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Abstract 

The population growth associated with anthropogenic activities in the Shatt Al-Arab River 

basin has induced various environmental effects in this trans-boundary basin. The analysis 

revealed that both seasonal and land use variabilities control the water quantity and quality in 

the basin. More 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 sensitive to both 

climate change and land use change. The sediment analysis indicated serious pollution in the 

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 compared with 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 of resources in this water-scarce region. 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 needed the most (e.g., agricultural and urban areas). Moreover, 

significant amounts of the annual precipitation are in the form of high-intensity rainfall in this 

region. Such heavy rainfall causes flooding and/or ends up in the sea unutilized. Therefore, 

the present study created a runoff map to assist in better 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 along with RS 

and GIS to estimate runoff. Furthermore, as erosion represents a serious problem that 

imposes severe global environmental impacts such as soil nutrient loss, land degradation, and 

flooding in this basin, erosion was estimated using the Revised Universal Soil Loss Equation 

(RUSLE). Nutrients (nitrogen N and phosphorus P) loss due to erosion has been estimated 

using the Soil and Water Assessment (SWAT) model. The analysis revealed that high N and 

P yields were correlated positively with cropland and urban land covers, and negatively with 

shrubland and bare land covers. Moreover, N and P yields exhibited a positive correlation 

with discharge and a negative correlation with subbasin area. Such correlations (i.e., between 

N and P yields with LULC, discharge, and subbasin area) were further tested using observed 

data from the Mississippi River basin in the United States and have proven their robustness. 

These correlations indicated that the basin is sensitive to both climate change and land use 

change, and provide an initial viewpoint of how to deal with these changes. Finally, the flood 

hazard map has been prepared using RS, GIS, and analytical hierarchy process method. Flood 

mapping showed that urban areas and agricultural areas are most vulnerable to floods, with 

around 60 and 30% of these areas are under intermediate to high flooding risk, respectively. 

Flood hazard mapping provided a preparatory risk evaluation that can be used by the local 

disaster management authorities. 
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Zusammenfassung 

Das Bevölkerungswachstum in Verbindung mit anthropogenen Aktivitäten im Einzugsgebiet 

des Shatt Al-Arab hat zu verschiedenen Umweltauswirkungen in diesem 

grenzüberschreitenden Einzugsgebiet geführt. Die Analyse hat gezeigt, dass sowohl saisonale 

als auch Landnutzungsschwankungen die Wassermenge und -qualität im Einzugsgebiet 

beeinflussen. Insbesondere der geringe Abfluss in der Trockenzeit sowie die städtische und 

landwirtschaftliche Flächennutzung wurden mit einer geringen Wasserqualität in Verbindung 

gebracht, was darauf hindeutet, dass die Region sowohl auf den Klimawandel als auch auf 

Veränderungen der Flächennutzung empfindlich reagieren wird. Die Sedimentanalyse deutete 

auf eine starke Verschmutzung der Flusssedimente hin, auch wenn die Verschmutzung nicht 

gleichmäßig verteilt war. Die höchsten Schwermetallwerte wurden am Ober- und Mittellauf 

des Flusses festgestellt, was auf die stärkere industrielle und städtische Entwicklung in diesen 

Teilen im Vergleich zu den weniger industrialisierten/besiedelten Unterläufen zurückgeführt 

wird. Der Rückgang des Oberflächenwassers im Einzugsgebiet des Shatt Al-Arab hat die 

Nutzung von Grundwasser parallel zum Oberflächenwasser erforderlich gemacht, um die 

Nachhaltigkeit der Ressourcen in dieser wasserarmen Region zu gewährleisten. 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 denen der größte Wasserbedarf 

besteht (z. B. landwirtschaftliche und städtische Gebiete). Außerdem fallen in dieser Region 

erhebliche Mengen des jährlichen Niederschlags in Form von Starkregen. Solche starken 

Niederschläge führen zu Überschwemmungen und/oder landen ungenutzt im Meer. Daher 

wurde im Rahmen der vorliegenden Studie eine Abflusskarte erstellt, um eine bessere 

Bewirtschaftung der Wasserressourcen zu ermöglichen (z. B. können Projekte zur 

Regenwassernutzung das Grundwasserpotenzial erhöhen und die Überschwemmungsgefahr 

verringern). Das Curve Number (CN)-Modell des Soil Conservation Service (SCS) wurde 

zusammen mit RS und GIS zur Abschätzung des Abflusses verwendet. Da die Erosion ein 

ernstes Problem darstellt, das schwerwiegende globale Auswirkungen auf die Umwelt hat, 

wie z. B. Nährstoffverluste im Boden, Bodendegradation und Überschwemmungen in diesem 

Einzugsgebiet, wurde die Erosion anhand der Revised Universal Soil Loss Equation 

(RUSLE) geschätzt. Der Verlust von Nährstoffen (Stickstoff N und Phosphor P) aufgrund 

von Erosion wurde mit Hilfe des SWAT-Modells (Soil and Water Assessment) geschätzt. Die 

Analyse ergab, dass hohe N- und P-Erträge positiv mit Ackerland und städtischen 

Bodenbedeckungen und negativ mit Strauchland und kahlen Bodenbedeckungen korreliert 

waren. Außerdem wiesen die N- und P-Erträge eine positive Korrelation mit dem Abfluss 

und eine negative Korrelation mit der Fläche des Teileinzugsgebiets auf. Diese Korrelationen 

(d. h. zwischen N- und P-Erträgen und LULC, Abfluss und Teileinzugsgebiet) wurden 

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 Landnutzungsänderungen 

empfindlich reagiert, und bieten einen ersten Anhaltspunkt dafür, wie mit diesen 

Veränderungen umzugehen ist. Schließlich wurde die Hochwassergefahrenkarte mit Hilfe 

von RS, GIS und der Methode des analytischen Hierarchieprozesses erstellt. Die 

Hochwasserkartierung zeigte, dass städtische Gebiete und landwirtschaftliche Gebiete am 

stärksten durch Hochwasser gefährdet sind, da etwa 60 bzw. 30 % dieser Gebiete einem 

mittleren bis hohen Hochwasserrisiko ausgesetzt sind. Die Hochwassergefahrenkartierung 

lieferte eine vorbereitende Risikobewertung, die von den lokalenKatastrophenschutz-

behörden genutzt werden kann. 
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1. INTRODUCTION  

1.1. Overview 

At the end of the last ice age approximately 9600 BCE, nomadic gatherer-hunter groups 

started to engage in agriculture and switched to a more sedentary lifestyle (Barker, 2006, 

Cunliffe 2015). By around 4000 to 6000 BCE, agriculture was advancing in several regions 

around the globe. Such regions are usually situated around the major rivers because the river 

provides water for crop irrigation, and its frequent floods provide fertile soil for plant growth. 

Agriculture led to more stable food supply, denser communities, and more specialized labor, 

which represented the early seeds of civilization. Mesopotamia, mainly modern-day Iraq, is 

broadly considered as the cradle of civilization due to the fact that the most influential cities 

and empires first emanated in this region (National Geographic, 2024). The name is derived 

from two Greek words ómesosô and ópotamosô meaning ómiddleô and óriverô, respectively. 

Thus, Mesopotamia means óthe land between riversô referring to the Tigris and Euphrates 

rivers. Around 4000 BCE, the Sumerian civilization appeared in southern Mesopotamia and 

was the first urban civilization in the region* .  

Sumerians made significant contributions and achievements that prepared the ground for 

successive societies. Some of the main achievements of the Sumerians include (i) the 

invention of writing around 3500 BCE (Khan Academy, 2024) and creating the earliest 

literary work. For instance, the Epic of Gilgamesh is widely considered as the earliest literary 

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 conceiving the numerical 

base-60 system. (iii) The Sumerians played a role in developing agriculture by establishing 

irrigation systems, constructing canals, building levees, and constructing reservoirs to control 

floods and store water. (iv) The first wheel discovered was in Mesopotamia dates to 3,500 

BCE (Khan Academy, 2024). (v) They established the first judicial system such as the Code 

of Hammurabi and the Laws of Ur-Nammu. And (vi) they laid the first building blocks for 

astronomy by observing and recording astronomical phenomena such as the movement of 

celestial bodies (Astro Miracle, 2023).  

During long periods of flourishing and prosperity, Sumer experienced economic growth, 

cultural achievements, technical advancements, and territorial expansion. Despite such 

preceding prosperity that lasted for around 2000 years, the Sumerian civilization embarked 

on a downward trajectory. The 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, and heavy 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 

Arabian/Persian Gulf (the gulf henceforth) was bringing additional amounts of salts. Such 

land degradation inevitably caused 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 thus Sumer became notably fragile, unable to resist the  

_________________________________________________________________________ 
*The shift from nomadic gatherer-hunter lifestyle to farming happened in different places at different times. These 

disparities are due to availability of fortunate local conditions, such as indigenous plants and animals, climate, and 

geography (Encyclopedia.com, 2024). 
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invaders, and eventually collapsed (Montgomery, 2007). Sumerian dominance, however, laid 

the groundwork for the rise of subsequent civilizations in the region*. After power was 

flowing west from the Fertile Crescent, this trend was reversed for the first time in 330 BCE, 

when the army of Alexander the Great of Macedon advanced east to invade the eastern 

Mediterranean and overthrow the Persian Empire, which extended from the Indus River in 

the east through Mesopotamia to the Aegean Sea west. 

In the Middle Ages, Mongolians from Central Asia invaded Iraq in 1258 and committed 

mass massacres, burned libraries, and destroyed infrastructure, including irrigation systems. 

After World War I (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 center of influence and 

civilization currently faces various challenges. Investigating the environmental history of 

Mesopotamia not only enhances our historical understanding but also holds practical insights 

for current environmental challenges. Modern Iraq and many other countries around the 

world presently grapple with dwindling water resources, salinization and erosion, that is, 

similar environmental problems that led to the collapse of the Fertile Crescent (PennMuseum, 

2023). A strong correlation was detected between environmental degradation and the 

tendency to conflicts, civil war, and regime collapse. Environmental degradation can lead to 

scarcity of resources such as water, arable land, and desertification, which leads to increased 

competition over limited resources. Such competition can exacerbate social tensions, 

conflicts, regime failure, and illegal immigration to more supportive regions (World Bank 

Group, 2018; United Nations, 2022; Brown, 2023).                                                           

1.2. Salinity and heavy metals in the Shatt Al-Arab 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. However, the oil industry has caused severe environmental degradations. The 

Shatt Al-Arab River, southern Iraq, is the main fresh water body in a rather arid area 

surrounding Basra (Saad, 1980). The main water inputs enter the Shatt Al-Arab watercourse 

through the 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). The Shatt Al-Arab 

also represents the prime source of freshwater for the northern gulf and thus plays an 

important role for marine habitats in the gulfôs northern coastal areas (United Nations New 

York, 2013). The quality and quantity of river water, however, has significantly declined in 

the last three decades due to various reasons. First, the increasing amounts of wastewater and 

runoff that the river receives from the surrounding oil production fields (Al-Saad and Salman, 

2012), urbanized areas (Al-Tawash et al., 2013), and agricultural lands (Moyel and Hussain, 

2015) have resulted in a deteriorated water quality in the river waterway (Al-Saedi et al., 

________________________________________________________________________ 
*Over time, various empires emerged in Mesopotamia, each leaving its mark on the regionôs culture and society. The 

Sumerian Empire was followed by the Akkadian Empire 2,334ï2,218 BCE (World History Encyclopedia, 2011), the 

Babylon Empire 1,880ï1,595 BCE (Bryce, 2016), the Hittites Empire 1,600ï1,178 BCE (Bryce, 1998), the Assyrians 

Empire 1,400ï612 BCE (Saggs, 1995), and the Persian Empire 559ï 331 BCE (National Geographic Society, 2023). 
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2018). Second, growing damming projects and diversion of the riverôs feeding tributaries by 

upstream countries have led to substantial reductions in freshwater discharge (Sheppard et al., 

2010). Third, the Mesopotamian marshes draining into the Shatt Al-Arab that were once 

acting as a powerful filter for pollutants (Maltby, 1994) are still far from adequate restoration 

after the deliberate desiccation in 1990s (Al -Gburi 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 

have a strong effect on the riverôs discharge and, subsequently, on the concentration of 

pollutants in its water (Moyel and Hussain, 2015; Al -Saidi et al., 2024). In other words, 

diminished flows in a river can increase concentration of harmful pollutants (News and 

Events, 2019). Likewise, it has been reported that the declining river discharge has led to 

seawater intrusion towards the upstream reaches of the Shatt Al-Arab due to the dominance 

of seawaters over the riverôs waters (Al-Asadi et al., 2023). Therefore, the vital functions that 

the river plays in sustaining healthy communities and maintaining a balanced ecosystem in 

the northern gulf are greatly jeopardized (Al -Yamani, 2008).  

Heavy metal pollution has been marked as a serious environmental problem owing to 

their persistent and accumulative properties (Okuku and Peter, 2012). Although 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 constituents from their normal positions. As a result, 

there will be a defect in cell structure and eventually toxicity (Flora et al., 2008). 

Furthermore, heavy metals at higher concentrations are toxic to human and are linked to 

chronic diseases such as renal failure, liver cirrhosis, and brain syndrome (Salem et al., 

2000). Accumulation of such metals in human body disturbs the functioning of various 

organs such as the brain, liver, lungs, and kidney; and hampers blood formation. Prolonged 

exposure to such metals retards the neurological, physical, and muscular functioning resulting 

in ailments such as multiple sclerosis, Parkinsonôs, Alzheimerôs, muscular dystrophy, and 

even cancer (Ghosh et al., 2007). Furthermore, such metals impose deleterious impacts on the 

ecological balance of the aquatic life (Ay et al., 2009). After being discharged into rivers, 

such metals can adhere to particulate matter and eventually deposit in sediments (Yates et al., 

2011; Rahman et al., 2014). Contaminated sediments can have an adverse impact on benthic 

fauna (National Research Council (NRC); 1989; McGann, 2009) and flora (Rodríguez 

Martín, 2015). Sediment contaminants tend to accumulate in the biological tissues of some 

organisms, and when larger consumers (including human) feed on such organisms, the 

contaminants are then transferred into their bodies (Al -Gburi et al., 2017). Moreover, the 

non-biodegradability of heavy metals usually results in their accumulation in the environment 

(Shi et al., 2008). Depending on their sorption properties, heavy metals can ultimately be 

partially or entirely released back into the water (McCready et al., 2006), thereby threatening 

human and aquatic life health (Jonsson et al., 2003). Likewise, high salinity levels have 

resulted in multiple negative impacts, including compromising water supplies for drinking 

and irrigation purposes (Montazeri et al., 2023). High salinity can lead to aquatic habitat 

degradation via disrupting the physiological functions, impair growth, reproduction, and 

biodiversity (Hart et al., 1991; Nielsen et al., 2003; Cañedo-Argüelles et al., 2013). High 

salinity levels result in decreased dissolved oxygen levels, increased pH, and increased 
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nutrient concentrations, which can adversely influence the aquatic life and cause harmful 

algal blooms (Haddout et al., 2022). Moreover, elevated salinity in river water can reduce soil 

fertility and crop production (Romano-Armada et al., 2020). Such negative impacts of high 

salinity levels impose significant economic consequences for affected communities (Mustafa 

et al., 2019). Previous hydrologic investigations of the Shatt Al-Arab have mainly focused on 

assessing the contaminantsô levels and distribution as well as water suitability for drinking 

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

2015). Other studies were primarily constrained either to a specific reach within the river 

stretch or were limited to a few and sparse stations along the river course. Therefore, these 

studies are not capable of comprehensively identifying the spatial distribution characteristics 

of the pollutants in the Shatt Al-Arab. Few studies have applied new tools to investigate the 

sources of contamination and salinity. Therefore, comprehensive identification of the spatial 

distribution characteristics of pollution and salinity, and their sources in the Shatt Al-Arab is 

still required. Seasonal variations in climatic parameters and anthropogenic activities can 

cause fluctuations in water quality parameters. Variations in weather patterns such as rainfall, 

temperature, and wind can influence the sources and transport of pollutants in rivers 

(Whitehead et al., 2009; Bhurtun et al., 2019). Lack or low runoff during the dry season 

compared to the wet season causes the concentrations of contaminants derived from point 

pollution source to increase (Yunus and Nakagoshi, 2004). However, low runoff can result in 

lower inputs of pollutants from land sources. This can lead to lower levels of certain 

pollutants entering rivers (Zwolsman and van Bokhoven, 2007). On the contrary, non-point 

pollution source increases through seepage and runoff during wet season (Yunus 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 water. This means that 

while the total amount of pollutants might increase, the concentration per unit of water might 

decrease. Thus, effects of seasonal variations consequently determine the quantity and quality 

of the water parameters (Yunus and Nakagoshi, 2004). Similarly, heavy metal contamination 

in sediment is most likely to arise from the deposition of polluted sediments from the 

adjacent areas through land surface runoff (Pandey et al., 2013). While higher discharge 

during the wet season most likely promotes sediment washout from basin and thus introduces 

considerable amounts of pollutants to rivers, such high discharge results in an additional 

dilution and consequently less pollution (Jia et al., 2021). In other words, the wet season is 

supposed to reduce the element concentrations in the riverôs water and then sediment through 

dilution by increased discharge (Rostami et al., 2021). However, 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 Shatt Al-Arab 

basin (Roy et al., 2018). Likewise, anthropogenic activities that contribute for water quality 

degradation can change seasonally. For example, effluents from far uplands are mostly 

controlled by surface runoff and can be considered a seasonal phenomenon that is generally 

influenced by climate conditions within the river basin (Singh et al., 2004). Fertilizer 

application and soil disturbance during spring planting increase the runoff of nutrients and 

pesticides into rivers (Xu et al., 2014). Harvesting activities, mostly in fall, can result in the 

mobilization of sediment and soil erosion contributing to sedimentation and nutrient flushing 

(Boggs et al., 2016). On the other hand, wastewater effluents from municipal and industrial 

file:///C:/Users/lenovo/Desktop/(https:/link.springer.com/article/10.1007/s11769-004-0025-z
file:///C:/Users/lenovo/Desktop/(https:/link.springer.com/article/10.1007/s11769-004-0025-z
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activities in riparian zones represent a constant pollution source (Singh et al., 2004). Thus, it 

is important to investigate the impact of seasonal changes on water and sediment quality. 

Nonetheless, the influence of seasonality in the Shatt Al-Arab basin is not adequately covered 

as a key factor in controlling the sources of pollutants and salinity in the Shatt Al-Arab. Thus, 

the first objective of the current work is: 

Objective 1: To carry out a preliminary study for identifying the main sources of pollution 

and salinity in the Shatt Al-Arab water and sediment, and to investigate the influence of 

seasonality on the sourcing and transport of pollutants in the riverôs water and sediments. 

By identifying the sources of pollution, the current analysis allows 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 minimize environmental impacts. Pollution sources identification 

helps to protect and restore the river ecosystems, safeguard aquatic habitats, and preserve 

biodiversity. Knowledge about these fields of research will contribute to the overall health 

and resilience of the environment, ensure compliance with water quality standards, and 

enhances ecosystem services provided by the river, such as water purification and flood 

control (Liu et al., 2024; Kraken Sense, 2024). Finally, communicating information about 

pollution sources raises public awareness about environmental issues and encourages 

individuals and businesses to adopt more sustainable practices (Sader, 2023). On the other 

hand, seasonal variations in pollution provide insights into the complex interactions between 

environmental factors and pollutant transport processes. Understanding these dynamics helps 

predict and manage pollution impacts on the river ecosystems and water quality. Seasonal 

investigation prioritizes monitoring efforts and resource allocation. By focusing on periods of 

peak pollution, monitoring programs can efficiently assess environmental risks and adjust 

pollution control measures (Ouyang et al., 2006). Seasonal variations tracking helps 

understand how land use practices can impact the quantity and quality of water that flows 

into the river (Wang et al., 2023). Such tracking also assists in responding to climate change 

and predicting future trends in water quality as climate change leads to shifts in precipitation 

patterns, temperature regimes, 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 Al-Arab River is a trans-boundary basin shared between Iraq and Iran. 

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). Surface water is scarce in the Shatt 

Al -Arab basin due to the limited precipitation and high evaporation rates in such an arid 

region. Climate change exacerbates these challenges by altering precipitation patterns, 

increasing temperatures, and intensifying droughts, all of which have further reduced water 

availability. Additionally, anthropogenic activities have also aggravated water scarcity in this 

basin by contaminating already limited surface water sources. Therefore, the surface water 

decline is raising the signiýcance of groundwater as an alternative water source (Abdullah et 

al., 2019). Groundwater, however, faces a resource-depletion threat in this region 

(Lashkaripour and Ghafoor, 2011; Al -Azawi and Ward, 2016). The depletion of groundwater 
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resources in the Shatt Al-Arab basin emphasizes the need for sustainable management to 

secure steady water supplies. Delineation of groundwater potential zones is considered a 

primary step towards sustainable management of these resources (Al-Abadi, 2017). 

Nevertheless, no single recharge study has been done over the Shatt Al-Arab basin despite its 

regional signiýcance as a trans-boundary basin in a water-scarce area. Therefore, 

investigating the groundwater potential zones in the Shatt Al-Arab basin can play a 

signiýcant role in the implementation of efýcient groundwater management and protection 

policies (Ozdemir, 2011). Therefore, the second objective of the present work is: 

Objective 2: To deýne the groundwater potential zones (GWPZs) of the Shatt Al-Arab basin. 

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, groundwater potential 

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 Shatt Al-Arab River basin for two main 

reasons. First, regions with high groundwater potentials are not necessarily the same regions 

where water is needed the most (e.g., agricultural and urban areas). Second, in the Middle 

East, where water is scarce, and in the Shatt al-Arab basin in particular, a large portion of the 

annual precipitation is in the form of high-intensity rainfall. Such heavy rainfall causes 

flooding, and large quantities of 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 instance, in areas of high runoff potentials, 

constructing artificial recharge projects such as rainwater harvesting can enhance 

groundwater potential and reduce flooding risk (Jehanzaib et al., 2022). In such a region, the 

provision of accurate information about runoff is barely available due to the high installation 

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 address the data lack constraint, 

remote sensing and empirical hydrological models were used for estimating direct runoff. 

