyramid Layswere checked

Land use/land covewas categorized in Erdas Imagimging supervised classification. To produce the signature
files for the supervised classificatiggveralpolygonswerepickedand inserted them imaArea of Interesi

layer. Specifically, multiple polygons around a certdit/LC were creatednd then developed a signature to
associate thisULC with a particularcategory The same method was followed for the othgL.C classes
generatingnany land uselasses reflecting the study region's diverse land use types. Although the supervised
classification approach requires more time, its advantages include a gezatealaccuracy when compared to
the unsupervised method (Enderle and Weih 2005).

Table 1Land use/land cover data

Scene Path Row
Scene 1 166 36
Scene 2 166 38
Scene 3 165 37
Scene 4 165 38
Scene 5 167 36
Scene 6 167 37
Scene 7 167 38
Scene 8 164 38
Scene 9 166 37
Scene 10 166 39

3.1.3 Soiland Hydrological Soil Group (HSGPpata

The soil map waattained from the Food and Agriculture Organization of the United Nations (FAO) Soil Map

(FAO 2022. Additionally, SWAT Soil Data were use@WAT 2023 to derive soiktlassification The soilmap

wasinsertedto ArcGIS and geireferencedo theUniversal Transverse Mercat@TM) coordinate system

Then, the map waged coded to correspond to eagecificsoil classusing the SWAT Soil Data classekhe

mapof thestudy areavas then classifieohto distinct Hydrological Soil Groups (HSG) based on observations of

soil infiltration capability, as described by Salmanya (2009). HSG is categorized into four tyged, C, and

D. A0 soils havehigh rates of infiltration and lowpotentiat of runoff. The infiltration rateand runoff

potentias of GroupfiBo soils are moderate. Gro@Eo has low infiltration rateand a moderat® highpotential

of runoff. ADO soils havevery low infiltration rats andvery high potentiad of runoff (Tarun and Jhara 2016).
Inthe SCSCN model, soil type is categorized based on soil permeability, runoff potential, infiltration rate,

and hydraulic conductivity (Wang et al. 201%he soil types selected in the currettdy are sufficient to be

categorized into A, B, C, D groups. If a soil class falls witfan instancegroup A,dividing that class into

subclasses will still maintain those subclasses witténsame group (i.e., grody). Likewise, LULC classes

werecreated based on: (i) the objective of the study, which is a preliminary evaluation of the surface runoff in

the Shatt AlArab basin, and (ii) the scale of analysis, which is runoff simulation in a notably large basin. In

other words, a simplified classiition scheme with fewer classes was appropriate in the present study taking

into account that the primary goal is to assess broad patterns of the surface runoff.

3.1.4 SlopeData

DEM data were collected using EARTHDAT Ed4rthdata 2022 The DEM scenes were obtainfedm

Advanced Spaceborne Thermal Emission and Reflection RadiofA&€ER) DEM data at a resolution of 30

meter. The images were imported into ArcGIS aretgedapplyingthe fiMosaic to New Rastér t o o |

underfRasteDatasebwh i ch i s under fiRasterteiDand maead'ameet
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Then the zone of the UTM projection was determirzedl ré projected the combined map. Spatial Analyst

Tool > Hydrology > Fill tools were used to correct the predicted DEW."Hydrology" tool was used to

identify the flow directios andacamulation.Next, the "Map Algebra" was usdd createhe drainage lines

By utilizing the Catalog window and constructing a shi@ipean outlet to the watehed was assigne@hen
fiHydrologyd > iWatershed o p wereatiized to establish the Shatt AMrab basinborder by inserting the
outlet andflow directionfiles into the "Watershedbol. After producing the DEM and drainage lines, as well as
the watershed border, as stated previously in this sethiesjopevas calculatedi t i | i zSlopay &tdole 0
under the ASurfacedo tool whi.ch is one of the fASpati al
32SCS CN model

The SCSapproach forundf estimation dependsn the CN, whichmeasureshe soil and_ULC impactsonthe

rainfalli rundf processesThe SCMethod(USDA 1972)is givenaccording to the following equation
1 o 0om )

where Q] , P,and S denote direct runoff, initial abstraction coefficieaityfall, and

potentialmaximumretention, respectively.S equals the initial abstraction, whipregntsinfiltration,

canopy interception, and surface depression storage during the storm's early stages (Wang et al. 2012).