Thus, 

Objective 3: To employ remote sensing data and a GISïbased hydrological method to 

simulate the potential areas of surface runoff in the Shatt Al-Arab 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 of watersheds and make informed 

decisions regarding water allocation, storage, and management strategies. In addition to 

groundwater potential enhancement and flooding risk reduction, runoff prediction techniques 

are critical for hydrologic 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 Al-Arab River basin. 

al., 2013; Mishra et al., 2014). Surface runoff measurement 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, erosion-prone locations can 

be targeted for erosion control 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 understandings the sources and 

transport 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 erosion in the Shatt Al-Arab River basin 

Both climate change and human activities can cause soil erosion. Climate change promotes 

soil erosion through several mechanisms: (i) prolonged periods of drought reduce vegetation 

cover, exposing soil to wind and water erosion (Masroor et al., 2022). Soil erosion increases 
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during drought periods and decreases after prolonged periods of rainfall and vegetation 

growth. Drought limits vegetation growth as well as the afterward residue cover that plays a 

significant role in reducing soil erosion (Baumhardt and Blanco-Canqui, 2014; Awadh, 

2023); (ii) rising temperatures increase evaporation, which dries out soils and makes them 

more susceptible to erosion. During prolonged warming periods, higher temperatures reduce 

soil particles aggregation and thus enhance erosion (Sardans and Peñuelas, 2013); (iii) 

rainfall patterns can change due to climate change. For instance, increased rainfall intensities 

can amplify runoff and soil erosion. This process accelerates soil erosion and reduces soil 

fertility. Heavy rainfall can cause approximately 90 tons of soil to be lost per acre. Lost soil 

particles clog surface pores, reducing infiltration, increasing runoff, and intensifying erosion 

(Al Kaisi, 2008). Similarly, human activities can also contribute to soil erosion in several 

ways: (i) deforestation, which destroys the plant root systems that fix soil in place, increases 

wind and water erosion (Kaiser, 2021); (ii) agricultural activities such as over-fertilization, 

conventional tillage, mono-cropping, and poor irrigation techniques escalate soil erosion 

(EOS Data Analytics, 2024); (iii) urbanization and the accompanying increase in impervious 

covers close soil pores and disrupt natural water absorption, promoting erosion (Jeong and 

Dorn, 2019); and (iv) overgrazing, which causes vegetation to degrade and organic matter to 

decrease, reduces soil resistance to decomposition and increases erosion (Kaiser, 2021). 

Erosion, in turn, has severe global environmental impacts such as soil nutrient loss, land 

degradation, and increased risk of floods (Li and Fang, 2016, Wang et al., 2016, Sartori et al., 

2019, Wan et al., 2021). For instance, erosion results in agricultural land loss of around 33 

ton of soil per hectare per year in Iran. A ton of soil contains around 28 kg of nitrogen, 

phosphorus, and potassium. Consequently, approximately 900 kg of nutrients per hectare are 

lost (Bybordi, 2003). Based on the average cost of fertilizers, the annual damage of nutrient 

loss due to soil erosion in Iran is around USD 2.7B (Emadodin et al., 2012). In the region of 

Khuzestan, where the Shatt Al-Arab basin extends, roughly 18 tons of soil per hectare is 

eroded each year (Savari and Gharechaee, 2020) making Khuzestan province rank ýrst in Iran 

in erosion rates. Such high erosion levels restrict the viability of agricultural endeavors 

(Koohizadeh et al., 2021). In other instances, soil erosion has led to an increase in dust 

pollution in this area, which has harmed the habitability of rural households (Foroushani et 

al., 2021a; Foroushani et al., 2021b; Savari et al., 2022). The above-described erosional 

degradation results in enormous economic 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 usually accumulate in the riverôs lower reaches which 

exacerbate þood risk and impose further economic damages (Ministry of Municipalities and 

Public Works, Iraq, 2015). In fact, erosion removes soil and sediment from the land surface, 

which can be transported by runoff into rivers, streams, and other water bodies. As the 

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 increasing the risk of flooding. 

Further, erosion can also cause the blockage of drainage systems and the degradation of 

natural features such as wetlands, riparian zones, and floodplains that serve as natural flood 

buffers and provide flood mitigation benefits. Flash þoods in the Shatt Al-Arab basin in 2019 

(Earth Observatory, 2024) resulted in tens of human death, thousands of injuries, around 
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365,000 human displacement, and 179,000 houses destruction, and billions of dollarsô 

damage cost (Reliefweb, 2024a; Reliefweb, 2024b). Thus, as soil erosion drives detrimental 

environmental issues including nutrient loss as well as flooding, the next objectives of the 

present work are:  

Objective 4: To assess soil erosion rates in the Shatt Al Arab River basin. 

Objective 5: To identify the spatial distribution of the nutrients (nitrogen and phosphorus) 

discharge load, and to determine how climate factors and human activities contribute to N 

and P loss in the Shatt Al-Arab River basin. 

Objective 6: To map the flood prone areas in the Shatt Al-Arab River basin. 

Pursuing such objectives contributes to the following: First, soil erosion assessment helps 

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 erosion information can also be used to model and predict future 

erosion trends under climate change, land use changes, and soil management practices 

(Marondedze and Schütt, 2021). Second, assessing TN and TP discharge loads assists in 

identifying the sources of nitrogen and phosphorus pollution within a watershed. This 

understanding is crucial for developing effective management strategies to mitigate nutrient 

pollution. Pinpointing areas within a watershed that contribute the most to nitrogen and 

phosphorus loads enables targeted implementation of management practices. This targeted 

approach ensures that resources are allocated efficiently to areas where they can have the 

greatest impact on reducing nutrient pollution. TN and TP discharge loads analysis can 

simulate long-term 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 hydrological patterns and nutrient 

dynamics (Han et al., 2024). Third, the flood risk assessment can provide managers and 

policy-makers with a more integrated analysis and clear guidelines for designing early 

warning systems, emergency response procedures, flood hazard reduction measures, and 

indicating where further development should be avoided or controlled (Samuels et al., 2009). 

Research Approach 

Population growth associated with anthropogenic activities has caused land use change and 

climate change. Such changes have created various challenges in the Shatt Al-Arab River 

basin (Figure 2). Solid, liquid, and gaseous waste disposal in the form of industrial, 

residential, and agricultural wastes, along with land cover modification practices such as 

damming, river diversion, wetland desiccation, agricultural and urban expansion, have 

resulted in contamination, water shortages, erosion, and flooding in the basin. The main 

objectives of this thesis are to evaluate contamination (in water and sediments), groundwater 

and runoff potential identification, 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 RS, GIS, and statistical models. The ultimate goal is to use the 

outcomes of these evaluations to construct integrated sustainable plans to deal with the 

aforementioned challenges in this region. 



 

24 

 

          

F
ig

u
re

 2
. S

tr
u

c
tu

re
 o

f 
th

e
 t
h

e
s
is

 



 

25 

 

References 

Abdullah, T., Ali, S., Al-Ansari, N. & Knutsson, S., 2019. Hydrogeochemical evaluation of 

groundwater and its suitability for domestic uses in Halabja Saidsadiq Basin, Iraq. Water, 

11(690). https://doi.org/10.3390/w11040690. 

Al -Asadi, S., Al Qurnawi, W., Al Hawash, A., Ghalib, H. & Alkhlifa, N., 2020. Water quality 

and impacting factors on heavy metals levels in Shatt Al Arab River, Basra, Iraq. Applied 

Water Science, 10, 103. https://doi.org/10.1007/s13201-020-01196-1. 

Al Kaisi, M., 2008. Heavy Rain, Soil Erosion, and Nutrient Losses. Iowa State University 

Extension and Outreach. Available at: 

https://crops.extension.iastate.edu/cropnews/2008/06/heavy-rain-soil-erosion-and-nutrient-

losses#:~:text=The%20impact%20of%20millions%20of,tons%20of%20soil%20per%20acre 

[Accessed 10 Feb. 2024]. 

Al -Abadi, A., Ghlaib, H. & Shahid, S., 2017. Flowing well potential zoning at Iraqi southern 

and western deserts using frequency ratio and geographic information system. International 

Journal of Environmental Science and Technology, 14, pp.2249ï2268. 

Al -Asadi, S.A.R. & Alhello, A.A., 2019. General assessment of Shatt Al-Arab River, Iraq. 

International Journal of Water, 13(4). 

Al -Asadi, S.A.R., Alhello, A.A., Ghalib, H.B., Muttashar, W.R. & Al-Eydawi, H.T., 2023. 

Seawater intrusion into Shatt Al-Arab River, Northwest Arabian/Persian Gulf. Journal of 

Applied Water Engineering and Research, 11(2), pp.289ï302. 

https://doi.org/10.1080/23249676.2022.2113460. 

Al -Azawi, A. & Ward, F., 2016. Groundwater use and policy options for sustainable 

management in Southern Iraq. International Journal of Water Resources Development, 33, 

pp.628ï648. 

Al -Gburi, H., Al-Tawash, B. & Al-Lafta, H., 2017. Environmental assessment of Al-Hammar 

Marsh, Southern Iraq. Heliyon, 3, e00256. https://doi.org/10.1016/j.heliyon.2017.e00256. 

Al -Saad, H.T. & Salman, N.A., 2012. Status of Oil Pollution in the Arabian Gulf and Shatt 

Al -Arab Estuary: A Review. In: Subramanian, V., ed. Coastal Environments: Focus on Asian 

Regions. Dordrecht: Springer. 

Al -Saedi, A., Smith, M., Moles, N. & Alwhaely, U., 2018. Implications of Human Activities 

on the Shatt al Arab River and Khor al Zubair in City of Basra, Southern Iraq. 20th EGU 

General Assembly, EGU2018, Proceedings, p.17773. 

Al -Saidi, M., Al Manji, S., Ayoub, J., Bateh, F., Dajani, M., El Musa, R., Mahmoud, M., 

Shuker, Z. & Zawahri, N., 2024. Troubled Waters in Conflict and a Changing Climate: 

Transboundary Basins Across the Middle East and North Africa. In: M. Daoudy, ed. Malcolm 

H. Kerr Carnegie Middle East Center. Available at: 

https://carnegieendowment.org/research/2024/02/troubled-waters-in-conflict-and-a-changing-

climate-transboundary-basins-across-the-middle-east-and-north-africa?lang=en [Accessed 10 

Feb. 2024]. 

https://doi.org/10.1007/s13201-020-01196-1
https://crops.extension.iastate.edu/cropnews/2008/06/heavy-rain-soil-erosion-and-nutrient-losses#:~:text=The%20impact%20of%20millions%20of,tons%20of%20soil%20per%20acre
https://crops.extension.iastate.edu/cropnews/2008/06/heavy-rain-soil-erosion-and-nutrient-losses#:~:text=The%20impact%20of%20millions%20of,tons%20of%20soil%20per%20acre
https://doi.org/10.1080/23249676.2022.2113460
https://doi.org/10.1016/j.heliyon.2017.e00256
https://carnegieendowment.org/research/2024/02/troubled-waters-in-conflict-and-a-changing-climate-transboundary-basins-across-the-middle-east-and-north-africa?lang=en
https://carnegieendowment.org/research/2024/02/troubled-waters-in-conflict-and-a-changing-climate-transboundary-basins-across-the-middle-east-and-north-africa?lang=en


 

26 

 

Al -Tawash, B., Al-Lafta, H. & Merkel, B., 2013. Preliminary assessment of Shatt Al-Arab 

riverine environment, Basra Governorate, Southern Iraq. Journal of Natural Science 

Research, 3, pp.120ï136. 

Al -Yamani, F., 2008. Importance of the freshwater influx from the Shatt-Al -Arab River on 

the Gulf marine environment. In: A.H. Abuzinada, H.J. Barth, F. Krupp, B. Böer & T.Z. Al 

Abdessalaam, eds. Protecting the Gulfôs Marine Ecosystems from Pollution. Basel: 

Birkhäuser. https://doi.org/10.1007/978-3-7643-7947-6_11. 

Astro Miracle, 2023. Astrology and the Ancient Wisdom of the Sumerians. Available at: 

https://astromiracle.in/blog/astrology-and-the-ancient-wisdom-of-the-sumerians [Accessed 10 

Feb. 2024]. 

Awadh, S.M., 2023. Impact of North African Sand and Dust Storms on the Middle East 

Using Iraq as an Example: Causes, Sources, and Mitigation. Atmosphere, 14(1), 180. 

https://doi.org/10.3390/atmos14010180. 

Ay, T., et al., 2009. Bioconcentration of metals in the body muscle and gut of Clarias 

gariepinus exposed to sublethal concentrations of soap and detergent effluent. Journal of Cell 

and Animal Biology, 3(8), pp.113ï118. 

Barker, G., 2006. The Agricultural Revolution in Prehistory: Why Did Foragers Become 

Farmers? 1st ed. Oxford: Oxford University Press. 

Baumhardt, R.L. & Blanco-Canqui, H., 2014. Encyclopedia of agriculture and food systems 

II: Soil conservation practices. Encyclopedia of Agriculture and Food Systems, 5(91), 

pp.153ï165. https://doi.org/10.1016/B978-0-444-52512-3.00091-7. 

Bhurtun, P., Lesven, L., Ruckebusch, C., Halkett, C., Cornard, J.P. & Billon, G., 2019. 

Understanding the impact of the changes in weather conditions on surface water quality. 

Science of The Total Environment, 652, pp.289ï299. 

Bicknell, B., Imhoff, J., Kittle, J., Jobes, T. & Donigian, A., 2005. Hydrological Simulation 

ProgramïFortran: HSPF Version 12.2 Userôs Manual. Athens, GA: United States 

Environmental Protection Agency, Office of Research and Development, National Exposure 

Research Laboratory. 

Boggs, J., Sun, G. & McNulty, S., 2016. Effects of timber harvest on water quantity and 

quality in small watersheds in the Piedmont of North Carolina. Journal of Forestry, 114(1), 

pp.27ï40. https://doi.org/10.5849/jof.14-102. 

Brown, O., 2023. How Russiaôs war on Ukraine is threatening climate security. Chatham 

HouseïInternational Affairs Think Tank. Available at: 

https://www.chathamhouse.org/2023/03/how-russias-war-ukraine-threatening-climate-

security [Accessed 30 Dec. 2023]. 

Bryce, T., 1998. The Kingdom of the Hittites. Oxford: Oxford University Press. 

Bryce, T., 2016. The Old Babylonian period: (c.1880ï1595 BC). In Babylonia: A Very Short 

Introduction. Oxford: Oxford University Press. 

https://doi.org/10.1093/actrade/9780198726470.003.0002 [Accessed 16 May 2024]. 

https://doi.org/10.1007/978-3-7643-7947-6_11
https://astromiracle.in/blog/astrology-and-the-ancient-wisdom-of-the-sumerians
https://doi.org/10.3390/atmos14010180
https://doi.org/10.1016/B978-0-444-52512-3.00091-7
https://doi.org/10.5849/jof.14-102
https://www.chathamhouse.org/2023/03/how-russias-war-ukraine-threatening-climate-security
https://www.chathamhouse.org/2023/03/how-russias-war-ukraine-threatening-climate-security
https://doi.org/10.1093/actrade/9780198726470.003.0002


 

27 

 

Bybordi, M., 2003. Soil Physics. Tehran: University of Tehran Press. (In Persian). 

Cañedo-Argüelles, M., Kefford, B.J., Piscart, C., Prat, N., Schäfer, R.B. & Schulz, C.J., 2013. 

Salinisation of rivers: an urgent ecological issue. Environmental Pollution, 173, pp.157ï167. 

https://doi.org/10.1016/j.envpol.2012.10.011. 

Center for Global Development, 2022. Developed Countries Are Responsible for 79 Percent 

of Historical Carbon Emissions. Available at: https://www.cgdev.org/media/who-caused-

climate-change-

historically#:~:text=Developed%20Countries%20Are%20Responsible%20for,Emissions%20

%7C%20Center%20For%20Global%20Development [Accessed 3 March 2022]. 

Cunliffe, B., 2015. By Steppe, Desert, and Ocean: The Birth of Eurasia. Oxford: Oxford 

University Press. 

Deshmukh, D.S., Chaube, U.C., Hailu, A.E., Gudeta, D.A. & Kassa, M.T., 2013. Estimation 

and comparison of curve numbers based on dynamic land use land cover change, observed 

rainfall runoff data and land slope. Journal of Hydrology, 492, pp.89ï101. 

Earth Observatory NASA, 2022. Floods ravage Iran and Iraq. Earthobservatory.nasa.gov. 

Available at: https://earthobservatory.nasa.gov/images/144785/floods ravage iran and iraq 

[Accessed 29 July 2022]. 

Emadodin, I., Narita, D. & Bork, H.R., 2012. Soil degradation and agricultural sustainability: 

An overview from Iran. Environment, Development and Sustainability, 14, pp.611ï625. 

https://doi.org/10.1007/s10668 012 9351 y. 

Encyclopedia.com, 2024. Early agriculture and the rise of civilization. Science and Its Times: 

Understanding the Social Significance of Scientific Discovery. Available at: 

https://www.encyclopedia.com/science/encyclopedias-almanacs-transcripts-and-maps/early-

agriculture-and-rise-civilization [Accessed 15 May 2024]. 

EOS Data Analytics, 2024. Soil erosion causes, types, ways to reduce and prevent. EOS Data 

Analytics. Available at: https://eos.com/blog/soil-erosion/ [Accessed 10 Feb. 2024]. 

Flora, S.J.S., Mittal, M. & Mehta, A., 2008. Heavy metal induced oxidative stress and its 

possible reversal by chelation therapy. Indian Journal of Medical Research, 128, pp.501ï523. 

Foroushani, M.A., Opp, C. & Groll, M., 2021a. Investigation of aeolian dust deposition rates 

in different climate zones of Southwestern Iran. Atmosphere, 12(229). 

https://doi.org/10.3390/atmos12020229. 

Foroushani, M.A., Opp, C. & Groll, M., 2021b. Spatial and temporal gradients in the rate of 

dust deposition and aerosol optical thickness in southwestern Iran. Journal of Arid Land, 13, 

pp.1ï22. 

Fowler, K., Peel, M., Saft, M., Peterson, T.J., Western, A., Band, L., et al., 2022. Explaining 

changes in rainfallïrunoff relationships during and after Australia's Millennium Drought: A 

community perspective. Hydrology and Earth System Sciences, 26, pp.6073ï6120. 

https://doi.org/10.5194/hess-26-6073-2022. 

https://www.cgdev.org/media/who-caused-climate-change-historically#:~:text=Developed%20Countries%20Are%20Responsible%20for,Emissions%20%7C%20Center%20For%20Global%20Development
https://www.cgdev.org/media/who-caused-climate-change-historically#:~:text=Developed%20Countries%20Are%20Responsible%20for,Emissions%20%7C%20Center%20For%20Global%20Development
https://www.cgdev.org/media/who-caused-climate-change-historically#:~:text=Developed%20Countries%20Are%20Responsible%20for,Emissions%20%7C%20Center%20For%20Global%20Development
https://www.cgdev.org/media/who-caused-climate-change-historically#:~:text=Developed%20Countries%20Are%20Responsible%20for,Emissions%20%7C%20Center%20For%20Global%20Development
https://earthobservatory.nasa.gov/images/144785/floods%E2%80%90ravage%E2%80%90iran%E2%80%90and%E2%80%90iraq
https://www.encyclopedia.com/science/encyclopedias-almanacs-transcripts-and-maps/early-agriculture-and-rise-civilization
https://www.encyclopedia.com/science/encyclopedias-almanacs-transcripts-and-maps/early-agriculture-and-rise-civilization
https://eos.com/blog/soil-erosion/
https://doi.org/10.3390/atmos12020229
https://doi.org/10.5194/hess-26-6073-2022


 

28 

 

Ghosh, L., Adhikari, S. & Ayyappan, S.J., 2007. Assessment of toxic interactions of heavy 

metals and their effects on accumulation in tissues of freshwater fish. Research Journal of 

Environmental Toxicology, 1, pp.37ï44. 

Haddout, S., Priya, K.L., Hoguane, A.M., Casila, J.C.C. & Ljubenkov, I., 2022. Relationship 

of salinity, temperature, pH, and transparency to dissolved oxygen in the Bouregreg estuary 

(Morocco): First results. Water Practice and Technology, 17(12), pp.2654ï2663. 

https://doi.org/10.2166/wpt.2022.144. 

Han, J., Xin, Z., Shan, G., Liu, Y., Xu, B., Zhang, Q. & Zhang, C., 2024. Developing nutrient 

pollution management strategies on a watershed scale under climate change. Ecological 

Indicators, 159, 111691. https://doi.org/10.1016/j.ecolind.2024.111691. 

Hart, B.T., Bailey, P., Edwards, R., Hortle, K., James, K., McMahon, A., Meredith, C. & 

Swadling, K., 1991. A review of the salt sensitivity of the Australian freshwater biota. 

Hydrobiologia, 210, pp.105ï144. https://doi.org/10.1007/BF00014327. 

History, 2023. Mesopotamia. History.com. Available at: 

https://www.history.com/topics/ancient-middle-east/mesopotamia [Accessed 5 Sept. 2024]. 

Intergovernmental Panel on Climate Change (IPCC), 2023. Climate Change 2023: Synthesis 

Report. Contribution of Working Groups I, II and III to the Sixth Assessment Report of the 

Intergovernmental Panel on Climate Change. Core Writing Team, H. Lee & J. Romero, eds. 

Geneva: IPCC, pp.35ï115. 

Jehanzaib, M., Ajmal, M., Achite, M. & Kim, T., 2022. Comprehensive review: 

Advancements in rainfall-runoff modelling for flood mitigation. Climate, 10(10), p.147. 

https://doi.org/10.3390/cli10100147. 

Jeong, A. & Dorn, R.I., 2019. Soil erosion from urbanization processes in the Sonoran 

Desert, Arizona, USA. Land Degradation & Development, 30(2), pp.226ï238. 

https://doi.org/10.1002/ldr.3207. 

Jia, Z., Chang, X., Duan, T., Wang, X., Wei, T. & Li, Y., 2021. Water quality responses to 

rainfall and surrounding land uses in urban lakes. Journal of Environmental Management, 

298, p.113514. https://doi.org/10.1016/j.jenvman.2021.113514. 

Jonsson, K., Johansson, H. & Worman, A., 2003. Hyporheic exchange of reactive and 

conservative solutes in streams tracer methodology and model interpretation. Journal of 

Hydrology, 278, pp.153ï171. 

Kaiser, M.S., 2021. Land degradation: Causes, impacts, and interlinks with the Sustainable 

Development Goals. In: W. Leal Filho, A.M. Azul, L. Brandli, P.G. Özuyar & T. Wall, eds. 

Responsible Consumption and Production. Cham: Springer. https://doi.org/10.1007/978-3-

319-71062-4_48-1. 

Khan Academy, 2024. Ancient Mesopotamian civilizations. Khan Academy. Available at: 

https://www.khanacademy.org/humanities/world-history/world-history-beginnings/ancient-

mesopotamia/a/mesopotamia-article [Accessed 6 Sept. 2024]. 

https://doi.org/10.2166/wpt.2022.144
https://doi.org/10.1016/j.ecolind.2024.111691
https://www.history.com/topics/ancient-middle-east/mesopotamia
https://doi.org/10.3390/cli10100147
https://doi.org/10.1016/j.jenvman.2021.113514
https://doi.org/10.1007/978-3-319-71062-4_48-1
https://doi.org/10.1007/978-3-319-71062-4_48-1
https://www.khanacademy.org/humanities/world-history/world-history-beginnings/ancient-mesopotamia/a/mesopotamia-article
https://www.khanacademy.org/humanities/world-history/world-history-beginnings/ancient-mesopotamia/a/mesopotamia-article


 

29 

 

Koohizadeh, M., AkhondAli, A. & Arsham, A., 2021. The effect of soil moisture levels on 

the threshold velocity of wind erosion in dust centers of South and Southeast of Khuzestan 

Province-Ahwaz, Iran. Iranian Journal of Soil and Water Research, 52, pp.869ï885. 

https://doi.org/10.22059/ijswr.2021.316642.668864. 

Kraken Sense, 2024. Water pollution and its effect on aquatic biodiversity. Kraken Sense. 

Available at: https://krakensense.com/blog/water-pollution-aquatic-biodiversity [Accessed 5 

Sept. 2024]. 

Lashkaripour, G. & Ghafoor, M., 2011. The effects of water table decline on the groundwater 

quality in aquifer of Torbat Jam Plain, Northeast Iran. International Journal of Emerging 

Sciences, 1, pp.153ï163. 

Li, Z. & Fang, H., 2016. Impacts of climate change on water erosion: A review. Earth-

Science Reviews, 163, pp.94ï117. https://doi.org/10.1016/j.earscirev.2016.10.004. 

Liu, Y., Fei, Y., Li, Y., Bao, X. & Zhang, P., 2024. Pollution source identification methods 

and remediation technologies of groundwater: A review. China Geology, 7(1), pp.125ï137. 

https://doi.org/10.31035/cg2022080. 

Mahmoodi, N., Osati, K., Salajegheh, A. & Saravi, M.M., 2021. Trend in river water quality: 

Tracking the overall impacts of climate change and human activities on water quality in the 

Dez River Basin. Journal of Water and Health, 19(1), pp.159ï173. 

https://doi.org/10.2166/WH.2020.123. 

Maltby, E., ed., 1994. An Environmental and Ecological Study of the Marshlands of 

Mesopotamia: Draft Consultative Bulletin. London: AMAR Appeal Trust. 

Marondedze, A.K. & Schütt, B., 2021. Potential soil erosion risk in an urban district of the 

Harare Metropolitan Province, Zimbabwe. Remote Sensing, 13(21), p.4360. 

https://doi.org/10.3390/rs13214360. 

Masroor, Md., Sajjad, H., Rehman, S., Singh, R., Rahaman, M., Sahana, M., Ahmed, R. & 

Avtar, R., 2022. Analysing the relationship between drought and soil erosion using vegetation 

health index and RUSLE models in Godavari middle sub-basin, India. Geoscience Frontiers, 

13(2), p.101312. https://doi.org/10.1016/j.gsf.2021.101312. 

McCready, S., Birch, G. & Long, E., 2006. Metallic and organic contaminants in sediments 

of Sydney Harbour, Australia and vicinityða chemical dataset for evaluating sediment 

quality guidelines. Environment International, 32, pp.455ï465. 

https://doi.org/10.1016/j.envint.2005.10.006. 

McGann, M., 2009. Review of impacts of contaminated sediment on microfaunal 

communities in the Southern California bight. In: H. Lee & W.R. Normark, eds. Earth 

Science in the Urban OceanðThe Southern California Continental Borderland. Geological 

Society of America Special Paper, pp.413ï455. 

Ministry of Municipalities and Public Works, Iraq, 2015. Report on Data Collection Survey 

on Water Sector in Southern Iraq. Available at: 

https://openjicareport.jica.go.jp/pdf/1000020477.pdf [Accessed 10 July 2024]. 

https://doi.org/10.22059/ijswr.2021.316642.668864
https://krakensense.com/blog/water-pollution-aquatic-biodiversity
https://doi.org/10.1016/j.earscirev.2016.10.004
https://doi.org/10.31035/cg2022080
https://doi.org/10.2166/WH.2020.123
https://doi.org/10.3390/rs13214360
https://doi.org/10.1016/j.gsf.2021.101312
https://openjicareport.jica.go.jp/pdf/1000020477.pdf


 

30 

 

Mishra, S.K., Chaudhary, A., Shrestha, R.K., Pandey, A. & Lal, M., 2014. Experimental 

verification of the effect of slope and land use on SCS runoff curve number. Water Resources 

Management, 28, pp.3407ï3416. 

Mohamed, A. & Abood, A., 2017. Ecological health assessment of the Shatt Al-Arab River, 

Iraq. IOSR Journal of Agriculture and Veterinary Science, 10(10), pp.01ï08. Available at: 

www.iosrjournals.org. 

Montazeri, A., Mazaheri, M., Morid, S. & Mosaddeghi, M.R., 2023. Effects of upstream 

activities of Tigris-Euphrates River Basin on water and soil resources of Shatt al-Arab Border 

River. Science of The Total Environment, 858, Part 1, p.159751. 

https://doi.org/10.1016/j.scitotenv.2022.159751. 

Montgomery, D.R., 2007. Dirt: The Erosion of Civilizations. University of California Press. 

Moyel, M. & Hussain, N., 2015. Water quality assessment of the Shatt al-Arab River, 

Southern Iraq. Journal of Coastal Life Medicine, 3(6), pp.459ï465. 

Moyel, M., 2014. Assessment of water quality of the Shatt al-Arab River, using multivariate 

statistical technique. Mesopotamia Environment Journal, 1, pp.39ï46. 

Mustafa, G., Akhtar, M.S. & Abdullah, R., 2019. Global concern for salinity on various agro-

ecosystems. In: Salt Stress, Microbes, and Plant Interactions: Causes and Solution. Springer, 

pp.1ï19. 

National Geographic Society, 2023. Persian Empire. National Geographic. Available at: 

https://education.nationalgeographic.org/resource/persian-empire/ [Accessed 6 Sept. 2024]. 

National Geographic, 2024. Key components of civilization. National Geographic. Available 

at: https://education.nationalgeographic.org/resource/key-components-civilization/ [Accessed 

5 Sept. 2024]. 

National Research Council (NRC), 1989. Contaminated Marine Sediments: Assessment and 

Remediation. Washington, DC: The National Academies Press. 

https://doi.org/10.17226/1412. 

News and Events, 2019. The effects of climate change on water shortages. Sustainability at 

Stanford. Available at: https://sustainability.stanford.edu/news/effects-climate-change-water-

shortages [Accessed 4 Sept. 2024]. 

Nielsen, D.L., Brock, M.A., Rees, G.N. & Baldwin, D.S., 2003. Effects of increasing salinity 

on freshwater ecosystems in Australia. Australian Journal of Botany, 51, pp.655ï665. 

https://doi.org/10.1071/bt02115. 

Okuku, E.O. & Peter, H.K., 2012. Choice of heavy metals pollution biomonitors: A critique 

of the method that uses sediments total metals concentration as the benchmark. International 

Journal of Environmental Research, 6, pp.313ï322. 

Ouyang, Y., Nkedi-Kizza, P., Wu, Q.T., Shinde, D. & Huang, C.H., 2006. Assessment of 

seasonal variations in surface water quality. Water Research, 40(20), pp.3800ï3810. 

https://doi.org/10.1016/j.watres.2006.08.030. 

http://www.iosrjournals.org/
https://doi.org/10.1016/j.scitotenv.2022.159751
https://education.nationalgeographic.org/resource/persian-empire/
https://education.nationalgeographic.org/resource/key-components-civilization/
https://doi.org/10.17226/1412
https://sustainability.stanford.edu/news/effects-climate-change-water-shortages
https://sustainability.stanford.edu/news/effects-climate-change-water-shortages
https://doi.org/10.1016/j.watres.2006.08.030


 

31 

 

Ozdemir, A., 2011. Using a binary logistic regression method and GIS for evaluating and 

mapping the groundwater spring potential in the Sultan Mountains (Aksehir, Turkey). 

Journal of Hydrology, 405, pp.123ï136. 

Pandey, J., Singh, A.V., Singh, A. & Singh, R., 2013. Impact of changing atmospheric 

deposition chemistry on nitrogen and phosphorus loading to Ganga River. Bulletin of 

Environmental Contamination and Toxicology, 91, pp.184ï190. 

PapersOwl, 2022. Fall of ancient civilizations due to agriculture. PapersOwl. Available at: 

https://papersowl.com/examples/fall-of-ancient-civilizations-due-to-agriculture/ [Accessed 5 

Sept. 2024]. 

Penn Museum, 2023. A new story of Sumerôs first cities. Expedition Magazine. Available at: 

https://www.penn.museum/sites/expedition/a-new-story-of-sumers-first-cities/ [Accessed 6 

Sept. 2024]. 

Rahman, M., Saha, N., Molla, A. & Al-Reza, S., 2014. Assessment of anthropogenic 

influence on heavy metals contamination in the aquatic ecosystem components. Soil and 

Sediment Contamination, 23, pp.353ï373. 

Reliefweb, 2019. Iran: Floods - Mar 2019. Reliefweb. Available at: 

https://reliefweb.int/disaster/fl-2019-000022-irn [Accessed 4 Sept. 2024]. 

Reliefweb, 2019. Iraq: Flood-affected areas in Missan and Basra governorates as of 18 April 

2019. Reliefweb. Available at: https://reliefweb.int/map/iraq/iraq-flood-affected-areas-

missan-and-basra-governorates-18-april -2019 [Accessed 19 May 2024]. 

Rocha, M., Krapp, M., Guetschow, J., Jeffery, L., Hare, B. & Schaeffer, M., 2015. Historical 

Responsibility for Climate ChangeðFrom Countries Emissions to Contribution to 

Temperature Increase. Climate Analytics/Potsdam Institute for Climate Impact Research. 

Available at: https://climateanalytics.org/publications/2015/historical-responsibility-for-

climate-change-from-countries-emissions-to-contribution-to-temperature-increase [Accessed 

12 February 2024]. 

Rodríguez Martín, J.A., De Arana, C., Ramos-Miras, J.J., Gil, C. & Boluda, R., 2015. Impact 

of 70 years of urban growth associated with heavy metal pollution. Environmental Pollution, 

196, pp.156ï163. 

Romano-Armada, N., Yañez-Yazlle, M.F., Irazusta, V.P., Rajal, V.B. & Moraga, N.B., 2020. 

Potential of bioremediation and PGP traits in Streptomyces as strategies for bio-reclamation 

of salt-affected soils for agriculture. Pathogens, 9, p.117. 

Rostami, S., He, J. & Hassan, Q., 2018. Riverine water quality response to precipitation and 

its change. Environments, 5(1), p.8. https://doi.org/10.3390/environments5010008. 

Roy, D., et al., 2018. Spatio-temporal variability and source identification for metal 

contamination in the river sediment of Indian Sundarbans, a world heritage site. 

Environmental Science and Pollution Research. https://doi.org/10.1007/s11356-018-3092-x. 

Saad, S.A.H., 1980. Notes on problems of water pollution in the Shatt al-Arab. Arabic Gulf 

Magazine, 12(2). 

https://papersowl.com/examples/fall-of-ancient-civilizations-due-to-agriculture/
https://www.penn.museum/sites/expedition/a-new-story-of-sumers-first-cities/
https://reliefweb.int/disaster/fl-2019-000022-irn
https://reliefweb.int/map/iraq/iraq-flood-affected-areas-missan-and-basra-governorates-18-april-2019
https://reliefweb.int/map/iraq/iraq-flood-affected-areas-missan-and-basra-governorates-18-april-2019
https://climateanalytics.org/publications/2015/historical-responsibility-for-climate-change-from-countries-emissions-to-contribution-to-temperature-increase
https://climateanalytics.org/publications/2015/historical-responsibility-for-climate-change-from-countries-emissions-to-contribution-to-temperature-increase
https://doi.org/10.3390/environments5010008
https://doi.org/10.1007/s11356-018-3092-x


 

32 

 

Sader, W., 2023. Transforming Pollution Monitoring in Rivers and Lakes with Real-Time 

Sensor Solutions and Streamr.Network. Available at: 

https://www.linkedin.com/pulse/transforming-pollution-monitoring-rivers-lakes-real-time-

walid-sader [Accessed 19 May 2024]. 

Saggs, H.W.F., 1995. The Might That Was Assyria. London: Sidgwick & Jackson. 

Salem, H.M., Eweida, E.A. & Farag, A., 2000. Heavy Metals in Drinking Water and Their 

Environmental Impact on Human Health. Proceedings of the International Conference for 

Environmental Hazards Mitigation, Giza, 9-12 September 2000, pp.542-556. 

Samuels, P., Klijn, F., Kortenhaus, A. & Sayers, P., 2009. FLOODsite final report ï volume 

1: advancement in knowledge and understanding. HR Wallingford, UK. Available at: 

https://www.researchgate.net/publication/272827005_Integrated_Flood_Risk_Analysis_and_

Management_Methodologies_FLOODsite_Final_Report_VOLUME_1_ADVANCEMENT_I

N_KNOWLEDGE_AND_UNDERSTANDING [Accessed 19 May 2024]. 

Sardans, J. & Peñuelas, J., 2013. Plant-soil interactions in Mediterranean forest and 

shrublands: impacts of climatic change. Plant Soil, 365, pp.1ï33. Available at: 

https://doi.org/10.1007/s11104-013-1591-6. 

Sartori, M., Philippidis, G., Ferrari, E., Borrelli, P., Lugato, E., Montanarella, L. & Panagos, 

P., 2019. A linkage between the biophysical and the economic: Assessing the global market 

impacts of soil erosion. Land Use Policy, 86, pp.299ï312. Available at: 

https://doi.org/10.1016/j.landusepol.2019.05.014. 

Savari, M. & Gharechaee, H., 2020. Application of the extended theory of planned behavior 

to predict Iranian farmersô intention for safe use of chemical fertilizers. Journal of Cleaner 

Production, 263, p.1. 

Savari, M., Yazdanpanah, M. & Rouzaneh, D., 2022. Factors affecting the implementation of 

soil conservation practices among Iranian farmers. Scientific Reports, 12, 8396. Available at: 

https://doi.org/10.1038/s41598 022 12541 6. 

Sheppard, C., Al-Husiani, M., Al-Jamali, F., Al-Yamani, F., Baldwin, R., Bishop, J., et al., 

2010. The Gulf: a young sea in decline. Marine Pollution Bulletin, 60, pp.13ï38. 

Sheppard, C., Price, A. & Roberts, C., 1992. Marine ecology of the Arabian region: Patterns 

and processes in extreme tropical environments. Toronto: Academic Press. 

Shi, G., et al., 2008. Potentially toxic metal contamination of urban soils and roadside dust in 

Shanghai, China. Environmental Pollution, 156, pp.251ï260. 

Shukla, P., 1999. Justice, Equity and Efficiency in Climate Change: A Developing Country 

Perspective. In: F.L. Tóth, ed. Fair Weather: Equity Concerns in Climate Change. London: 

Earthscan Publications. 

Singh, K., Malik, A., Mohan, D. & Sinha, S., 2004. Multivariate statistical techniques for the 

evaluation of spatial and temporal variations in water quality of Gomti River (India): a case 

study. Water Research, 38, pp.3980ï3992. 

https://www.linkedin.com/pulse/transforming-pollution-monitoring-rivers-lakes-real-time-walid-sader
https://www.linkedin.com/pulse/transforming-pollution-monitoring-rivers-lakes-real-time-walid-sader
https://www.researchgate.net/publication/272827005_Integrated_Flood_Risk_Analysis_and_Management_Methodologies_FLOODsite_Final_Report_VOLUME_1_ADVANCEMENT_IN_KNOWLEDGE_AND_UNDERSTANDING
https://www.researchgate.net/publication/272827005_Integrated_Flood_Risk_Analysis_and_Management_Methodologies_FLOODsite_Final_Report_VOLUME_1_ADVANCEMENT_IN_KNOWLEDGE_AND_UNDERSTANDING
https://www.researchgate.net/publication/272827005_Integrated_Flood_Risk_Analysis_and_Management_Methodologies_FLOODsite_Final_Report_VOLUME_1_ADVANCEMENT_IN_KNOWLEDGE_AND_UNDERSTANDING
https://doi.org/10.1007/s11104-013-1591-6
https://doi.org/10.1016/j.landusepol.2019.05.014


 

33 

 

Souli, K.X., 2021. Soil Conservation Service Curve Number (SCS-CN) Method: Current 

Applications, Remaining Challenges, and Future Perspectives. Water, 13, 192. Available at: 

https://doi.org/10.3390/w13020192. 

The New York Times, 2003. Salt of the Earth. Available at: 

https://www.nytimes.com/2003/08/08/opinion/salt-of-the-earth.html [Accessed 19 May 

2024]. 

United Nations New York, 2013. Shatt Al Arab, Karkheh and Karun Rivers. Inventory of 

shared water resources in western Asia. Available at: 

https://waterinventory.org/surface_water/shatt-al-arab-karkheh-and-karun-rivers [Accessed 

19 May 2024]. 

United Nations, 2022. Conflict and Climate. Available at: https://unfccc.int/news/conflict-

and-climate [Accessed 15 January 2022]. 

USGS, 2019. Evaluating the potential benefits of permeable pavement on the quantity and 

quality of stormwater runoff. Available at: https://www.usgs.gov/centers/upper-midwest-

water-science-center/science/evaluating-potential-benefits-permeable-pavement [Accessed 19 

May 2024]. 

Wan, W., Han, Y., Wu, H., Liu, F. & Liu, Z., 2021. Application of the sourceïsink landscape 

method in the evaluation of agricultural non-point source pollution: First estimation of an 

orchard-dominated area in China. Agricultural Water Management, 252, 106910. Available 

at: https://doi.org/10.1016/j.agwat.2021.106910. 

Wang, L., Han, X., Zhang, Y., Zhang, Q., Wan, X., Liang, T., Song, H., Bolan, N., Shaheen, 

S.M., White, J.R., & Rinklebe, J., 2023. Impacts of land uses on spatio-temporal variations of 

seasonal water quality in a regulated river basin, Huai River, China. Science of The Total 

Environment, 857, 159584. Available at: https://doi.org/10.1016/j.scitotenv.2022.159584. 

Wang, X., Zhao, X., Zhang, Z., Yi, L., Zuo, L., Wen, Q., Liu, F., Xu, J., Hu, S. & Liu, B., 

2016. Assessment of soil erosion change and its relationships with land use/cover change in 

China from the end of the 1980s to 2010. Catena, 137, pp.256ï268. Available at: 

https://doi.org/10.1016/j.catena.2015.10.004. 

Wassie, S.B., 2020. Natural resource degradation tendencies in Ethiopia: a review. 

Environmental Systems Research, 9(33). https://doi.org/10.1186/s40068-020-00194-1. 

Wei, T., Yang, S., Moore, J.C., Shi, P., Cui, X., Duan, Q., Xu, B., Dai, Y., Yuan, W., Wei, 

X., et al., 2012. Developed and developing world responsibilities for historical climate 

change and CO2 mitigation. Proceedings of the National Academy of Sciences of the United 

States of America, 109, pp.12911ï12915. 

Whitehead, P.G., Wilby, R.L., Battarbee, R.W., Kernan, M. & Wade, A.J., 2009. A review of 

the potential impacts of climate change on surface water quality. Hydrological Sciences 

Journal, 54(1), pp.101ï123. Available at: https://doi.org/10.1623/hysj.54.1.101. 

Wijaya, A.S., 2014. Climate Change, Global Warming and Global Inequity in Developed and 

Developing Countries (Analytical Perspective, Issue, Problem and Solution). IOP Conference 

Series: Earth and Environmental Science, 19, 012008. 

https://doi.org/10.3390/w13020192
https://www.nytimes.com/2003/08/08/opinion/salt-of-the-earth.html
https://waterinventory.org/surface_water/shatt-al-arab-karkheh-and-karun-rivers
https://unfccc.int/news/conflict-and-climate
https://unfccc.int/news/conflict-and-climate
https://www.usgs.gov/centers/upper-midwest-water-science-center/science/evaluating-potential-benefits-permeable-pavement
https://www.usgs.gov/centers/upper-midwest-water-science-center/science/evaluating-potential-benefits-permeable-pavement
https://doi.org/10.1016/j.agwat.2021.106910
https://doi.org/10.1016/j.scitotenv.2022.159584
https://doi.org/10.1016/j.catena.2015.10.004
https://doi.org/10.1186/s40068-020-00194-1
https://doi.org/10.1623/hysj.54.1.101


 

34 

 

World Bank Group, 2018. Climate Change Could Force over 140 million to Migrate within 

Countries by 2050: World Bank Report. World Bank. Available at: 

https://www.worldbank.org/en/news/press-release/2018/03/19/climate-change-could-force-

over-140-million-to-migrate-within-countries-by-2050-world-bank-report [Accessed 10 Feb. 

2024]. 

World History Encyclopedia, 2011. Akkad and the Akkadian Empire. Available at: 

https://www.worldhistory.org/akkad/#:~:text=Akkad%20was%20the%20seat%20of,follow%

20or%20attempt%20to%20surpass [Accessed 19 May 2024]. 

Xu, Z., Zhang, X., Xie, J., Yuan, G., Tang, X., Sun, X. & Yu, G., 2014. Total Nitrogen 

Concentrations in Surface Water of Typical Agro- and Forest Ecosystems in China, 2004ï

2009. PLoS ONE, 9, e92850. 

Yates, K.K., Greening, H. & Morrison, G., eds., 2011. Integrating Science and Resource 

Management in Tampa Bay, Florida. U.S. Geological Survey Circular 1348, 280 p. Available 

at: https://pubs.usgs.gov/circ/1348/ [Accessed 19 May 2024]. 