According to Mishra and Singh (1999)c an r ange bet ween O and . However,
thatl = 0.2 be usedUnited States Department of Agricultiildatural Resources Conservation Service,

USDAI NRCS2004). The S value for the CN can be determined as follows based on the basin's characteristics:

3 — ¢uvt (3

CN is a criteriorrangingbetweerD (S =D, no runoff) to 100 (S = 0, athinfall turns into runoff)CN is
determined by LULC, HSG, and AMThe CN technique employs threlasseof AMC: AMC, for dry,
AMC, for average, and AMf for wet circumstances (Tab®. A composite curve number (GNs calculated
for a basin with subareas with diverseULC and soil types bgstimatingthe CN value for each suérea. The

CN. canbe computedusing the following equation (Hawkins et al. 1985):

#. B —— (4

where CN, CN, A;, and Arepresentshe composite CN, the sutegional CN value, the sukegional area, and
the total watershedrearespectively Similar toMishra et al. (2014)Satheeshkumar et al. (201Verma et al.
(2018),andAl-Ghobari et al. (2020the CN; obtained from equation 4 is considel@N in the currentstudy.
The CN, wastranslated into (CN and (CNy), which are connected with (AM)Cand (AMGu), respectively,
using the equation$) and 6)

presentd below (Hawkins et al. 1985):

—

#. —— (8
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where CN, CNy, and CN; are theCNsfor antecedent drygverageand wet conditios respectively

Table 2 Categorizatiorof the antecedent soil moisture statewadl as the associated curve number (CN)

AMC N Five Days AntecedeRRainfall(mm)
inactiveSeason Growing Season

I CN Less than 12.7 Less than 35.6

Il CN 12.7t0 27.9 35.6 t0 53.3

I CNi More than 27.9 More than 53.3

The LULC and HGSnapswere intersectedsing spatial intersection tool ArcGIS to define the CNyroups

Next,a CN value for each spatial polygonldfLC andHGStypeswasassignedCN valuedor distinctLULC

andHSGclassesvere attainedor the normal Antecedent Moisture Condition (AME (Table3). CN value was

computed for the normal conditionSNy)) for the entire basin by summing CN values ofLl&lL.C and HSG

categories (Tabl8).

Table 3 LULC classes and thelrydrological soil group, curve numhendaerial coverage theShatt AFArab

basin Hydrological soil group andcurve numbes related to LULC classes retrieved fr@uabramany#2009)

LULC class Hydrological soil group (HSG) Curve number (CN) Area (knf) Area (%) Area (%} CN
Barren A 71 9601.5 0.0667 4,734
Barren B 80 42505.9 0.2952 23.614
Barren C 85 19723.4 0.1370 11.642
Barren D 88 712.3 0.0049 0.435
Shrub A 49 119.1 0.0008 0.041
Shrub B 69 40166.3 0.2789 19.246
Shrub C 79 10248.8 0.0712 5.623
Shrub D 84 64.4 0.0004 0.038

Crop A 62 30.9 0.0002 0.013

Crop B 71 6507.7 0.0452 3.209

Crop C 77 11901.0 0.0826 6.364

Crop D 81 0.2 0.0000 0.000
Urban A 77 27.9 0.0002 0.015
Urban B 86 591.3 0.0041 0.353
Urban C 91 701.2 0.0049 0.443
Urban D 93 4.1 0.0000 0.003
Water / 100 1093.9 0.0076 0.760

Total CN, =76.53

Moreover andfrom a hydrologyperspective, it imecessaryo add slopaumberdnto CN calculations and to

readjust the CNevels consequentlyThe Huang et al. (2008)odelwasappliedto include the slope factor into

the computation of slojadjusted CN values:

where CN |, €Ny,

and

U

ar e

t he

sl ope

(1)

readjusted

CN for

on basirparameters for average conditions, andatverage slope of the basin (m?) respectively. CN, from

equation 7 isubstitued in equations 5 and 6 to obtain @&Xd CNy respectively. Following Table, N,
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CN, ,, and CN;, obtained from equations 5, 7, and 6 were used to calculate S in equation 3. The resultant S was

then inserted into equation 2 to estimate the Q. Nextaih&all and runoff statistics were compared.