Yunus, A.J.M. & Nakagoshi, N., 2004. Effects of seasonality on streamflow and water 

quality of the Pinang River in Penang Island, Malaysia. Chinese Geographical Science, 14, 

pp.153ï161. Available at: https://doi.org/10.1007/s11769-004-0025-z. 

Zade, M., Ray, S.S., Dutta, S. & Panigrahy, S., 2005. Analysis of runoff pattern for all major 

basins of India derived using remote sensing data. Current Science, 88, pp.1301ï1305. 

Zhang, Z., Chen, Z., Zhang, J., Liu, Y., Chen, L., et al., 2024. Municipal solid waste 

management challenges in developing regions: A comprehensive review and future 

perspectives for Asia and Africa. Science of The Total Environment, 930, 172794. 

https://doi.org/10.1016/j.scitotenv.2024.172794. 

Zwolsman, J.J. & van Bokhoven, A.J., 2007. Impact of summer droughts on water quality of 

the Rhine River - a preview of climate change? Water Science and Technology, 56(4), pp.45-

55. Available at: https://doi.org/10.2166/wst.2007.535  

 

 

 

 

 

 

  

https://www.worldbank.org/en/news/press-release/2018/03/19/climate-change-could-force-over-140-million-to-migrate-within-countries-by-2050-world-bank-report
https://www.worldbank.org/en/news/press-release/2018/03/19/climate-change-could-force-over-140-million-to-migrate-within-countries-by-2050-world-bank-report
https://www.worldhistory.org/akkad/#:~:text=Akkad%20was%20the%20seat%20of,follow%20or%20attempt%20to%20surpass
https://www.worldhistory.org/akkad/#:~:text=Akkad%20was%20the%20seat%20of,follow%20or%20attempt%20to%20surpass
https://pubs.usgs.gov/circ/1348/
https://doi.org/10.1007/s11769-004-0025-z
https://doi.org/10.1016/j.scitotenv.2024.172794
https://doi.org/10.2166/wst.2007.535


 

35 

 

 

 

 

 

 

Chapter 2 

 

Study Area 

 

 



 

36 

 

1. Study area 

The region that drains into the Shatt Al-Arab River includes the Tigris and Euphrates basins, 

as well as the Karkheh and Karun sub-basins (Figure 1). The Shatt Al-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 Iraq for the last 92 km of its 

course, eventually emptying into the Gulf. The total drainage area of the Shatt Al-Arab is 

approximately 144,000 km², excluding the upper Tigris and Euphrates basins (above Qurna), 

but including the Karun and Karkheh sub-basins (Allafta et al., 2021). Historically, the 

Karkheh River, which stems from Iran, flowed into the Karun, but after 710ï640 AD, it 

changed course to the west until emptying into the Hawiza Marsh near the Iraq-Iran border. 

This shift was likely caused by human factors like weakened river levees, high sedimentation, 

and unfavorable channel gradients, which made the river prone to avulsion (Heyvaert et al., 

2011). The waters of the Hawiza Marsh flow into the Shatt Al-Arab via the Swaib River, 

which joins the Shatt Al-Arab at 6 km from the latterôs origin (UNEP, 2006). At 106 km from 

the source of the Shatt Al-Arab, the Karun River, also stems from Iran, empties into the Shatt 

Al -Arab. The river then continues southeast for a total length of 192 km before 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 the Gulf, but in 1765, the artificial HaffǕr channel 

redirected its course to join the Shatt Al-Arab. According to geographer Al-Maqdisǭ, this 

channel was constructed in 986 AD to improve water communication between AhvǕz and 

Basra, leading to boundary disputes between the Ottoman Empire and Iran. These disputes 

were resolved with the Treaty of Erzurum in 1847, granting Iran access to the eastern bank of 

the Shatt Al-Arab 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 Shatt Al-Arab 

(Al -Mahmood, 2015; Al-Mahmood and Mahmood, 2019). Due to water scarcity, the 

Euphrates River was diverted from feeding the Shatt Al-Arab and used instead for the Al-

Hammar marshes, leaving the Shatt Al-Arab primarily dependent on freshwater from the 

Tigris River since 2010 (Al-Asadi and Alhello, 2019). The Shatt Al-Arab 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 Arabian Sea 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 Shatt Al-Arab delta advanced southward to its 

current location (Cooke 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 

(Sissakian 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 separately into the Gulf, since around 2000 BP they have flowed together, 

with the Shatt Al-Arab forming as a distinct river by 1500 BP (Al-Hamad et al. 2017). 

2. Geological, hydrological, and climatic setting 

The Shatt Al-Arab basin consists of the Karkheh and Karun basins as well as Iraqi territories. 

The Karkheh is the third-largest river in Iran after the Karun and the Dez with a basin area of 
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approximately 51,000 km2 (Marjanizadeh et al. 2010). The Zagros Mountain range is the 

source of the Karkheh River, which flows to the Hawiza Marsh on the Iranian-Iraqi border 

(Alizadeh and Arian, 2015). Thick sedimentary strata from the Cambrian to recent ages are 

what define the Zagros structural zone. According to geological studies, the region 

experienced collisions in the Tertiary and rifting processes in the Permian-Triassic (Berberian 

and King, 1981). The Zagros Mountains are made up structurally of hundreds of anticlines 

and synclines organized "en-echelon" 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. Many of the 

anticlines on the western margins reveal the Oligo-Miocene limestone and the Miocene 

gypsiferous marl (Issar, 1969). NW-SE dominant striking is present on the basin's anticlines 

and synclines. In the southwest direction, the folding intensity diminishes (Rahimi et al., 

2017). This basin has variations in altitude, ranging from 3500 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 semi-arid in the upper section and arid in the 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 winter (December to March). In the mountainous areas 

during winter months, because the temperatures frequently drop below zero degree Celsius, 

the winter precipitation falls both as snow and as rain. From the northern to southern parts of 

the basin, there is an increase in temperature and potential evaporation. There is significant 

variation in the temperature throughout a year, with January being the coldest month 

(2ī12°C) and July being the warmest (27ī37°C). According to Masih et al. (2011), the annual 

evaporation demand is highest in the southern dry plains (1930 mm in Ahwaz) and lowest in 

the mountainous semi-arid zone (15,515 mm at Kernmanshah). 

With a length of 950 km and a basin area of approximately 67,500 km2, the Karun 

River is the longest river in Iran (IWPCO, 2009). It originates in the Zagros Mountains and 

empties into the Mesopotamian-Persian Gulf Foreland basin after passing through the Upper 

and Lower Khuzestan Plains. The principal geological features in the Zagros area are folds 

and thrust faults extending in NW-SE direction, which are the result of the Arabian Plate's 

continued convergence with the Eurasian Plate at a rate of around 16ï22 mm yrī1 (Sella et 

al., 2002). According to Hatzfeld et al. (2010), aseismic folding, faulting, and stable creep 

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 0 to 4409 meter above sea level. As a result, it passes 

across a range of meso-habitats 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. In the high mountains, 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 is less in the summer, longer stretches 

of the Karun are perennial. The Karun is vital to the area because it provides freshwater for 

multiple purposes such as drinking, irrigation, hydropower, and industrial uses (IWPCO, 

2009). 
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The Iraqi part of the Shatt Al -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 Zubair subzone is situated inside the Shatt Al-Arab basin, the Tigris and 

Euphrates subzones are extended outside of it. Clastic lithology dominates the Zubair 

subzone, with limestone limited to its higher regions (Aqrawi et al., 2010). The Zubair 

subzone is characterized by numerous elongated folds that take N-S to NW-SE directions 

outlining the main oil fields in the Basra Governorate (Al-Musawi et al., 2019). These Late 

Cretaceous folds resemble basement rocks and are classified as anticline folds are affected by 

faulting (Idan et al., 2019). The quaternary sediments consist of Holocene and Pleistocene 

sediments over 100 m thick, whereas fine sand, clay, and silt predominate in the Pleistocene 

river sediments (Hussain et al., 1990). Such river sediments frequently exhibit both vertical 

and facial li thological variations. The flood plain system of the Tigris and Euphrates is where 

these fluvial sediments have been deposited. The top of a bed of silty or yellowish-brown 

clay was where the upper contact with the Holocene deposits occurred. There are enormous 

gypsum crystals in this clay bed. It frequently makes sharp contact with the deposits above. 

Fluviatile, lacustrine, Sabkha, and marine habitats compose the majority of the Holocene 

deposits (Yaacoub, 1986). The river's depth varies depending on the tide from 8 to 15 meters 

(Moyel 2014). According to Al-Kubaisi 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, 

respectively. 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 a number of 

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 the sea (Al -Mahmood 2009). 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 night respectively (Hussein et al., 1991). 

According to FAO (2003), the annual rainfall rates in the delta vary 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, spring tide 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 cycles and freshwater discharge. Salinity intrusion increases during spring tide, 

flood tide, and low discharge, and regresses during neap tide, 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 Al-Arab, southern Iraq. Extensive samplings were conducted at 25 sites along 

the entire river course during fall, winter, spring, and summer. The Soil Conservation Service 

(SCS) Curve Number (CN) model was used to calculate runoff in the Shatt Al-Arab basin. 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 100 km upstream 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 indicated that runoff, and consequently discharge, 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 seasons due to higher runoff that has a diluting effect. The 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 and runoff data. The study found that the wet seasons experience more WQI 

consistency, and thus require less monitoring stations and consequently less financial costs. 

Statistical analysis such as Principal Component Analysis (PCA) and Factor analysis (FA) 

indicated that while some investigated elements were of anthropogenic origins, others were 

of natural sourcing. Finally, it was found that the weather parameters and human activities in 

the watersheds of the rivers that feed the Shatt Al-Arab River manipulated the sourcing and 

transportation of elements. 

Keywords Salt wedge · Water quality · SCS-CN model · Seasonal variations · Shatt Al-Arab 

River 

1. INTRODUCTION  

The Shatt Al-Arab River, southern Iraq, is the main fresh water body in a rather arid area 

surrounding Basra (Saad 1980). The main water inputs enter the Shatt Al-Arab water course 

through the 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). The Shatt Al-Arab 

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

an important role for marine habitats in the gulfôs northern coastal areas (United Nations New 

York 2013). The quality of river water, however, has significantly declined in the last 30 

years due to various reasons. First, the increasing amounts of wastewater and runoff that the 
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river receives from the surrounding oil production fields (Al-Saad and Salman 2012), 

agricultural lands (Moyel and Hussain 2015), and urbanized areas (Al-Tawash et al. 2013) 

have negatively influenced the riverôs water quality (Mahdi 2015; Al-Aboodi et al. 2018; Al-

Saedi et al. 2018). Second, growing damming projects and diversion of the riverôs tributaries 

by upstream countries have led to substantial reductions in the riverôs discharge (Sheppard et 

al. 2010, Al -Asadi 2017). Third, the Mesopotamian marshes that flow into the Shatt al-Arab, 

which were previously powerful filters for pollutants (Maltby 1994) have never recovered 

from the deliberate draining in the 1990s (Richardson et al. 2005; Richardson and Hussain 

2006; Al-Gburi 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 have a strong effect on rivers discharge and, 

subsequently, on the concentration of pollutants in its water (Vega et al. 1998; Janabi 2013; 

Moyel and Hussain 2015). It has been documented that the declining river discharge has led 

to seawater intrusion towards the upstream reaches of the river due to the dominance of 

seawaters over the river flow (Al-Asadi et al. 2022).    

In recent years, concerns have arisen over increasing salinity and heavy metals in the 

river (Rahi 2018; Al -Darraji et al. 2023). High salinity can 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 harmful algal blooms (Hart et al. 1991; 

Nielsen et al. 2003; Cañedo-Argüelles 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; Romano-Armada et al. 2020) imposing 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 protein sites in 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 dysfunction (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 Shatt al-Arab leads to reducing the quantities of fish 

caught. Hence, the Shatt Al-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 purposes (e.g., Al-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 new tools are still required to identify pollution and salinity 

sources and distribution in the Shatt Al-Arab. Moreover, pattern changes in weather 

parameters such as precipitation, temperature, and evaporation can impact the sourcing and 

transportation of contaminants 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 

Nakaguchi 2004). 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, non-point 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 contaminants in the riverôs water. In other words, while the total 

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, anthropogenic activities that 

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; Sharpley and Smith 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 effluents are constant pollution sources (Singh et al. 2004). 

Investigating seasonal variations in salinity and pollution can unfold the interactions between 

environmental factors and pollutant transport mechanisms (Phlips et al. 2012). Understanding 

these interactions helps 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 pollution (Ouyang et al. 2006). 

Monitoring these seasonal variations also reveals the impact of land use practices on the 

quantity and quality of water flowing into the river (Wang et al. 2023). Finally, this 

monitoring helps respond to climate change by understanding how shifts in precipitation 

patterns, temperatures, evaporation, and hydrological cycles impact the quantity and quality 

of water reaching the river (Mahmoodi et al. 2021). Therefore, it is crucial to study the 

impact of seasonal changes on water quality. However, seasonality's role in controlling 

salinity and pollution in the Shatt Al-Arab 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 water-quality data sets 

(Helena et al. 2000; Singh et al. 2004; Singh et al. 2005). Such statistical techniques assist 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 quality variations 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 river (Shiferaw 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 life (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 work is (i) to 

envisage the spatial distribution of salinity and heavy metals in the Shatt Al-Arab River, (ii) 

to calculate surface runoff and examine how it controls the salinity and heavy metals levels, 

(iii) to investigate the influence of seasonality on salinity and on the 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 Iraqi lands have been divided into four primary tectonic zones depending on the rock 

type, age, and structural development. These four areas are: Inner Platform, Outer Platform, 

Shalair Zone, and Zagros Suture Zone (Fouad 2015). The study area is situated within the 

southeastern parts of the Outer Platform (Fouad and Sissakian 2011), which is covered by 

Holocene alluvial deposits with marine influence in the southernmost marginal part (Yacoub 

2011; Sissakian et al. 2017). The Shatt al-Arab River extends in southern Iraq within Basra 

Governorate. The river consists of the confluence of the 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 Iraqi-Iranian border. The Hawiza 

Marsh waters flow into the Swaib River which joins the Shatt Al-Arab at 6 km from the 

latterôs origin. At a distance of 106 km from the Shatt Al-Arab origin, the Karun River, which 

also originates from Iranian territories, flows into it. The river continues to flow southeast 

with a total length of 192 km until it empties into the Arabian Gulf (Al -Asadi et al. 2020). 

The Shatt Al-Arab River is one of the modern geological features in the Middle East, which 

arose because of the continuous retreat of coastline. At the beginning of the Holocene, about 

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 the present coastline. 

After 6,000 years ago, the Shatt Al-Arab 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 location, although 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 Shatt Al-Arab River 

actually existed (Al -Hamad et al. 2017). Thus, Shatt Al-Arab tributaries are Tigris, 

Euphrates, Karun, and Karkheh rivers (Al-Asadi 2017). Such tributaries were historically 

contributing to 35%, 24%, 33% and 8% respectively to the riverôs discharge (UN-ESCWA 

and BGR 2013). Nonetheless, the Euphrates supplies to the Shatt Al-Arab 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 directly into the gulf through a channel parallel to the Shatt Al-Arab from the east. 

Thus, the Karun is no longer of significant supply to the Shatt Al-Arab. Likewise, the Suwaib 

supply has also decreased (Hassan 2018). Thus, Shatt Al-Arab discharge has enormously 

declined. Currently, the river depends mainly on the freshwater flow from the Tigris River 

(Al -Tememi et al. 2015; Al-Asadi 2017). The discharge at the Maqal city, northern Basra 

city, reached 919, 758, 334, 682, 724, 626, 151, 300, 312, 246, 60, and 55 m3 s-1 for the years 

1978, 1987, 1990, 1994, 1995, 1998, 2001, 2006, 2007, 2008, 2014, and 2017, respectively 

(Al -Mahmood 2020). 

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 southeast to its current position 

(De Morgan 1900). The riverôs depth ranges between 8 and 15 meters taking the tide into 

consideration (Moyle 2014). The river's floodplain is characterized by its flat nature, with an 

elevation of three meters and zero meter above sea level at the river's source and mouth, 
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respectively (Al-Kubaisi 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 meters at its mouth. Several factors control the hydrological 

conditions of the riverôs basin, such as the upper reaches of the Tigris, Euphrates, Karun, and 

Karkhah rivers conditions, the seepage of groundwater into the river, the influence of the 

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

gulf (Al-Mahmood 2009). The climate of the Shatt al-Arab region is hot and dry. Summer is 

remarkably hot, with temperatures in the shade reaching around 43°C, falling to around 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 mm in the west (FAO 2003). The riverôs 

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 levels fluctuate depending on the tide cycles and freshwater 

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

and ebb tide (Abdullah et al. 2016; Zachopoulos et al. 2020). 

3. METHODS 

3.1. Sampling 

Water samples were collected from 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 Shatt al-Arab River from its source to its mouth) (Figure 1). Sampling 

locations represent major land cover/land use changes in the riverôs floodplain. Therefore, 

these locations accurately represented the characteristics of the areas surrounding the river 

course. Samples were taken in four field expeditions: first; October 2018 (fall season), 

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 and chemical parameters and thus water quality are 

distinctly affected by tidal phenomena (Cereja et al. 2022; Revina et al. 2022). Therefore, to 

avoid the impact of monthly tide, that is spring and neap tides, samples were collected during 

the periods between: new moon and first quarter; 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 (Tide-Forecast.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 dissolved solids (TDS), and hydrogen ion concentration (pH) 

were measured using portable Hanna digital meters in situ at the time of sampling. Each 

sample was collected into 500 ml polyethylene bottles that were previously rinsed three times 

with the riverôs water to be collected. Samples were then filtered through a 0.45 Õm 

membrane filter (Millipore MF) and kept in 50 ml HDPE containers that were previously 

rinsed and leached with ultrapure water and stored at ī18 ºC. Analyses were performed in an 

ion chromatograph-mass spectrometer (ICP-MS) at the College of Pharmacy at Philipps-

Universität Marburg in Germany. 
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Figure. 1 Study site. 

3.2. Water Quality Index  (WQI)  

We used óweighted arithmetic index methodô (Brown et al. 1970) to calculate WQI using the 

following equations: 

71)
В

В
                                                                   (1) 

Where Qn is calculated using the equation: 

1Î ρππ                                                               (2) 

Where Vn is the actual value of the parameter observed (Table S1). Vi represents the ideal 

value of that parameter. Vi is zero for all parameters except for pH (Vi = 7). Vs is the 

standard permissible value for the nth water 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 µg Lҍ1 World Health Organization (WHO) (2006) 
Ca 50 mg Lҍ1 (Dwivedi et al 2021) 
Cd 3 µg Lҍ1 World Health Organization (WHO) (2006) 
Co 70 µg Lҍ1 Environmental Working Group (2024) 
Cr 50 µg Lҍ1 World Health Organization (WHO) (2006) 
K 12 mg Lҍ1 Gazete (1997) 

Li 60 µg Lҍ1 
United States Environmental Protection Agency (US EPA) 
(2021) 

Mg 50 mg Lҍ1 Drinking Water Standard IQS:417 (2001) 
Na 200 mg Lҍ1 Drinking Water Standard IQS:417 (2001) 
Ni 20 µg Lҍ1 World Health Organization (WHO) (2006) 
pH 6.5 - 8.5 World Health Organization (WHO) (2006) 
Sr 7 mg Lҍ1 Health Canada (2018) 
TDS 500 mg Lҍ1 Environmental Protection Agency (EPA) (2018) 
V 21 µg Lҍ1 Environmental Working Group (2024) 

Wn is calculated using the equation:   

7Î                                                                       (3) 

Where k represents the proportionality constant, and it is computed using the equation: 

Ë
В

                                                                      (4) 

Water quality category is determined according to Table 2. 

Table 2 Water 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 SCS-CN model  

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

feed the Shatt Al-Arab River, i.e., Tigris, Euphrates, Karun, and Karkheh basins. The method 

calculations depend mainly on rainfall, soil, LULC, and slope of the basin. The required data 

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

MODIS Collection 6.1 MCD12Q2 Land Cover Dynamics 2024), and Digital Elevation 

Model (DEM) to calculate the basinôs slope (Farr et al. 2007). The method applied the 

following equations (USDA 1972): 

1
 ÉÆ 0 π

       π        ÉÆ 0 π
                                                              (5) 

where Q, P, and S are direct runoff, rainfall, and potential maximum retention, respectively. κ 

is initial abstraction coefficient that ranges between 0 and Ð. In general, κ of 0.2 is used 

(United States Department of AgricultureïNatural Resources Conservation Service, USDAï

NRCS 2004). κS 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 ςυτ                                                              (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 runoff). The map of the study area was then 

classified into distinct 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. ñAò soils have high rates of infiltration and low potentials of runoff. 

The infiltration rates and runoff potentials of Group ñBò soils are moderate. Group ñCò has 

low infiltration rates and a moderate to high potential of runoff. ñDò soils have very low 

infiltration rates and very high potentials of runoff (Tarun and Jhariya 2016). LULC, 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 Subramanya (2009). 

Next, each area was converted to its percentage of the basinôs total area. Each area percentage 

was multiplied by its corresponding CN to obtain a specific value. The sum of such specific 

values for all areas equals composite curve number (CNc). The CNc is calculated as follows 

(Hawkins et al. 1985): 

#. В                                                             (7) 

CNi, Ai, and A denote subïregional curve number, subïregional area, and total basinôs area 

respectively. CN obtained from equation 7 is considered CNII. Such CNII is converted to CNI 

and CNIII for dry (AMCI) and wet (AMCIII) conditions respectively.  

#.
Ȣ

Ȣ
                                                         (8) 

#.
Ȣ

                                                         (9) 

CNI, CNII, and CNIII 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 calculated for the last three months prior to 

the sampling time for 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 estimations). 

Table 3 AMC classes and their corresponding CN. 