3.3 Validation of model output

Unfortunately, in situ measurements and satellite observations are not available for the study area to validate the
runoff calculations obtained in the current study. Instdalestimated average annual surface runoff was cross
validated with theannualsurface runoff map derived from the Global Annual Surface Rutaié
(https://databasin.org/datasets/fa0f998707e14c5d9e8b42810cg6101e/

4. RESULTS AND DISCUSSION

4.1 Calculating Factors Controlling Runoff Generation

4.1.1 Rainfall

Therainfall zonesdentifiedin the currenstudy ardess thari50, 150 to 300, 300 to 500, 500 tdd7andmore
than750 mm yr? (Fig. 3). The annuatainfall has the highest values on the northeastern areas, and displays a
southwestern gradierifhe spatial distribution afainfall in the basin is attributed to the decrease in the energy
and moisture of the Mediterranean winds after their collision with the Zagros Mountains that extend in the
direction of northwessoutheast of Iran. As a result, the western slope of the Zagrogditwairs a region of
relatively highrainfall (Asakereh et al. 2020; Asakereh and Ashrafi, 2023). Regions ofdiigflall are expected

to have a high runoff potential eginfall represents the main source of runoff (Das 2018; Lakshmi and Reddy,
2018).
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Fig. 3The anual rainfall of the Shatt ARrab basin

412 LULC
Thebare landshrub land, and croplarate themajor land uselassesn the study areaconposing more than

98% of the basin are®n the contraryurban andvetland/wateexpressa smallratio of theland use categories
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in the basin(Table4; Fig. 4). Shrub land cover hashigh infiltration rate and thusalow runoff potential

(Wilcox and Huang, 2010). Cropland cover has a moderate runoff generation potential owing to the negative
relationship between vegetation cover and runoff (Mojaddadi et al. 2017). Bare land has a relatively high runoff
generating capacity due to the ability of raindrops to break up soil aggregates, creating a surface crust, which
reduces infiltration (Price etl. 2010), and enhances runoff generation (Owuor et al. 2016). Impervious cover in

urban areas reduces infiltration and increases runoff (Murck et al. 1996).
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Fig. 4 The mainLULC types in the study area

Table 4 LULC categories and corresponding areas

LULC Area (kn¥) Area (%)
Bare land 72,504 50.35
Shrub land 50,746 35.24
Cropland 18,331 12.73
Urban 1,310 0.91
Wetland/water 1,094 0.76

4.1.3 Soil and HSG
The study area's soil features map defsirsoil groups: silty clay, sandy clay, sand, loasapnd, clagyloam,

andloam(Fig. 5). Around90% of the soils$n thebasinareloam or clayeyoam.Loamy soil dominateghe

basin's northeastern areas, while clayey loamdsmilinateghe basits middle region. Sandyndloamysand

soils are common in ¢éhbasin's southemegions, accounting for arouné@®of total soil classes. Clayey soils
(silty clay and sandy clay) account feearly2% of totalsoil types Hydrological soil group (HSG) is a

significant component in determining the curve number (@¥yup 'A’ soils have a relatively coarse texture
and cover around 7% of the basiafea. This category, Wth occurs in the basin's soutbestern region, consists
of sandy and loamy sandy soils witigh infiltration rate and low surface runoff (TaldlgFig. 6). The second
HSG soil category is 'B," whiatepresentsnore than 60% of thieasin This soil has a mediwsized texture and

a moderate rate of infiltration and runoff. This soil type is characterized by loamy soils found mostly in north

eastern Hiy regions. Around 30% of the basin's surface is covered by Group 'C' soil, which occurs in the basin's
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central part. This soil type, which comprises clay loam and sandy clay, has a moderate to high potential for

surfae runoff. Group 'D' (0.5%f the ba area) has a very limited capacity for infiltration andeay high

potential for runoff. It is characterized by silty clay soil found in the basin's southermeartthe Shatt Al

Arab's outlet into the GulHg. 6).
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Fig. 5 Soil featureof the study area

Fig. 6 Hydrological soil group (HSG) of the study ar&oupfiA0 oilshas ahigh rate of infiltration and a

lowpotenti al

low infiltration a nd
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