AMC CN 
Five Days Antecedent Rainfall (mm) 

inactive Season Growing Season 

I CNI Less than 12.7 Less than 35.6 

II CNII 12.7 to 27.9 35.6 to 53.3 

III CNIII 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 

shows the correlation coefficients between variables (19 variables in the current study), is 

expected to produce a large matrix (19 × 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 efficiently reduce 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 set (Jolliffe 1986). The PCA was 

done for each season in order to obtain a detailed understanding of seasonal variations and 

specific parameters influencing the riverôs water quality in each season. To conduct a robust 

PCA, specific requirements such as Kaiser-Meyer-Olkin (KMO) test, Kolmogorov-Smirnov 

(K-S) test, and Bartlettôs test must be attained (Shrestha and Kazama 2007). The KMO test 

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 fitness (Hartas 2010; Field 2013; Cleff 2015). Then, 

we performed the K-S test to explore the data suitability to log-normal distribution 

(Chakravarti et al. 1967). For K-S test, we used the log-normal distribution because 

environmental data, such as water quality data, usually display a skewed distribution rather 

than a normal distribution. Bartlettôs test was conducted to investigate whether the correlation 

matrix is an identity matrix. While, the testôs null hypothesis indicates the equality of the 

correlation matrix and unit matrix, the alternative hypothesis represents the inequality of the 

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

The null hypothesis rejection indicates significant relationships among variables (Tabachnick 

and Fidell 2007). The PCA reduces the contribution of variables of minor importance. 

However, PCA, when 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 variables (Massart et al. 1988). FA is performed by rotating the axes generated by 

PCA according to well-established 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 principal components 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 increases from 

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 with low-TDS 

values along the river course till 183 km, followed by a slight TDS increase towards the gulf. 

Remarkably, at distance of 126 km, there are slight declines in TDS. Such declines were at 20 

km downstream of the confluence of the Karun River and the Shatt Al-Arab (Figure 1, Figure 

2). 
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WQI results showed that in the fall season, there is a sharp WQI increase at site 9. This 

increase continues to rise until the mouth of the river. The winter season exhibited the lowest 

WQI values that are nearly 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). WQI 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 (Figure 3, Table 2).    

 

Figure 2. Total dissolved solids (TDS) distribution along the Shatt Al-Arab River at 25 sites 

during four seasons.   

 
Figure 3. WQI distribution along the Shatt Al-Arab River at 25 sites during four seasons. 

4.2. Runoff 

SCS-CN model revealed that runoff starts to generate in the end of October and continues 

until the end of April with an average of 0.2 mm day-1 (Figure 4). Our results displayed that 
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runoff follows the same rainfall trend. The analysis indicated that rainfall and runoff 

displayed strong (r2 = 0.99) significant (p < 0.05) negative correlations with salt wedge 

extension (Figure 5). Moreover, rainfall and runoff also displayed strong (r2 = 0.86 and 0.90) 

significant (p < 0.05) negative correlations with WQI (Figure 6). Runoff coefficient displayed 

even a stronger (r2 = 0.93) significant (p < 0.05) negative correlations with WQI (Figure 7). 

Our analysis also revealed that the runoff coefficient for the four seasons from the lowest to 

the highest was for fall, summer, spring and winter respectively. There was a strong (r2 = 

0.87) significant (p < 0.05) negative correlation between the runoff coefficient and the 

standard deviation of WQI (Figure 8). Such a negative correlation indicates that seasons of 

higher runoff coefficients experience more WQI consistency. 

 
Figure 4. Rainfall and runoff of the watersheds of the rivers that feed Shatt Al-Arab.                                                                                                                                                                      

 
Figure 5. Cumulative rainfall (mm monthī1) for the last three months prior to the sampling 

time for four times (four seasons) versus salt wedge extension (km) upstream of the Shatt Al-

Arab. Cumulative runoff (mm monthī1) for the last three months prior to the sampling time 

for four times (four seasons) versus salt wedge extension (km) upstream of the Shatt Al-Arab.                                                                        
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Figure 6. Cumulative rainfall (mm monthī1) for the last three months prior to the sampling 

time for four times (four seasons) versus median WQI in the Shatt Al-Arab. Cumulative 

runoff (mm monthī1) for the last three months prior to the sampling time for four times (four 

seasons) versus median WQI in the Shatt Al-Arab.  

 
Figure 7. Average runoff coefficient for the last three months prior to the sampling time for 

four times (four seasons) versus median WQI in the Shatt Al-Arab.   

4.3.  Statistical Analysis 

The three tests (i.e., Kolmogorov-Smirnov, KMO, and Bartlett) criteria required to perform 

PCA were all met. First, the Kolmogorov-Smirnov test revealed that all the investigated 

variables had log-normal distribution with a confidence of 95% or higher indicating that the 

investigated data do not significantly deviate from the specified distribution (i.e., log-

normal). Second, the KMO test values were higher than 0.5. Third, Bartlettôs test revealed 

that the null hypothesis is rejected as the significance level in the current study was 0 (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 Shatt Al-Arab. 

Na, Sr, TDS, and B. VF2 explained 31% of the total variance and around 70% of the 

cumulative variance, and was dominated by Al, Co, Cr, Ni, V, Mn, and Fe. VF3 explained 

14% of the total variance and around 84% of the cumulative variance, and was dominated by 

Cd, Cu, Pb, and Zn. VF4 explained 8% of the total variance and around 92% of the 

cumulative variance, and 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 the total variance and was dominated by Ba, Co, Cr, K, Li, Mg, Na, Ni, and V. VF2 

explained 12% of the total variance and around 67% of the cumulative variance, and was 

dominated Ca, Sr, and a negative loading of Cd. VF3 explained 9% of the total variance and 

around 77% of the cumulative variance, and was dominated by Al and a negative loading of 

pH. VF4 explained 8% of the total variance and around 84% of the cumulative variance, and 

was dominated by TDS. For the spring season, PCA and FA have extracted five varifactors. 

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 variance and around 52% of the 

cumulative variance, and was dominated Cd, K, Mg, Na, and TDS. VF3 explained 9% of the 

total variance and around 61% of the cumulative variance, and was dominated by Al and Zn. 

VF4 explained 8% of the total variance and around 69% of the cumulative variance, and was 

dominated by Cr and Ni. VF5 explained 7.5% of the total variance and around 77% of the 

cumulative variance, and 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 negative loading of V. VF2 explained 25% of the 

total variance and around 54% of the cumulative variance, and was dominated Ca, Li, Sr, As, 

and B. VF3 explained 17% of the total variance and around 71% of the cumulative variance, 

and was dominated by K, Mg, Na, and Zn. VF4 explained 9% of the total variance and 

around 80% of the cumulative variance, and 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 samples of 

the Shatt Al-Arab River for four seasons. The cells shaded in gray represent elements 

included in the related varifactor column. 

Element 

Fall season Winter season Spring season Summer season 
Varifactor Varifactor Varifactor Varifactor 

VF1 VF2 VF3 VF4 VF1 VF2 VF3 VF4 VF1 VF2 VF3 VF4 VF5 VF1 VF2 VF3 VF4 

Al 0.11 0.97 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 -0.56 0.28 0.64 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 -0.01 0.03 0.20 0.61 0.65 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 -0.64 -0.24 -0.41 -0.35 0.60 0.18 0.25 0.40     

Co 0.02 0.99 0.04 -0.04 0.78 0.05 -0.07 0.30 0.64 -0.10 0.29 0.15 0.34 0.27 -0.01 -0.21 0.66 

Cr 0.03 0.97 0.02 -0.07 0.80 -0.13 0.48 0.21 -0.02 0.09 0.13 0.92 -0.04 0.92 0.06 0.02 0.34 

K 0.99 0.04 -0.02 0.02 0.92 0.21 -0.15 -0.11 0.20 0.85 0.13 0.01 -0.25 0.21 0.19 0.91 0.17 

Li 0.99 0.04 -0.02 -0.03 0.92 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 0.99 0.08 -0.03 0.03 0.92 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 0.99 0.07 -0.03 0.02 0.93 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 0.91 0.25 -0.18 0.76 0.42 -0.03 0.18 0.28 -0.10 -0.42 0.66 -0.01 0.76 0.36 -0.09 0.26 

Sr 0.96 -0.16 0.05 0.21 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 

V -0.43 0.80 0.06 0.34 0.97 0.16 0.01 -0.05 0.81 0.26 0.06 0.08 -0.19 -0.78 0.43 -0.20 -0.09 

TDS 0.92 0.01 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     0.89 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     0.80 0.49 -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     0.30 0.19 -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 1.5 1.4 5.3 4.4 3.1 1.6 

% of 
variance 

38.7 31.1 14.3 7.9 54.8 12.3 9.4 7.6 36.1 15.7 9.4 8.0 7.5 29.2 24.7 17.0 8.7 

Cumulative 
% 

38.7 69.7 84.0 91.9 54.8 67.2 76.5 84.2 36.1 51.8 61.3 69.2 76.7 29.2 53.9 70.9 79.6 

 

5. DISCUSSION 

5.1. Salinity and WQI 

The rivers that feed Shatt Al-Arab (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 (Euphrates highest 

discharge is in mid-June). 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 extension (Figure 2). In other words, 

tides are the primary factor driving seawater intrusion in the riverôs delta during the dry 

season. During the other three seasons, the river higher discharge pushes the salt wedge 

further seaward. The fluvial force of the river overcomes the tidal force, driving the salt 

wedge out of the delta (Liang-wen et al. 2006; Gong et al. 2013; Leonardi et al. 2015). The 

unusual declines in TDS at distance of 126 km, 20 km downstream of the confluence of the 

Karun River and the Shatt Al-Arab, can be attributed to the fresh water supplied by the 

Karun. Al-Asadi et al. (2022) detected that the discharge of the Karun River dilutes the 

concentration of salts and limits the penetration of  

https://www.sciencedirect.com/science/article/pii/S0895981123004583#bib36
https://www.sciencedirect.com/science/article/pii/S0895981123004583#bib22
https://www.sciencedirect.com/science/article/pii/S0895981123004583#bib35
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Figure 9.  Average monthly discharge (m3 secī1) for the four rivers feeding the Shatt Al-

Arab. Note: From (UN-ESCWA and BGR 2013). 

seawater in the Shatt Al-Arab. Likewise, higher WQI levels 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 

(Hayder et 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 seepage 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 the riverôs water. In other words, while the total 

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 season. The results are consistent with other studies (e.g., Mena-Rivera et 

al. 2017; Imbulana et al. 2021; Anh et al. 2023; Prasad et al. 2024) that concluded 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 water from the gulf to the Shatt Al-Arab River was 

hindered during the wet season by the discharge-induced, relatively high water levels. During 

the periods of high discharge, normally linked to relatively high rainfall seasons, the elevated 

quantity of water can 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 discharge levels 

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 al. 2024).  

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 negative correlation 

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 more monitoring 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 techniques 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 been performed 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, and B) exhibited an increasing trend 

towards the gulf. These elements that account for more than 99 % of the dissolved solids in 

the oceans (Railsback 2006) can be ascribed to seawater intrusion. Elements in VF2 showed 

relatively high concentrations at the river upper and middle reaches, and then exhibited a 

gradual decrease towards the gulf (Table S1). Such elements (i.e., Al, Co, 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 Shatt Al-Arab course in these 

reaches. These metropolitan areas create considerable amounts of pollution such as industrial 

discharge and urban effluents (Al-Asadi et al. 2019). Al is used in various industries such as 

metallurgical, construction, transportation, and chemical and electrical manufacturing 

(Kabata-Pendias and Pendias 2001). 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 correspond to 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 because pH can 

influence As and Ba speciation within water and control their existence in free-ionic or 

compound form (Smedley and Kinniburgh 2002; KnowYourH2O 2024). As 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 zones around the 

river course. Therefore, these elements can be attributed to geologic sourcing (Kabata-

Pendias and Pendias 2001; Bird et al. 2014). For the winter season, VF1 that encompasses 

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

are less than in both Al-Tawash et al (2013) and global natural water. Ba, 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 than 1.0 mg/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 Al-Tawash et al. (2013) and 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 

displayed a sudden increasing level at the riverôs mouth can be ascribed to sea water impact. 

In the spring season, elements in VF1 (i.e., V, Co, Li, B, Ca, Sr, As, and Ba) have high levels 



 

59 

 

at the middle reaches of the river where the urban centers concentrated, and can be 

considered of anthropogenic sourcing (Al-Asadi 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 course. The 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 Cr) can 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 season, Al, 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 situated near the riverôs source (Kabata-Pendias and Pendias 2001; Al -Saad et al. 

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 al. 2019; Health 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 attributed to 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 when river 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 that iron becomes more soluble with lower pH level (Lenntech 2024; National Testing 

Laboratories 2024). Likewise, the inverse relationship between cobalt and salinity can be 

ascribed to that rivers represent major sources of cobalt to the ocean (Saito 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 Shatt Al-Arab control the salt 

wedge extension and water quality in the latter waterway. During the dry season, the salt 

wedge extends around 100 km upstream of the river. On the other hand, during the wet 

seasons, the salt wedge extends around 10 km upstream. Similarly, Water quality declines 

during the dry season, and enhances during the wet seasons. More specifically, the salt wedge 

extension and WQI can be precisely predicted by mean of rainfall and 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, result in a better 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 of seawaters over the river flow. PCA 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 each season. Such PCs indicated that some investigated elements were of natural sourcing, 

while others were of anthropogenic origins. The seasonal variations in weather and in human 

activities (e.g., tillage, planting, harvesting) controlled the sourcing and transportation of 

elements in the Shatt Al-Arab River. Finally, the wet seasons experience more WQI 

consistency, and thus the number of sampling stations and associated costs would be less. 
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Supplementary Material 

Table S1. Element concentrations in the Shatt Al-Arab River at 25 sites during Fall 2018, 

Winter 2019, Spring 2019, and Summer 2019. ND: Not Detected. 

 

 

 

 

 

 

 

Fall Winter Spring SummerFall Winter Spring SummerFall Winter Spring Summer Fall Winter Spring SummerFall Winter Spring Summer

B (mg L
ҍм

) 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 (mg L
ҍм

) 320 ND 243.9 83.07 281.9 ND 207 37.88 309.6 ND 310.9 82.43 282.4 ND 408.2 270.6 784 ND 262.7 289.7

Mg (mg L
ҍм

) 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 (mg L
ҍм

) 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 (mg L
ҍм

) 11 9.56 6.235 30.97 7.13 2.039 5.262 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 (mg L
ҍм

) 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 (mg L
ҍм

) 2.4 0.94 1.893 1.942 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 4.372 1.847

Li (µg L
ҍм

) 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

V (µg L
ҍм

) 8.8 4 6.19 6.71 8.78 4.72 5.38 6.12 11.73 4.47 6.82 5.73 10 4.02 6.12 12.52 11.4 4.09 8.04 12.31

Cr (µg L
ҍм

) 4.5 1.4 1.47 2.71 1.33 1.34 1.34 2.97 4.5 1.43 1.41 3.38 3.13 1.38 1.51 1.41 3.02 1.36 1.47 1.6

Mn (µg L
ҍм

) 37 ND ND ND 9.67 ND ND ND 135.9 ND ND ND 59.64 ND ND ND 60.43 ND ND ND

Fe (µg L
ҍм

) 750 ND 0.42 1.26 97.37 ND 1.34 2.5 1036 ND 1.01 1.59 574.4 ND 1.06 1.15 541.6 ND 1.31 1.81

Co (µg L
ҍм

) 1.3 0.1 0.2 0.34 0.77 0.13 0.25 0.55 1.87 0.09 0.25 0.27 1.45 0.09 0.3 0.27 1.34 0.11 0.27 0.13

Ni (µg Lҍм) 7.9 5.3 6.1 7.56 2.66 5.03 6.27 10.82 10.99 4.92 6.61 14.47 8.12 4.86 5.88 6.16 8.94 5.15 7.17 6.21

Cu (µg Lҍм) 2.7 ND ND ND 1.17 ND ND ND 4.12 ND ND ND 4.37 ND ND ND 4.78 ND ND ND

Zn (µg Lҍм) 2.1 ND 12.15 41.8 10.41 ND 2.21 19.71 20.94 ND 11.68 48.59 20.94 ND 26.97 1.9 36.92 ND 19.1 5.61

As (µg Lҍм) 1.9 ND 2.95 8.24 1.71 ND 1.48 1.04 2.39 ND 2.95 10 1.76 ND 2.51 4.71 2.44 ND 4.86 2.06

Cd (µg Lҍм) 0.1 0.03 0.03 ND 0.06 0.03 0.03 ND 0.16 0.03 0.03 ND 0.04 0.03 0.26 ND 0.09 0.03 0.03 ND

Ba (µg Lҍм) 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 (µg Lҍм) 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 Lҍм) 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 1 Site 2 Site 3 Site 4 Site 5

Fall Winter Spring SummerFall Winter Spring Summer Fall Winter Spring SummerFall Winter Spring SummerFall Winter Spring Summer

B (mg L
ҍм

) 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 L
ҍм

) 1047 ND 240.4 256.3 1487 ND 334.5 336.1 3328 ND 345.5 329.8 3561 ND 378.8 426.2 5547 ND 280 350.6

Mg (mg L
ҍм

) 158.1 9.275 64.96 63 208.5 8.461 54.78 78.38 409.6 7.022 56.61 77.28 375.5 4.67 63.29 103.9 513 12.61 51.54 85.82

Al (mg L
ҍм

) 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 (mg L
ҍм

) 30.73 1.242 13.4 6.433 43.94 1.134 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 (mg L
ҍм

) 204.5 56.74 220.2 81.98 227.9 60.61 208 167.5 300.6 30.23 235.3 201.7 310.9 13.56 234.5 237.3 417.7 55.3 217.7 186.1

Sr (mg L
ҍм

) 3.25 1.307 3.975 1.523 3.94 1.554 3.27 2.963 5.47 0.8113 3.625 3.376 5.81 0.4865 3.548 4.126 7.75 1.55 3.8 3.3

Li (µg L
ҍм

) 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

V (µg L
ҍм

) 14.14 4.3 7.38 11.33 10.83 4.09 6.22 11.78 11.32 4.02 6.47 11.75 11.21 3.88 5.98 13.99 14.8 4.26 7.65 13.43

Cr (µg L
ҍм

) 5.6 1.41 1.47 1.34 2.94 1.38 1.43 1.6 4.49 1.36 1.62 1.58 2.8 1.32 1.38 1.56 5.77 1.41 1.49 1.65

Mn (µg L
ҍм

) 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 (µg L
ҍм

) 1306 ND 0.81 0.59 509.3 ND 1.03 1.23 826.7 ND 0.37 1.06 495.1 ND 1.78 1.37 2033 ND 0.64 0.06

Co (µg L
ҍм

) 2.33 0.09 0.57 0.25 1.21 0.16 0.48 0.27 1.88 0.11 0.27 0.25 1.39 0.09 0.3 0.32 2.16 0.09 0.3 0.23

Ni (µg Lҍм) 15.75 5.03 7.22 6.27 7.75 5.2 5.76 6.83 12.1 5.2 6.16 6.66 8.44 4.86 5.71 8.12 16.22 5.43 7.34 6.94

Cu (µg Lҍм) 4.59 ND ND ND 3.98 ND ND ND 5.69 ND ND ND 3.83 ND ND ND 15.91 ND ND ND

Zn (µg Lҍм) 26.55 ND 147.3 10.86 6.95 ND 2.98 2.83 5.48 ND 14.57 5.3 19.05 ND 3.5 7.46 14.5 ND 8.54 5.04

As (µg Lҍм) 3.26 ND 4.42 3.98 1.48 ND 1.62 2.95 2.58 ND 1.04 6.91 2.26 ND 3.68 9.12 3.17 ND 4.12 6.03

Cd (µg Lҍм) 0.13 0.15 0.03 ND 0.06 0.03 0.03 ND 0.06 0.03 0.03 ND 0.06 0.03 0.03 ND 0.16 0.03 0.03 ND

Ba (µg Lҍм) 101.8 0.48 31.66 67.47 101.6 3.53 29.14 71.53 119.6 0.76 30.03 74.17 120.5 3.48 30.22 70.53 145.3 0.4 35.4 54.72

Pb (µg Lҍм) 1.84 ND ND ND 1.02 ND ND ND 1.32 ND ND ND 0.6 ND ND ND 4.34 ND ND ND

TDS (mg Lҍм) 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 7.5 7.8 7.9 7.5 7.8

Element
Site 10Site 6 Site 7 Site 8 Site 9
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Table S1. Cont. Element concentrations in the Shatt Al-Arab River at 25 sites during Fall 

2018, Winter 2019, Spring 2019, and Summer 2019. ND: Not Detected. 

 

 

 

 

 

 

 

 

Fall Winter Spring SummerFall Winter Spring SummerFall Winter Spring SummerFall Winter Spring SummerFall Winter Spring Summer

B (mg L
ҍм

) 2.5 ND ND 0.6989 3.09 ND ND 0.9031 3.15 ND ND 0.4971 3.16 ND ND 0.6548 3.28 ND ND 0.7504

ND (mg L
ҍм

) 4764 ND 377.9 370.6 6297 ND 360.5 497.5 6340 ND 232.8 352.2 6473 ND 436 365.4 6640 ND 366 461.5

Mg (mg L
ҍм

) 441.3 12.75 65.49 84.97 581 16.11 64.45 114.8 581.3 11.62 61.04 73.86 590.1 8.797 76.4 95.94 604.6 11.03 63.47 99.06

Al (mg L
ҍм

) 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 (mg L
ҍм

) 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 12.79 12.6 207.5 2.271 8.659 13.05

Ca (mg L
ҍм

) 356.5 39.61 165.3 247.1 439.5 55.33 167.6 292.7 420.1 36.82 201.7 220.4 429.9 72.8 191.1 238.9 428.6 32.02 191.9 243.2

Sr (mg L
ҍм

) 6.97 1.174 2.649 4.127 8.78 1.689 2.674 5.044 8.56 1.18 3.373 3.61 8.66 1.814 3.162 4.152 8.76 0.9933 2.894 4.263

Li (µg L
ҍм

) 92.25 ND ND 29.99 116.4 ND ND 39.13 116.9 ND ND 24.25 115.6 ND ND 29.91 121.3 ND ND 31.33

V (µg L
ҍм

) 9.87 4.12 6.75 13.04 11.1 4.16 6.82 16.33 9.98 4.12 8.49 11.96 10.77 3.95 7.45 11.61 9.22 4.16 6.61 12.73

Cr (µg L
ҍм

) 1.76 1.34 1.41 1.47 3.89 1.45 1.49 1.6 1.65 1.3 1.56 1.56 2.93 1.41 1.56 1.67 2.08 1.49 1.58 1.43

Mn (µg L
ҍм

) 28.57 ND ND ND 55.24 ND ND ND 22.63 ND ND ND 59.19 ND ND ND 32.9 ND ND ND

Fe (µg L
ҍм

) 148.6 ND 0.45 1.03 478.2 ND 1.53 1.67 100.8 ND 0.02 0.98 507 ND 1.15 1.81 152.8 ND 0.87 1.06

Co (µg L
ҍм

) 0.9 0.13 0.16 0.2 1.26 0.11 0.18 0.36 0.82 0.13 0.27 0.27 1.42 0.16 0.32 0.2 1.04 0.11 0.2 0.16

Ni (µg Lҍм) 6.17 4.86 5.71 6.94 9.6 5.09 6.05 8.35 5.73 4.86 6.72 6.1 9.7 4.86 7 8.4 7.01 5.2 5.71 7.62

Cu (µg Lҍм) 3.79 ND ND ND 11.29 ND ND ND 2.8 ND ND ND 3.41 ND ND ND 3.32 ND ND ND

Zn (µg Lҍм) 0.09 ND 4.89 2.27 4.59 ND 2.42 2.21 0.5 ND 105.3 8.54 1 ND 36.08 11.22 26.49 ND 7.62 2.06

As (µg Lҍм) 2.53 ND 1.92 5.89 3.03 ND 2.21 8.53 2.21 ND 4.27 6.32 1.62 ND 3.68 8.38 1.71 ND 1.77 8.24

Cd (µg Lҍм) 0.06 0.03 0.03 ND 0.04 0.03 0.15 ND 0.04 0.03 0.03 ND 0.09 0.03 0.03 ND 0.06 0.03 0.15 ND

Ba (µg Lҍм) 128.6 2.77 24.57 74.04 162.6 0.19 23.79 75.69 154.6 1.75 28.54 60.66 146.8 3.76 28.4 72.48 140.9 1.15 25.6 71.23

Pb (µg Lҍм) 0.24 ND ND ND 0.66 ND ND ND 0.08 ND ND ND 0.89 ND ND ND 0.66 ND ND ND

TDS (mg Lҍм) 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 7.9 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 12 Site 13 Site 14 Site 15Site 11

Fall Winter Spring SummerFall Winter Spring SummerFall Winter Spring SummerFall Winter Spring SummerFall Winter Spring Summer

B (mg L
ҍм

) 3.32 ND ND 0.7189 3.75 ND ND 0.9514 3.86 ND ND 0.5811 4.03 ND ND 0.5213 4.26 ND ND 0.7711

ND (mg L
ҍм

) 6565 ND 345.3 417.6 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 L
ҍм

) 596.8 16.28 60.8 88.39 703.2 29.61 68.14 54.89 716.1 33.68 64.01 85.52 743.7 183.8 70.68 86.31 776.2 28.81 36.85 51.93

Al (mg L
ҍм

) 0.0341 0.0272 0.0185 0.02296 0.0322 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 (mg L
ҍм

) 204.6 3.135 8.411 12.26 242.4 5.217 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 (mg L
ҍм

) 421.5 55.55 151.1 242 469.4 75.13 226.6 287.3 463.5 65.9 239 216 483.4 85.5 258.1 209.7 495.2 81.93 173.9 287.6

Sr (mg L
ҍм

) 8.75 1.603 2.431 4.001 9.94 1.93 3.4 4.989 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 (µg L
ҍм

) 121.7 ND ND 27.44 138.4 ND ND 38.1 143.1 ND ND 26.4 155.9 ND ND 26.25 157.3 ND ND 34.92

V (µg L
ҍм

) 8.07 4.26 6.54 14.09 7.62 4.93 6.57 12.87 7.45 4.54 6.19 11.33 7.59 6.71 6.96 10.98 7.32 4.65 5.28 13.32

Cr (µg L
ҍм

) 1.01 1.47 1.45 1.43 1.27 1.62 1.38 1.49 1.26 1.6 1.65 1.43 1.49 3.23 1.36 1.38 1.6 1.54 1.38 1.54

Mn (µg L
ҍм

) 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 (µg L
ҍм

) 47.51 ND 0.95 1.84 35.53 ND 0.56 0.98 33.84 ND 0.51 1.76 86.2 ND 0.42 1.42 79.09 ND 0.37 1.56

Co (µg L
ҍм

) 0.8 0.11 0.13 0.3 0.72 0.11 0.27 0.39 0.78 0.11 0.27 0.23 0.87 0.2 0.18 0.18 0.78 0.11 0.2 0.13

Ni (µg Lҍм) 5.38 5.26 5.82 7 4.83 5.71 6.55 7.67 5.45 5.54 15.82 7 8.74 5.88 6.44 7.39 6.64 5.48 5.48 7.45

Cu (µg Lҍм) 2.11 ND ND ND 5.52 ND ND ND 2.81 ND ND ND 20.87 ND ND ND 2.02 ND ND ND

Zn (µg Lҍм) 6.1 ND 34.69 0.21 25.5 ND 5.77 3.76 10.15 ND 4.07 5.97 261 ND 7 9.52 49.08 ND 5.51 11.53

As (µg Lҍм) 2.35 ND 1.62 6.18 1.35 ND 2.95 8.09 1.3 ND 1.92 7.21 0.94 ND 2.06 6.03 0.71 ND 0.16 10.14

Cd (µg Lҍм) 0.13 0.03 0.03 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 (µg Lҍм) 143.6 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 (µg Lҍм) 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 Lҍм) 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

Element
Site 18 Site 19 Site 20Site 16 Site 17
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Table S1. Cont. Element concentrations in the Shatt Al-Arab River at 25 sites during Fall 

2018, Winter 2019, Spring 2019, and Summer 2019. ND: Not Detected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fall Winter Spring SummerFall Winter Spring Summer Fall Winter Spring SummerFall Winter Spring SummerFall Winter Spring Summer

B (mg L
ҍм

) 5.6 ND ND 0.4025 4.9 ND ND 0.6372 6.67 ND ND 0.4319 5.82 ND ND 1.23 4.82 ND ND 0.07781

ND (mg L
ҍм

) 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 (mg L
ҍм

) 1128 34.44 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 L
ҍм

) 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 (mg L
ҍм

) 411 6.378 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 (mg L
ҍм

) 580.3 64.77 182.9 198.6 494.5 50.95 101.2 193.1 693 20.44 56.81 202.3 627.7 102.1 86.41 173.9 532.4 35.19 101.3 86.69

Sr (mg L
ҍм

) 11.9 1.784 2.773 3.39 8.3 1.909 1.502 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 (µg L
ҍм

) 253.1 ND ND 23.84 195.1 ND ND 30.51 283.3 ND ND 24.72 227.1 ND ND 40.23 180.6 ND ND 14.11

V (µg L
ҍм

) 5.92 4.61 5.77 9.44 12.27 4.58 5.98 10.98 11.31 4.37 4.75 9.89 5.92 7.62 5.66 9.51 6.31 4.51 6.47 7.34

Cr (µg L
ҍм

) 2.37 1.56 1.38 1.49 8.59 1.71 1.54 1.56 6.15 1.54 1.41 1.47 2.72 1.88 1.69 1.67 1.4 1.77 1.45 1.56

Mn (µg L
ҍм

) 32.75 ND ND ND 174.2 ND ND ND 185.3 ND ND ND 22.21 ND ND ND 18.82 ND ND ND

Fe (µg L
ҍм

) 385.8 ND 0.19 1.01 2345 ND 0.44 1.67 1781 ND 0.03 1.53 373.2 ND 0.48 1.87 93.73 ND 0.26 1.15

Co (µg L
ҍм

) 1.06 0.11 0.27 0.2 3.18 0.11 0.18 0.34 2.31 0.13 0.13 0.16 0.93 0.2 0.27 0.2 0.9 0.16 0.16 0.18

Ni (µg Lҍм) 6.69 5.6 5.93 6.16 15.88 5.15 5.99 7.11 12.32 4.98 5.09 6.72 7.58 6.38 6.05 6.21 6.84 5.65 5.6 5.54

Cu (µg Lҍм) 2.31 ND ND ND 3.28 ND ND ND 4.47 ND ND ND 1.13 ND ND ND 2.72 ND ND ND

Zn (µg Lҍм) 1 ND 0.1 3.29 3.18 ND 26.2 4.38 1.71 ND 3.96 3.19 1.76 ND 444.5 98.47 4.23 ND 80.4 123.2

As (µg Lҍм) 0.29 ND 1.18 4.27 0.56 ND 0.01 5.3 1.35 ND 0.29 4.12 0.79 ND 0.01 1.77 0.12 ND 1.18 0.3

Cd (µg Lҍм) 0.09 0.03 0.03 ND 0.11 0.03 0.03 ND 0.06 0.15 0.03 ND 0.06 0.03 0.15 ND 0.09 0.03 0.15 ND

Ba (µg Lҍм) 108.4 10.06 21.51 52.52 58.9 13.27 19.55 53.55 57.39 14.45 20.27 59.4 126 29.83 23.49 68.29 145.5 28.08 29.78 43.41

Pb (µg Lҍм) 0.32 ND ND ND 1.88 ND ND ND 1.17 ND ND ND 0.24 ND ND ND 0.21 ND ND ND

TDS (mg Lҍм) 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

Site 24 Site 25
Element

Site 21 Site 22 Site 23
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OPEN Spatio-temporal variability  and 
pollution  sources identification  of 
the surface sediments of Shatt 
Al-Arab River, Southern Iraq 
Hadi Allafta1,2 ṁ & Christian Opp1,2 

Abstract: Water draining from heavily industrialized basins introduces significant amounts of 
pollutants  to the rivers water and sediments. Heavy industrial activities in the Shatt Al-Arab basin 
result in increased ÐÏÌÌÕÔÁÎÔ ÌÏÁÄÓ ÔÏ ÔÈÅ ÒÉÖÅÒȭÓ ÓÕÒÆÁÃÅ ÓÅÄÉÍÅÎÔÓȢ Therefore, it becomes crucial to 
investigate the influence of anthropogenic activities on both spatial and temporal scales. This 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 metals. The analysis revealed high 
pollution levels in the river sediments compared to both their historical values and international 
standards. Statistical analysis techniques such as Principal Component Analysis (PCA) and Factor 
Analysis (FA) were applied. Statistical analysis showed 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 indices that were applied, such as Contamination 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, Pb and Mn and (iii) not contaminated with  Co and V. The 
PN values indicated serious pollution  in the river sediments in all sites, even though the pollution was 
not evenly distributed, i.e., the upstream reaches of the river were more polluted compared to the 
downstream parts. Our data showed no significant relationship between metals concentrations and 
seasonality. This study addresses several of the major limitations  of the current knowledge on this 
ÒÉÖÅÒȭÓ pollution  sources and analysis, such as the 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 the third-largest city in the country with a population of 
around three million (Country Policy and Information Note, 2018). Considered to be the center of the oil industry 
in Iraq, Basra contributes significantly to the growing national economy (above 70% of the gross national 
product) (Middle East Institute, 2018). However, the economic growth that the country is experiencing has come 
at a high cost. Such growth has caused severe environmental degradations that not only threatens the 
environment but also made the resulting economic growth difficult to maintain (Al-Manssory et al., 2004; Al-
Aboodi et al., 2018). The Shatt Al-Arab River, formed by the confluence of the Euphrates and Tigris rivers and 
empties in the Arabian Gulf, is the primary freshwater source in a rather arid area surrounding Basra (Isaev and 
Mikhailova, 2009). The river provides lifeline benefits shared by millions of people living within its basin 
(Mohamed and Abood, 2017). Water needed to sustain domestic, agricultural, industrial, natural ecosystems, 
transportation, and recreational purposes is mainly provided by the river (Aboodi et al., 2018). Moreover, the 
river constitutes the main freshwater source for the Arabian Gulf and plays a crucial role in supporting the 
marine habitats in the north-eastern coastal areas of the Gulf (Al-Yamani et al., 2007a; United Nations New York, 
2013). However, the Shatt Al-Arab water quality has remarkably deteriorated in the last three decades due to 
anthropogenic activities. The increasing amounts of untreated wastewater and runoff that the river receives  
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from the surrounding oil production fields (Al-Saad and Salman, 2012), urbanized areas (Al-Tawash et al., 2013), 
and agricultural lands (Moyel and Hussain, 2015) have resulted in a declined water quality in the river waterway 
(Mahdi, 2015; Al-Saedi, 2018). Moreover, the Mesopotamian marshes draining into the Shatt Al-Arab that were 
once acting as a powerful filter for pollutants (Maltby, 1994) are still far from adequate restoration after the 
deliberate desiccation in the 1990s (Richardson et al., 2005; Richardson and Hussain, 2006; Al-Gburi et al., 2017). 
Therefore, the vital functions that the Shatt Al-Arab plays in sustaining healthy communities and maintaining 
a balanced ecosystem in the northern Gulf are greatly jeopardized (Al-Yamani, 2008). 

Owing to lack of proper wastewater treatment facilities in such a developing country, anthropogenic effluents 
are often directly discharged or flushed via runoff into the river (Al-Imarah et al., 2017). Anthropogenic effluents 
are widely documented to increase heavy metals concentrations considerably in rivers (Nriagu, 1988; Sánchez-
Chardi et al., 2007). After being discharged into rivers, such metals can adhere to particulate matter and 
eventually deposit in sediments (Ip et al., 2004; Yates et al., 2011; Rahman et al., 2014). Contaminated sediments 
can impose an adverse impact on benthic fauna (National Research Council, 1989; McGann, 2009) and flora 
(Rodríguez Martín et al., 2015). Sediment contaminants tend to accumulate in the biological tissues of some 
organisms, and when larger consumers (including human) feed on such organisms, the contaminants are then 
transferred into their bodies (Al-Gburi et al., 2017). Moreover, the non-biodegradability of heavy metals is usually 
resulting in their accumulation in the environment (Shi, 2008). Depending on their sorption properties, heavy 
metals can ultimately be partially or entirely released back into the water (Howarth and Nombela, 2003; McCready 
et al., 2006), thereby threatening the aquatic life (Jonsson et al., 2003). Thus, heavy metals contamination in 
sediments has negative implications on water quality, and their bioaccumulation in aquatic biota results in long-
term impacts on human and ecosystem health (Ip et al., 2007). 

In recent years, however, concerns have emerged over the increasing prevalence of heavy metals in the Shatt 
Al-Arab River. Several research studies conducted on the assessment of pollution status in the river sediments 
have contributed to a better understanding of the river pollution in terms of sources, mechanisms, and 
management strategies (Abaychi and Douabul, 1985; Al-Khfaji et al., 1997; Mahdi, 2015; Shamsi et al., 2016). These 
studies, however, were mostly constrained either to a specific reach within the river stretch or were limited to few 
and sparse stations along the river course. Therefore, these studies are not capable of comprehensively identifying 
the spatial distribution characteristics of the pollutants in the Shatt Al-Arab sediments. Furthermore, wastewater 
effluents from municipal and industrial activities in riparian zones represent a constant pollution source (Singh et 
al., 2004). On the other hand, effluents from far uplands are mostly controlled by surface runoff and can be 
considered a seasonal phenomenon that is generally influenced by climate conditions within the river basin (Singh 
et al., 2004). Most of the prior research has not covered the influence of seasonality as a key factor in controlling 
the sources of pollutants in the Shatt Al-Arab sediments. Understanding the trends of seasonal variations is 
critical to deriving adaptive strategies for effective basin management. Wu et al., (2016), Kumar et al., (2013) and 
Pandey and Singh, (2017) found that as the river flow decreases in the dry season, the rate of sedimentation and 
thus the metals concentrations increase. In the wet season, however, higher river flow produces a dilution effect, 
and thus, metals concentrations in sediment decline. Investigating the temporal variations of pollution in East 
River (Dongjiang) in China, Wu and Chen (2013) found that the dry season represents a crucial period for point 
source pollution due to the relatively lower river flow, whereas the end of the dry season and the beginning of the 
wet season is a critical time for nonpoint source pollution due to the agricultural return flows and the flushing 
effects of overland flows. 

The primary step to controlling and treating heavy metal pollution is to investigate the pollution status, which 
often requires obtaining information from environmental monitoring data (Tang et al., 2018). The multivariate 
statistical analysis techniques are effective tools in the interpretation of complex environmental data sets to: 
identify the possible pollution sources, understand the ecological status of the investigated systems, offer a valuable 
way for solid management of water resources, and provide rapid solution to pollution problems (Lee et al., 2001; 
Wunderlin et al., 2001; Wang et al., 2018). Multivariate statistical analysis methods (e.g., principal component 
analysis and factor analysis) have been used in the present study to characterize and evaluate surface sediment 
quality, and to identify the sources controlling metal pollution. Moreover, for adequate evaluation of pollution 
with heavy metals, pollution indicators can be used as guides for a detailed evaluation of the state of the sediment 
environment (Dung et al., 2013; Kowalska et al., 2016). In the current study, these indicators were applied to 
examine whether the presence of heavy metals in the Shatt Al-Arab sediments was due to natural processes or 
anthropogenic activities. 

Thus, the main objectives of the current study are: (i) to explore the spatial distribution of heavy metals in the 
Shatt Al-Arab surface sediments, (ii) to identify the origin of these elements using multivariate statistical analyses, 
(iii) to assess the levels of element contaminations in sediments using pollution indices, and (iv) to envisage the 
seasonal variations of metals concentrations in sediments during dry and wet seasons. 

Study site 
The study area is situated within the Mesopotamia Plain of the Outer Platform (Fouad and Sissakian, 2011). The 
river watershed is mainly covered by Holocene alluvial sediments with marine influence in the southern parts at the 
Arabian Gulf coasts (Yacoub, 2011; Sissakian et al., 2017). Originating from the confluence of the Euphrates and 
Tigris rivers at the Qurna City, the Shatt Al-Arab River flows to the southwest for 101 km before it constitutes 
the boundary between Iraq and Iran for the last 91 km of its main course until draining into the Arabian Gulf 
(Fig. 1). The Shatt Al-Arab has a total length of 192 km, and a width ranging from 300 m at its origin to 700 m 
near the Basra City and around 800 m at its mouth (UN-ESCWA and BGR, 2013). The river has a depth that 
ranges between 8-15 m, considering tides (Moyel, 2014). The river watershed is generally characterized by flat, 
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low-gradient landscapes of around 1 cm/km (Al-Kubaisi and Hussein, 2014). An area of approximately 144,000 
km2 drains directly to the river basin downstream of the confluence of the Euphrates and Tigris rivers (excluding 
the Euphrates and Tigris Basin areas) (Rahi, 2018). The hydrological status of the river watershed is governed by 
conditions in the upper reaches of the feeding rivers, tides resulting from the seawater movement of the Arabian 
Gulf, and the effect of climatic conditions (i.e., precipitation, temperature, evapotranspiration, and runoff) on 
discharge rates and solids load in the river (Al-Mahmood, 2009). The Shatt Al-Arab watershed is characterized by 
a continental climate that ranges from sub-tropical, hot, and dry summer to cold and rainy winter. In summer, the 
average temperature in the shade is around 45 °C in the day time and drops to around 30 °C at night. In winter, 
temperature ranges between 18 and 2 °C during the day and night, respectively. The average annual precipitation 
in the region is about 100 mm (Hussein et al., 1991). 

 

Figure 1. Study site. 
 

Methods 
Sampling. Sediment samples were collected from 25 sampling stations on the 21st of October 2018 (dry sea- 

son) and the 21st of January 2019 (wet season). The sampling scheme was designed to evaluate the seasonal 
variations in surface sediment contamination. The sampling locations were selected to capture the major 
transitions in the land cover/land use. Therefore, the monitoring locations were thoroughly representing the 
characteristics of the river basin, and they were not restricted to specific nodal information. One sediment 
sample from each station was obtained during each season. Geographical positions of sampling sites were 
measured with a portable GPS. Two sampling sites (sites 1 and 2) and one sampling site (site 3) lie on the 
Euphrates and Tigris rivers respectively before their confluence, and the other sites (i.e., 4ð25) are along the entire 
Shatt Al-Arab River main course (Fig. 1). Water temperature (WT), pH, and total dissolved solids (TDS) were  
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measured onsite using Hanna multi-parameter probe. We collected samples at a distance from the riverbanks 
to avoid possible contamination from the bank material (Gashi et al., 2009). The sampling was accomplished 
as per the United States Environmental Protection Agency (USEPA, 2014) by wading into the river while facing 
upstream (into the current), scooping the top 5 cm of the sediments in the upstream direction using a stainless steel 
scoop. We then carefully removed/ drained excess water from the scoop to prevent/minimize the loss of fine- 
grained particles associated with the substrate being sampled. About one kilogram of sediment from each 
sampling site collected is then placed in a labelled glass pan and the cap is tightly secured. Thereafter, we shipped 

the samples to the laboratory and dried them at room temperature 27-35 °C for two weeks. The samples were then 
gently pulverized with an agate mortar and afterward were sieved with the standard sieve of 63 µm. It has been 

proposed to use the < 63 µm fraction for heavy metals measurements (Förstner and Salomon, 1980) due to many 
reasons: The heavy metals have been found to be available mainly in the clay/silt particles, this fraction is nearly 
equivalent to the materials carried in suspension, sieving does not alter heavy metal concentrations by 

remobilization, and numerous studies on heavy metals have been performed on the < 63 µm fraction (Sly, 1982). 
Seven grams of each sample were used to determine the element concentrations. Other researchers have utilized 
similar sampling and experimental specifications (e.g., Gashi et al., 2009). The concentrations of heavy metals 
were measured using X-ray fluorescence (XRF) Spectrometer, SPECTRO XEPOS-2006 device at the Iraqi-German 
Laboratory at the Department of Geology, University of Baghdad. 

Certainly, we admit that sampling just one time in each season can represent a source of uncertainty in our 
analyses. However, that was the optimum executable scheme currently in the study area, taking into account the 
security concerns in an unstable region, with almost half of the river course represents unsettled border between 
Iraq and Iran. 

 

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

between variables (14 variables in the current study), is expected to produce a large matrix (14 ×  14), which is not 
the best technique to summarize the information in the current large data set. Alternatively, multivariate statistical 

methods, such as principal component analysis can substantially reduce the dimensionality of data containing a 
large set of variables (Helena et al., 2000). This can be accomplished by converting the initial variables to a new 
small group of variables without missing the most important information in the initial data set. The new variable 
sets correspond to a linear combination of the initial data that are called principal components (Jolliffe, 1986). To 
perform a valid PCA, several prerequisites (e.g. Kolmogorov-Smirnov, Kaiser-Meyer-Olkin (KMO), and 
Bartlettõs tests) should be achieved first (Shrestha and Kazama, 2007). The Kolmogorov-Smirnov statistical test 
was applied to investigate the fitness of the data to log-normal distribution (Chakravarti et al., 1967). Kolmogorov-
Smirnov test revealed that all the investigated variables had log-normal distribution with a confidence of 95% or 
higher. Furthermore, to test the data suitability for PCA, the Kaiser-Meyer-Olkin (KMO) test was performed. 
KMO test estimates sampling adequacy that expresses the proportion of variance among the investigated 
variables that could be a common variance. High KMO values indicate the usefulness of PCA, and some authors 
recommend a KMO value higher than 0.5 (Hartas, 2010; Field, 2013; Cleff, 2015), which is the case in the present 
study where KMO equals 0.76. Moreover, Bartlettõs test of sphericity was performed to examine whether the 
correlation matrix is an identity matrix. The null hypothesis of Bartlettõs test is that the correlation matrix equals 
the unit matrix against the alternative hypothesis that the two matrices are unequal. In the current study, the null 
hypothesis is rejected as the significance level was 0 (less than 0.05), which implies that there are significant 
relationships among variables (Tabachnick and Fidell, 2007). 

While PCA reduces the contribution of variables of minor significance, factor analysis (FA), when follows 
PCA, can further reduce the contribution of variables of less significance resulting in even more simplification 
of the data structure obtained from PCA (Massart et al., 1988). This goal can be accomplished by rotation of axes 
defined by PCA in accordance with well-established rules, and creating new variable sets called varifactors (VFs) 
(Menke, 2018). Rotation of principal components results in a more straightforward and more expressive depiction 
of the underlying factors by reducing the contribution to principal components of less significant variables and 
enhancing the contribution to principal components of more significant variables. Principal components 
rotation generates a new factors set; each factor includes mainly a subgroup of the original variables with the 
least possible overlap so that the original variables are partitioned into new independent groups (Sharaf et al., 
1986). While the principal component is basically a linear combination of observable variables, the varifactor 
can encompass unobservable, latent, hypothetical variables (Vega et al., 1998). Prior to performing PCA and FA, 
we standardized our data through z-scale transformation to prevent any misclassifications originating from the 
different orders of magnitude of numerical data values and variance of parameters (Liu et al., 2003; Simeonov et al., 
2003). PCA and FA were performed using (SPSS version 25) to determine the agglomeration of elements and 
eventually to identify the sources of elements in the river surface sediments (Yan et al., 2010; Zhang et al., 2015). 

Pollution analysis. The pollution indices were developed for evaluating soil and sediment quality (Muller, 

1969). Various authors (e.g., Hakanson, 1980; Salomons and Forstner, 1984; Bryan and Langston, 1992) have 
proposed the pollution impact ranges to convert the calculated numerical results into descriptive spectra of 
pollution that range from low to high intensity. Sediment quality guidelines provide values that permit 
quantification of sediment pollution and eventually make an overall assessment of the metal pollution degree 
in a river or marine sediments (Chung et al., 2016). Pollution indices such as contamination factor (CF) are 
handy tools for the assessment of metal contamination in sediments and widely used for analyzing and  
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transferring environmental information to decision-makers, managers, and the public (Caeiro, Costa, and Ramos, 
2005). The level of contamination for a metal in a particular area is expressed by the contamination factor (CF). 
It  is the ratio of measured concentration and background concentration of a pollutant (Hakanson, 1980), and 
calculated by the following formula: 

#& #  #  ϳ                                                               (1) 

where Cm Sample is the concentration of a metal in sediment (Fig. 2), and Cm Background is the background concentration 
of that metal in sediment (Salah et al., 2018; Roy et al., 2018). As background concentrations for this area, 
Abaychi and Douabul (1985) values were used as background values. Hakanson (1980) classified contamination 

factor values into four groups, i.e., CF <  1 represents low contamination, 1 Ò CF <  3 indicates moderate 

contamination, 3 Ò CF <  6 represents considerable contamination, and CF Ó 6 indicates very considerable 
contamination. 

Single indices are indicators used to estimate single metal pollution by comparing the metal levels to its 
background levels. Alternatively, integrated indices, mainly based on single indices, are used to measure more 
than one metal pollution. In the current study, the Nemerow Pollution index (PN) was used as an integrated 
index to evaluate the comprehensive pollution status in sediment (Cheng et al., 2007).  

Figure 2. Spatiotemporal variations in concentrations of heavy metals in the Shatt Al-Arab River sediments 
during the dry season (red) and the wet season (blue). 

 

PN allows the assessment of the overall degree of pollution of sediments and includes the contents of all 
investigated metals (Gong et al., 2008). It  is measured according to Eq. 2.

0 #&  #& ςϳ                                                                   (2)    

 
 

where, CF is the average of contamination factors of investigated metals and CFmax is the maximum 
contamination factor for a metal in a sample. According to Nemerow pollution index, the sediment quality was 

classified into five bands: PN <  0.7, safe domain; 0.7 Ò PN <  1.0, warning domain; 1.0 Ò PN <  2.0, slightly polluted 

domain; 2.0 Ò PN <  3.0, moderately polluted domain; and PN >  3.0, and seriously polluted domain (Zhao et al., 
2015). 

Results 
Comparison of sediment quality  with  USEPA guidelines.  The sediment grain size (< 63 µm fraction) 

in the current study ranges between 65%ð87% of the total sediment sample size. The concentrations of heavy 

metals in the Shatt Al-Arab sediments showed considerable spatiotemporal variations (Fig. 2). A comparison 
of our data with sediment quality guidelines described by the United States Environmental Protection Agency 
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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 152 
mg/kg, which is much higher than the USEPA maximum permissible value for Ni in river sediments (i.e., 22.7 
mg/kg). Similarly, the average concentrations for Mn and Cr observed in this study are 735 and 264 mg/kg, 
respectively, which are much more than the USEPA guidelines for Mn and Cr (i.e., 30 and 43.4 mg/kg 
respectively). Cu average observed concentration is 37.9 mg/kg compared to 31.6 mg/kg of the USEPA threshold 
(Fig. 3, Tables 1 and 2). Site 18 and 19 have Pb concentrations of 74 and 39 mg/kg which are higher than the 
USEPA maximum permissible 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 metals tend to have 

relatively low concentrations in sites 1, 2, and 3. Sites 1 and 2 represent the Euphrates River, whereas site 3 lies 
on the Tigris River (Figs. 1 and 2). The Shatt Al-Arab River course which starts from site 4 at the confluence of 
Euphrates and Tigris rivers, shows higher heavy metals concentrations compared to these two rivers (Fig. 2). 
Sites 4 and 5 exhibited high concentrations of Fe, Ni, Mn, As, Co, and Mo. Likewise, site 18 showed high Cu, 
Pb, and Zn concentrations. Along the river waterway, however, we observed a tendency of a gradual decrease in 
the levels of some metals towards the mouth of the river as the downstream stations have relatively low 
concentrations in terms of Fe, Ni, Mn, As, Co, and somewhat Cr (Fig. 2). 

Our first approach to establishing the parameters associated with temporal variation was using the Spearman 
non-parametric correlation coefficient (Spearmanõs R). To perform the Spearman R evaluation, each season was 

transformed to a numerical value in the data file (dry season =  1 and wet season =  2). This numerical variable 
was then correlated (pair by pair) with all the measured parameters. These bivariate results showed that among 
the 11 heavy metals investigated in the current study, only two metals exhibited significant correlations 

with the season. Pb and V displayed significant correlations with the season, i.e., Spearmanõs R coefficient was 
-0.61 and 0.37 for these metals respectively. Other heavy metals showed no association with the season (Fig. 2). 

 
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 (inside the boxes) denote the medians of the concentrations. The 

bottom and top of the box show the first and third quartiles (Q1 and Q3). The whiskers are the lines inside the 

region defined by Q1-1.5(Q3-Q1) and Q3+ 1.5(Q3-Q1). The individual points with values outside these limits 
represent outliers. The horizontal green thick lines denote the USEPA thresholds. USEPA has no thresholds for 
V and Mo. 

 

 
Water physical parameters (i.e., WT and TDS), however, exhibited significant correlations with the season, i.e., 
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Spearmanõs R coefficient was -0.87 and -0.48 respectively. 
Water temperature exhibited higher values in the dry season compared to the wet season, with an average 

of 28.6 °C and 11.3 °C in 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 first 90 
km of the river course (i.e., TDS increases from 1350 ppm to 9870 ppm 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 
river waterway except for a gentle increase at site 24 (Table 1; Fig. 2). pH measurements revealed a steady 
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, where these sites showed pH values smaller than other sites (Table 1). 

 
 

Site 

Longi- 

tude 

Lati - 

tude 

WT pH TDS Pb Mo Zn Cu Co As Ni Mn Fe Cr V 

D W D W D W D W D W D W D W D W D W D W D W D W D W D W 

1 
47°24х 

56.61ххE 

31° 0х 

2.40ххN 
29.1 10.8 8.7 8.1 1180 2320 13.6 13.7 9.0 10.1 94.3 87.6 39.1 40.2 4 ND 6.1 5.0 141 132 680 664 35955 34190 215 203 112 103 

2 
47°26х 

0.99ххE 

31° 0х 

18.04ххN 
28.4 10.9 8.8 NA 1170 NA 14.7 NA 8.8 NA 77.0 NA 30.4 NA 3.0 NA 5.2 NA 134 NA 646 NA 34505 NA 221 NA 99 NA 

3 
47°26х 

19.13ххE 

31° 0х 

42.51ххN 
28.2 10.9 8.3 8.0 1290 2300 13.4 9.9 7.0 5.6 86.4 86.6 33.6 38.4 8.0 10.0 5.1 6.1 149 169 658 701 37987 39412 168 231 110 121 

4 
47°26х 

31.00ххE 

31° 0х 

17.06ххN 
28.2 11.0 8.3 8.1 1350 2370 13.6 9.9 14.1 3.8 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 

5 
47°28х 

47.30ххE 

30°59х 

10.31ххN 
28.9 11.1 8.2 8.1 1250 2400 13.4 9.6 14.3 12.2 94.9 80.1 43.7 35.1 14.0 ND 8.1 6.8 209 155 939 1001 50301 39953 355 224 107 114 

6 
47°30х 

14.79ххE 

30°54х 

12.06ххN 
27.4 10.9 8.2 8.0 1210 2580 14.1 9.2 6.9 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 

7 
47°34х 

7.41ххE 

30°49х 

9.71ххN 
27.8 11.0 8.0 8.0 2610 2250 14.4 11.7 14.6 8.0 91.7 91.8 39.6 42.7 14.0 12.0 8.2 8.5 166 179 846 815 44291 44627 246 254 112 149 

8 
47°38х 

3.41ххE 

30°46х 

3.37ххN 
28.2 11.2 6.9 8.0 4030 2330 14.8 9.5 3.2 11.6 94.6 81.8 39.8 38 16.0 14.0 9.4 7.8 188 181 871 818 48240 45532 228 226 130 140 

9 
47°41х 

59.34ххE 

30°44х 

57.35ххN 
28.5 11.3 7.9 8.1 6340 2680 13.4 9.4 7.3 5.1 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 

10 
47°45х 

39.92ххE 

30°39х 

54.85ххN 
27.4 11.6 7.6 8.2 8350 3410 16.8 9.8 13.5 3.6 98.0 82.4 40.8 37.2 11.0 18.0 9.2 11.1 185 170 795 730 46475 44642 251 190 145 144 

11 
47°45х 

37.00ххE 

30°37х 

51.68ххN 
28.3 11.7 7.8 8.0 7770 3250 15.1 9.5 10.5 13.1 107.0 85.0 40.1 40.5 11.0 15.0 9.9 9.1 184 175 805 817 46685 45339 240 197 121 160 

12 
47°45х 

20.45ххE 

30°34х 

16.89ххN 
28.5 11.4 7.8 7.9 8060 3090 23.8 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 

13 
47°46х 

42.05ххE 

30°34х 

41.32ххN 
28.8 11.8 7.9 8.0 8330 3600 18.3 12.5 5.8 13.0 113.8 103.3 42.4 39.9 10.0 ND 8.5 7.6 175 158 716 719 43700 39827 203 206 117 118 

14 
47°47х 

57.07ххE 

30°33х 

34.92ххN 
30.8 11.9 7.3 8.1 8900 3140 13.6 10.1 14.1 7.4 76.6 78.0 30.0 34 14.0 ND 5.2 5.6 136 143 808 786 36930 37899 883 738 76 153 

15 
47°49х 

55.34ххE 

30°32х 

25.36ххN 
30.5 11.8 6.5 8.1 9070 3400 20.5 12.6 4.4 6.5 88.9 84.6 36.2 34.1 8.0 ND 5.8 5.6 143 134 694 703 37505 37201 326 665 120 78 

16 
47°51х 

3.54ххE 

30°30х 

50.63ххN 
29 11.7 7.2 8.0 9010 3190 23.1 13.1 8.5 10.8 92.5 91.1 39.1 39.2 11.0 10.0 7.5 7.5 184 153 822 892 44571 39449 328 193 120 125 

17 
47°51х 

31.16ххE 

30°30х 

17.71ххN 
29.1 11.6 6.7 7.9 9700 3440 21.9 17.4 14.6 5.0 91.5 88.9 38.2 51.6 8.0 17.0 6.9 7.4 160 163 747 728 40311 41237 261 246 112 109 

18 
47°56х 

32.68ххE 

30°27х 

59.34ххN 
28.5 11.4 7.5 8.1 9870 3480 73.1 74.9 6.9 3.8 140.0 128.3 55.8 55.3 3.0 9.0 6.8 6.5 119 160 579 693 39021 40918 136 196 106 131 

19 
48° 0х 

12.98ххE 

30°27х 

43.76ххN 
28.5 11.6 7.4 7.9 20160 3520 63.2 15.0 12.2 12.3 107.7 106.3 32.4 38.4 7.0 ND 5.2 7.7 110 125 522 609 33261 38292 225 252 96 117 

20 
48° 1х 

55.89ххE 

30°27х 

25.27ххN 
28.3 11.3 7.3 7.9 22120 3340 23.9 12.4 3.0 7.4 90.3 79.5 32.8 34.3 10.0 ND 5.2 5.9 132 131 665 643 36526 34612 311 316 95 108 

21 
48° 7х 

2.66ххE 

30°25х 

47.04ххN 
27.7 11.1 7.6 7.9 24280 2820 30.8 10.5 6.6 12.0 80.6 93.6 34.8 38.4 8.0 ND 5.4 6.5 139 131 656 597 36650 36081 127 197 95 128 

22 
48°15х 

38.18ххE 

30°20х 

17.17ххN 
27.5 10.9 7.8 8.1 26520 1490 16.9 8.7 13.1 6.8 115.5 92.2 36.5 29.9 10.0 ND 6.4 6.9 125 108 623 595 37676 34516 122 118 99 103 

23 
48°17х 

33.52ххE 

30°18х 

47.26ххN 
28.1 10.9 7.4 8.2 28600 1540 18.8 10.4 4.9 5.4 97.0 96.4 36.5 34.6 3.0 ND 7.3 5.6 128 123 726 656 38415 37305 118 131 111 149 

24 
48°29х 

22.34ххE 

29°58х 

25.30ххN 
29.2 10.7 7.8 8.2 37250 2760 20.8 10.1 14.5 11.9 69.7 90.9 22.4 34.6 3.0 ND 5.7 5.8 100 116 605 602 31590 35184 149 142 98 115 

25 
48°34х 

35.82ххE 

29°56х 

39.65ххN 
29.8 10.9 7.8 8.1 38640 8290 27.6 8.6 1.0 7.0 79.3 77.4 30.8 30.6 3.0 ND 7.0 6.0 118 107 704 652 36199 33307 116 127 122 102 

Mean   28.6 11.3 7.7 8.0 11882 3041 22.1 13.7 9.3 8.2 94.7 89.0 37.3 38.5 9.0 13.5 6.9 7.1 152 152 733 738 40510 39965 273 255 107 126 

SD   0.9 0.4 0.6 0.1 11417 1270 14.7 13.2 4.4 3.2 14.6 11.2 6.3 5.7 4.0 2.9 1.44 1.42 30.0 26 107 106 5249 4306 170 148 16 21 

Table 1. Heavy metals concentrations (mg/kg) in the Shatt Al-Arab River sediments in dry season (D) and wet season 

(W). NA: stands for Not Available. ND: stands for Not Detected. 
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Statistical  analysis. One of the most commonly used criteria for selecting the appropriate number of 

components in PCA is the Eigenvalue-one criterion (Kaiser, 1960). In this approach, any component having an 
Eigenvalue above 1.00 should be retained and interpreted. The rationale for this criterion is that each observed 
variable contributes one unit of variance to the total variance in the entire data set. A component that displays 
an Eigenvalue above 1.00 is thus accounting for a larger amount of variance than has been contributed by one 
variable. Therefore, such a component is contributing to a meaningful amount of variance, and is worthy to be 
retained and interpreted (Kim and Mueller, 1987; Girden, 2001; OõRourke and Hatcher, 2013). In the present 
study, the components were considered as principal components when their Eigenvalues were higher than 1.00, 
and hence four principal components were selected. Equal numbers of varifactors (VFs) were extracted through the 
FA performed on the principal components. Liu et al. (2003) classified the factor loadings as strong, moderate, and 

weak, corresponding to absolute loading values of >  0.75, 0.75-0.50, and 0.50-0.30, respectively. Among the 
four VFs obtained in the current study, VF1, with an Eigenvalue of 6.13 explaining 43.8% of the total variance, has 
a strong positive loading on Co, As, Ni, Mn, and Fe; and moderate loading on Cu, and V (Table 3).VF2 with an 
Eigenvalue of 1.98 explained 14.2% of the total variance, and showed strong moderate loading for WT, pH, and 
TDS. VF3 with an Eigenvalue of 1.17 explained 8.3% of the total variance, and exhibited strong loading for Zn and 
moderate loading for Pb. VF4 with an Eigenvalue of 1.1 explained 7.8% of the total variance, and displayed 
strong loading for Cr and moderate loading for Mo. The FA revealed that all investigated elements were well 
represented by the four VFs that explained a cumulative total variance of 74.08% (Table 3). 

Pollution analysis. In general, CF values of the measured metals revealed moderate to considerable 

contaminations. The CF values suggested that among all pollutants, Iron had the highest CF for the whole study 
area followed by Mo, Cr, Zn, Ni, Cu, Pb, Mn, Co, and V. Out of the 25 sampling sites, Fe showed very considerable 
contamination levels in 10 and 9 sites in the dry and wet seasons respectively, and considerable contamination 
levels in the other sites in both seasons (Table 4, Fig. 4). Mo displayed considerable contamination levels in 14 
and 11 locations in the dry and wet seasons respectively, and moderate contamination levels in the other sites. Cr 
showed very considerable contamination levels in two sites in both dry and wet seasons, considerable 
contamination levels in five sites and one site in the dry and wet seasons respectively, and moderate contamination 
in the other sites. Zn, Ni, and Cu generally exhibited moderate contamination levels in all sites. During the dry 
season, Pb showed considerable contamination in two sites, moderate contamination levels in 12, and low 
contamination in the rest of the sites. On the other hand, Pb in the wet season exhibited considerable 
contamination in one site, moderate contamination in one site, and low contamination in the other sites. Co and V 
showed no contamination in terms of all investigated metals during the study period (Table 4, Fig. 4). The PN 
values indicated serious pollution in the river sediments, as all sites displayed PN values of greater than 3 in both 
dry and wet season (Table 4; Fig. 5). 

Heavy 
metal 

Abaychi and 
Douabul 198533 

 

USEPA 200687 
Current  
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 ñ 9.8 7.1 

Mo 2.6 ñ 8.8 

V 182 ñ 117 

Table 2. Comparison of the heavy metals concentrations in the sediments of the Shatt Al-Arab with historical 
values and international standards. 

 

 

Discussion 

Comparison of sediment quality  with  USEPA guidelines. Sediment quality, a significant aspect of 

aquatic ecosystems, is mainly controlled by parent material (Salonen and Korkka-Niemib, 2007), land use (Liu et 
al., 2017; Bhuyan and Abu Bakar, 2017), climate (Banerjee et al., 2016), and mixing with saline water due to tidal 
effect in lower reaches of coastal rivers (Naskar and Guha Bakshi, 1987; Botté et al., 2010) as in the case of the Shatt 
Al-Arab River. The most notable land uses in the Shatt Al-Arab basin are industrial and commercial activities that 
accompanied the oil industry in the southern region of Iraq (Al-Maliky et al., 2015). This is in addition to the 
residential and agricultural land uses in this region (Al-Asadi et al., 2019). Land use types in a watershed have a 
critical impact on river sediment quality as land use is associated with natural processes and anthropogenic 
activities that manipulate the contaminant loads drained into river course (Karstens et al., 2016). While the growing 
oil industry in the Shatt Al-Arab basin has its consequences for the environment and communities, such industry  
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has attracted more people to settle in the river basin. The population in the Shatt Al-Arab basin has doubled 
during the last two decades (Country Policy and Information Note, 2018). Such population growth, typically  

accompanied by residential wastes disposal, has added further load on the 

 

Component Element VF1 VF2 VF3 VF4 

WT 0.25 ī0.74 0.35 0.23 

pH 0.33 0.55 0.19 0.17 

TDS Ī0.17 ī0.71 0.07 Ī0.37 

Pb Ī0.12 Ī0.41 0.72 Ī0.08 

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 Ī0.14 0.10 0.13 

As 0.87 0.16 0.16 Ī0.01 

Ni 0.91 0.11 0.07 0.29 

Mn 0.81 0.10 Ī0.12 0.30 

Fe 0.94 0.11 0.13 0.23 

Cr 0.20 0.05 0.03 0.84 

V 0.62 0.44 0.23 Ī0.31 

Eigenvalue 6.13 1.98 1.17 1.10 

% of variance 43.78 14.15 8.32 7.83 

Cumulative % 43.78 57.93 66.25 74.08 

Table 3. Loadings of experimental variables (14) on significant principal components for the surface sediments 
samples of the Shatt Al-Arab River. Extraction Method: Principal Component Analysis. Rotation Method: 
Varimax with Kaiser Normalization. 

 

 

 

Site 

Pb Mo Zn Cu Co Ni Mn Fe Cr V PN 

D W D W D W D W D W D W D W D W D W D W D W 

1 0.8 0.9 3.5 3.9 1.5 1.4 1.2 1.2 0.2 ND 1.4 1.3 0.9 0.9 5.3 5.0 2.0 1.9 0.6 0.6 3.94 3.80 

2 0.9 NA 3.4 NA 1.2 NA 0.9 NA 0.2 NA 1.3 NA 0.9 NA 5.1 NA 2.1 NA 0.5 NA 3.77 NA 

3 0.8 0.6 2.7 2.2 1.4 1.4 1.0 1.1 0.5 0.6 1.4 1.6 0.9 0.9 5.6 5.8 1.6 2.2 0.6 0.7 4.12 4.27 

4 0.8 0.6 5.4 1.5 1.5 1.4 1.3 1.3 0.9 0.9 2.0 2.0 1.3 1.2 7.4 7.2 3.3 3.1 0.6 0.9 5.52 5.26 

5 0.8 0.6 5.5 4.7 1.5 1.3 1.3 1.0 0.9 0.0 2.0 1.5 1.3 1.4 7.4 5.9 3.3 2.1 0.6 0.6 5.51 4.37 

6 0.9 0.6 2.7 3.1 1.4 1.3 1.0 1.2 0.6 0.7 1.4 1.8 1.1 1.1 6.2 6.6 6.0 2.3 0.4 0.8 4.67 4.88 

7 0.9 0.7 5.6 3.1 1.5 1.5 1.2 1.3 0.8 0.7 1.6 1.7 1.1 1.1 6.5 6.6 2.3 2.4 0.6 0.8 4.86 4.85 

8 0.9 0.6 1.2 4.5 1.5 1.3 1.2 1.1 0.9 0.8 1.8 1.8 1.2 1.1 7.1 6.7 2.1 2.1 0.7 0.8 5.19 4.96 

9 0.8 0.6 2.8 2.0 1.5 1.3 1.1 1.1 0.6 0.8 1.6 1.6 1.0 1.1 6.4 6.5 2.3 2.1 0.6 0.7 4.7 4.79 

10 1.0 0.6 5.2 1.4 1.6 1.3 1.2 1.1 0.6 1.1 1.8 1.6 1.1 1.0 6.8 6.6 2.3 1.8 0.8 0.8 5.09 4.80 

11 0.9 0.6 4.0 5.0 1.7 1.3 1.2 1.2 0.6 0.9 1.8 1.7 1.1 1.1 6.9 6.7 2.2 1.8 0.7 0.9 5.08 4.95 

12 1.5 0.7 5.7 2.7 1.6 1.3 1.2 1.1 0.5 0.9 1.4 1.6 0.9 1.0 5.8 6.1 3.3 2.5 0.5 0.7 4.43 4.51 

13 1.1 0.8 2.2 5.0 1.8 1.6 1.3 1.2 0.6 ND 1.7 1.5 1.0 1.0 6.4 5.9 1.9 1.9 0.6 0.6 4.73 4.42 

14 0.8 0.6 5.4 2.8 1.2 1.2 0.9 1.0 0.8 ND 1.3 1.4 1.1 1.1 5.4 5.6 8.2 6.9 0.4 0.8 6.1 5.15 

15 1.3 0.8 1.7 2.5 1.4 1.3 1.1 1.0 0.5 ND 1.4 1.3 0.9 1.0 5.5 5.5 3.0 6.2 0.7 0.4 4.09 4.66 

16 1.4 0.8 3.3 4.2 1.5 1.4 1.2 1.2 0.6 0.6 1.8 1.5 1.1 1.2 6.6 5.8 3.1 1.8 0.7 0.7 4.87 4.32 

17 1.4 1.1 5.6 1.9 1.5 1.4 1.1 1.5 0.5 1.0 1.5 1.6 1.0 1.0 5.9 6.1 2.4 2.3 0.6 0.6 4.46 4.48 

18 4.5 4.7 2.7 1.5 2.2 2.0 1.6 1.6 0.2 0.5 1.2 1.5 0.8 0.9 5.7 6.0 1.3 1.8 0.6 0.7 4.32 4.52 

19 3.9 0.9 4.7 4.7 1.7 1.7 1.0 1.1 0.4 ND 1.1 1.2 0.7 0.8 4.9 5.6 2.1 2.4 0.5 0.6 3.76 4.26 

20 1.5 0.8 1.2 2.8 1.4 1.3 1.0 1.0 0.6 ND 1.3 1.3 0.9 0.9 5.4 5.1 2.9 2.9 0.5 0.6 3.98 3.83 

21 1.9 0.7 2.5 4.6 1.3 1.5 1.0 1.1 0.5 ND 1.3 1.3 0.9 0.8 5.4 5.3 1.2 1.8 0.5 0.7 3.99 4.00 

22 1.0 0.5 5.0 2.6 1.8 1.5 1.1 0.9 0.6 ND 1.2 1.0 0.8 0.8 5.5 5.1 1.1 1.1 0.5 0.6 4.14 3.76 

23 1.2 0.6 1.9 2.1 1.5 1.5 1.1 1.0 0.2 ND 1.2 1.2 1.0 0.9 5.6 5.5 1.1 1.2 0.6 0.8 4.14 4.05 

24 1.3 0.6 5.6 4.6 1.1 1.4 0.7 1.0 0.2 ND 1.0 1.1 0.8 0.8 4.6 5.2 1.4 1.3 0.5 0.6 4.13 3.89 

25 1.7 0.5 0.4 2.7 1.3 1.2 0.9 0.9 0.2 ND 1.1 1.0 1.0 0.9 5.3 4.9 1.1 1.2 0.7 0.6 3.89 3.63 

Mean 1.4 0.9 3.6 3.2 1.5 1.4 1.1 1.1 0.5 0.7 1.5 1.5 1.0 1.0 6.0 5.9 2.5 2.4 0.6 0.7 4.54 4.43 

SD 0.9 0.8 1.7 1.2 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.3 0.1 0.1 0.8 0.6 1.6 1.4 0.1 0.1 0.62 0.50 

Table 4. Contamination Factor (CF) and Nemerow Pollution index (PN) for Heavy metals in dry (D) and wet 

(W) seasons. NA: Not Available. ND: Not Detected. 
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environment (Abdullah et al., 2016). Anthropogenic effluents that are often discharged directly or flushed via runoff 
into the river are believed to be associated with producing toxic and hazardous substances into the river 
environment (Khwedim et al., 2009; Khwedim, 2016). Moreover, the Mesopotamian Marshes draining into the Shatt 
Al-Arab that were once acting as a powerful filter for pollutants (Maltby, 1994) have tremendously degraded due 
to the extensive drainage and diversion of water supplies for agriculture, oil exploration, and military purposes 
in the 1990s (Partow, 2001). International efforts have been made to restore the marshes since 2003, but restoration 
is patchy because of high soil and water salinities (Fawzi and Mahdi, 2014). Furthermore, upstream dam projects 
now control the volume and timing of water coming into the marshes, and the total volume of incoming water 
has diminished (Saeed et al., 1999; Fawzi and Mahdi, 2014). Wu et al. (2012) found that the projected water yield 
reduction that causes lower discharge in the channel could affect both terrestrial and aquatic ecosystems. Thus, 
these natural purification systems (i.e., Mesopotamian Marshes) are still far from adequate restoration (Richardson 
et al., 2005; Richardson and Hussain, 2006; Al-Gburi et al., 2017). Therefore, the concentrations of heavy metals in 

the Shatt Al-Arab sediments (fraction < 63 µm) in the present study showed considerably higher levels compared 
to historical values (Abaychi and Douabul, 1985) and USEPA guidelines (USEPA, 2006) (to be discussed in 
section pollution analysis) (Fig. 3, Table 2). 

Spatial variations in river sediment quality.  Heavy metals are released into the environment by different 

anthropogenic activities (Tchounwou et al., 2012). The primary anthropogenic sources for heavy metals are 
industrial, agricultural, and residential activities (Bradl, 2005). Industrial actions, by which heavy metals are 
introduced into the environment, include fuel combustion, petroleum extraction, mining, smelting, metal 
finishing, and manufacturing waste disposal (Kapusta and Sobczyk, 2017). Agricultural activities such as 
applications of chemical fertilizers, animal manures, and pesticides containing heavy metals can significantly 
contribute to the metals polluting the environment (Bradl, 2005). Likewise, residential areas characterized by 
high population densities, excess energy consumption, and extended industrial and transportation activities are 
often characterized by large amounts of hazardous waste (Kabata-Pendias and Pendias, 2001). Basra governorate 
(the study area), the largest urban center in Southern Iraq, has various anthropogenic activities that most likely 
involved in heavy metals contamination (Douabul et al., 2013; Al-Jaberi and Al-Dabbas, 2014). 

 

Figure 4. Box and Whisker showing CF of heavy metals during the dry season (red box) and wet season (blue 
box). The horizontal black lines (inside the boxes) denote the medians of the seasonal CFs. The bottom and top 
of the box show the first and third quartiles (Q1 and Q3). The whiskers are the lines inside the region defined by 

Q1-1.5(Q3-Q1) and Q3+ 1.5(Q3-Q1). The individual points with values outside these limits represent outliers. 
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The spatial variations of the heavy metals concentrations in sediments along a river watercourse are a con- 
sequence of the different sources contributing to metal inputs (Bermejo et al., 2003). Relatively low metals 
concentrations observed in the riverõs tributaries (Euphrates and Tigris rivers), i.e., sites 1, 2, and 3 can be 
attributed to the fact that these tributaries are less contaminated compared to the Shatt Al-Arab. Right after the 
Euphrates and Tigris confluence at the Qurna City, heavy metals levels showed significant increases that extend 
to the middle parts of the river course (Fig. 2). The elevated metal concentrations in the sediments at the Qurna 
site may be caused by domestic wastewaters and industrial effluents discharged directly into the river (Al-Asadi 
et al., 2019). Similar to our findings, Al-Asadi et al. (2019) found high metals levels in the river sediments at the 
Qurna site, and ascribed that to the urban wastewater, oil deposits, corrosion of oil pipelines and floating bridges. 
In general, metals exhibited higher levels in the upstream parts, and showed a gradual decrease towards the river 
mouth. The high pollution levels in the upper and middle parts of the river detected in the current study can be 
attributed to the high population densities and industrial activities concentrated in these parts (Al-Hejuje et al., 
2017). The present findings are in agreement with Al-Jaberi et al. (2016), who stated that the primary sources of high 
metals levels in the upstream sites are sewage effluents, industrial wastes, oil spelling, and agricultural chemicals 
such as fertilizers and pesticides. Site 18 that corresponds to high metal levels (Fig. 2) receives pollution mostly  

 

Figure 5. Seasonal variations of Nemerow Pollution index (PN) for metals at each sampling station during the 
dry season (red) and wet the season (blue). 

 

 

from the nearby local metal workshops that withdraw sunken ships and boat wreck for disintegration into 
small metal scrap. This process requires cutting and welding, which, in turn, introduces such metals to the 
environment (Adekeye et al., 2011; Mistry, 2015). 

The gradual decrease in concentrations towards the mouth of the river observed for 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 upstream 
parts compared to the downstream sites (Fig. 2). Another explanation for the relatively low pollution levels in the 
downstream sites is the intrusion of marine waters as well as the water turbulence and the erosion of the riverbed 
created by the higher current velocity in the southern parts of the river which can result in the reduction of toxic 
metals accumulation in the sediments (Al-Asadi et al., 2019). The regressions of the gradual decrease in metals 
concentrations towards the mouth of the river observed in this study are similar to those reported by Roy et al. 
(2018), who reported a trend of a gradual reduction in heavy metals concentrations towards the Bay of Bengal. Roy 
et al. (2018) attributed the relatively low heavy metals concentrations at the downstream stations to the high tidal 
activity throughout the year that these stations are experiencing. Similar findings were documented by Campbell 
and Bower (1996), who stated that the natural flushing action associated with tidal influences could result in a zone 
of low-level pollutants. Likewise Chen et al. (2001), found that the spatial distribution of heavy metals in coastal 
rivers can be controlled by the tidal hydrodynamic action. Chen et al. (2001) demonstrated that tidal flat has an 
individual self-purification capacity. 

Temporal variations in river sediment quality.  Industrial and municipal wastewater effluents represent 

a continuous contamination source, whereas surface runoff constitutes a seasonal source, primarily influenced by 
climate conditions within river basin (Singh et al., 2004). Seasonal variations in precipitation, surface runoff, and 
groundwater flow impose a substantial impact on river discharge and, consequently, on the concentrations of 
contaminants in river water (Liu et al., 2003; Shrestha and Kazama, 2007). However, contaminants are relatively stable 
in sediments compared to water (Karadede-AkĔn, 2009). Our data showed no significant relationship between metals 
concentrations and seasonality. Such findings are consistent with Karadede-AkĔn (2009) who did not detect 
significant seasonal variations in heavy metal levels in sediments. Heavy metals stability in sediment can be attributed 
to that heavy metals are inert in the sediment environment (Moghaddas et al., 2013) as sediments act as a significant 
sink of heavy metal pollutants in the river bodies (Banerjee et al., 2016). 

The hydrology of the Shatt Al-Arab basin is characterized by hot and dry summer and cold and rainy winter 
with a distinct tidal interplay 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 by semi-diurnal patterns, with the tidal limit ranging 
from around one meter at the Basra City to three meters at the Fao City at the river mouth (Al-Ramadhan and 
Pastour, 1987). Furthermore, climate parameters in the Shatt Al-Arab basin notably vary throughout the year 
(Nriagu, 1988). For example, the basin experiences relatively high rainfall and consequently higher discharge in the 
wet season. Alternatively, the basin has low to no rainfall outside of the wet season, and hence, the river discharge 
is relatively lower. The average river discharge in the dry season is 720 m3/s, and increases to 930 m3/s in the wet 
season (Al-Mahmood, 2009). Due to such discharge variations, the salt wedge from the Arabian Gulf often extends 
up to 100 km upstream during the peak of the dry season and minimizes to less than 15 km in the wet season (Al-
Maliky et al., 2015). Thus, such seasonal variations can explain the trends of water temperature and TDS observed 
in the current study (Table 1; Fig. 2). Sharp TDS increase detected at station 18 in the dry season (Fig. 2) can be 
assigned to the high seawater intrusion in this season (Al-Maliky 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 change 
can explain the water temperature variations in our study since the water temperature 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 ascribed 
to the anthropogenic activities at these sites. Industrial activities, especially power manufacturing from fossil fuels, 
can result in acidification of freshwater systems (United Nations Environment Programme (UNEP), 2010). pH 
variations in the Shatt Al-Arab River were documented by (Al-Asadi, 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 (Liu 
et al., 2003; Filgueiras et al., 2004; Glasby et al., 2004; Tang et al., 2010). In the current study, PCA and FA 
conducted on the normalized data sets (14 variables) have extracted four varifactors based on Eigenvalues. VF1 
explained more than 40% of the total variance was dominated by Cu, Co, As, Ni, Mn, Fe, and V. These elements 
are most likely related to anthropogenic sources. In general, these metals showed relatively low concentrations 
at Tigris and Euphrates rivers, a sharp increase at the very origin of the Shatt Al-Arab, and then a gradual 
decrease in their levels from the middle parts of the river to 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 this 
stretch. These metropolitan areas contribute to different sources of pollution, such as the discharging of industrial 
effluents, agricultural return flow, and untreated urban effluents (Al-Asadi et al., 2019). Cu, As, and Ni can 
originate from fuel combustion and industrial emissions (Bradl, 2005). Anthropogenic sources of cobalt include 
fuel combustion, special steels, and metal mining and processing (Reimann and De Caritat, 1998). Mn can result 
from anthropogenic sources such as refining, smelting, fertilizer use, sewage sludge, and atmospheric deposition 
from fossil fuel combustion and waste incineration, which are common in the study area (Jasim et al., 2018). Iron 
in stream sediment often shows a very strong correlation with vanadium (Salminen et al., 2005) and that can 
explain their coexistence in the same group in the current study, and both can originate from industrial effluents 
(Kabata-Pendias and Pendias, 2001). VF2 represents the influence of water physical properties (i.e., WT, TDS, and 
pH) as these parameters were reported to be correlated to each other (Kefford, 1998; Girardi et al., 2016). VF3 
elements (i.e., Zn and Pb) are derived from anthropogenic effluents. Both metals show high levels in sites 18 and 
19; sites that correspond to an industrial area containing metal welding workshops. The process of welding 
produces such metals to the environment (Adekeye et al., 2011; Mistry, 2015). The fourth varifactor VF4 is loaded 
on Mo and Cr, and can be attributed to agricultural sourcing. The primary sources of Mo in the environment are 
from the use of Mo fertilizers in agriculture (Bradl, 2005). Fertilizers may also contain several hundred to 
thousand ppm of Chromium (Bradl, 2005). 

Pollution analysis. Contamination factor analysis showed moderate to considerable Mo contamination in 

the study area. Mo anthropogenic contamination may occur from fertilizers and sewage sludge (Reimann and De 
Caritat, 1998). Large agricultural areas located on the banks of the river can explain the high Mo contamination 
levels reported in this study. High molybdenum concentrations in the environment, whether from natural 
sources or through pollution, has poisoning effect as excessive Mo levels can lead to bone deformation and 
disruption of metabolic processes in human and animals (Migaszewski and GaĠuszka, 2016). Cr also displayed 
high CF values ranging from moderate to considerable pollution. Highly toxic, causing liver and kidney damage 
and acting as a carcinogen, chromium can be introduced to the rivers by fertilizers (Ghani, 2011), and that can 
explain the high Cr levels in the river reaches that pass through agricultural lands (i.e., sites 4, 5, 6, 14, and 15). 
Zn and Pb high levels in specific sites (i.e., sites 18 and 19) are corresponding to an industrial area containing 
metal welding workshops which explain their relatively higher pollution levels in these sites (Adekeye et al., 2011; 
Mistry, 2015). Nickel high pollution levels in the upper reaches of the river can be attributed to sewage sludge 
and fuel combustion. The latter process has been identified to be the primary source of Ni in the environment, 
since petroleum contains considerable amounts of Ni (Nriagu, 1988). Ni findings in this study are compatible 
with (Al-Jaberi and Al-Dabbas, 2014) who found relatively high Ni pollution levels in Basra sediments and 
(Khwedim et al., 2009) who also reported high Ni levels in northern parts of Basra. High Ni concentrations are 
both toxic, resulting in dermatitis and gastric irritation, as well as carcinogenic diseases (World Health 
Organization (WHO), 1996). From the Contamination Factor (CF) and Nemerow pollution index (PN) values, it 
was evident that the upper and middle parts of the river (i.e., sites 4 to 18) are relatively highly polluted sites (Table 
4; Fig. 5). The crude oil production in Basra grew by four million barrels per day, rising from 0.5 million barrels 
per day in 1995 to almost 4.5 million barrels per day in 2017 (Country Analysis Brief, 2017). Such an oil industry 
expansion accompanied by extensive development in the northern parts of the Shatt Al-Arab drainage basin 
can contribute to the increasing metal pollution. Downstream reaches of the river are the least 
industrialized/populated areas, and thus receive relatively fewer pollution inputs which was confirmed by their 
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lower CF and PN values (Table 4; Fig. 5). Additionally, these sites most likely take advantage of self-purification 
due to tidal activities. 

Conclusions 
Substantial amounts of anthropogenic pollutants were reported in the Shatt Al-Arab surface sediments in the 
current study. Concentrations of metals investigated such as Cr, Cu, Ni, Mn, and Fe were higher than the United 
States Environmental Protection Agency (USEPA) standards. Moreover, concentrations of Pb, Cr, Cu, Ni, Zn, 
Fe, and Mo in the current study were higher than the local background levels (i.e., the year 1985), indicating 
that the river is experiencing considerable pollution. Our data showed no significant relationships between metals 
concentrations and seasonality. Heavy metals stability in sediment can be attributed to that such metals are 
inert in sediment environment. Statistical analysis revealed that most metals are of anthropogenic sourcing. 
Metals such as Cu, Co, As, Ni, Mn, Fe, V, Zn, and Pb are mainly related to industrial and residential activities such 
as fuel combustion, metal mining, processing, refining, smelting, and sewage sludge disposal. On the other hand, 
Molybdenum and Chromium are most likely of agricultural origin (i.e., agricultural fertilizers). Furthermore, 
pollution analysis displayed high sediment pollution in terms of several metals Fe, Mo, Cr, Zn, and Ni. The 
pollution, however, was not evenly distributed along the river course as the highest levels of heavy metals were 
reported at the upper and middle reaches of the river, and were attributed to the higher industrial and urban 
development in these parts. Downstream reaches of the river, on the other hand, are the least 
industrialized/populated areas, and thus receive relatively fewer pollution inputs. Furthermore, downstream 
sites are most likely to take advantage of self-purification and assimilative capacity of a river with powerful tidal 
activities. 

Received: 23 July 2019; Accepted: 2 April  2020; 

Published online: 24 April 2020 

References 
Abaychi, J. & Douabul, A. Trace metals in Shatt Al-Arab River, Iraq. Water Resources 19, 457ð462 (1985). 

Abdullah, A., Karim, U., Masih, I., Popescu, I. & Zaag, P. Anthropogenic and tidal influences on salinity levels of the Shatt al-Arab River, 
Basra, Iraq. International Journal of River Basin Management 14, 357ð366. http://dx.doi.org/10.1080/15715124.2016.1193509 (2016). 

Adekeye, E. A., Ojo, M. A. & Ajayi, O.O. Contributions of metal welding workshops to environmental pollution in Akure Metropolis, 
Ondo State, Nigeria. Journal of Environmental Issues and Agriculture in Developing Countries 3,1 (2011). 

Al-Aboodi, A., Abbas, S. & Ibrahim, H. 2018. Effect of Hartha and Najibia power plants on water quality indices of Shatt AlArab River, 
south of Iraq. Applied Water Science 8:64. https://doi.org/10.1007/s13201-018-0703-0 (2018). 

Al Asadi, S. A, Al-Hawash, A. B., Alkhlifa, N. A. & Ghalib, H. B. Factors Affecting the Levels of Toxic Metals in the Shatt AlArab 
River, Southern Iraq. Earth Systems and Environment https://doi.org/10.1007/s41748-019-00096-y (2019). 

Al-Asadi, S. A. A Study of pH Values in the Shatt Al Arab River (Southern Iraq). International Journal of Marine Science 6, 1ð8. 
http://ijms.biopublisher.ca (2016) 

Al-Gburi, H. , Al-Tawash, B. & Al-Lafta, H. Environmental assessment of Al-Hammar Marsh, Southern Iraq. Heliyon, 3(2017)e00256. 
https://doi.org/10.1016/j.heliyon.2017.e00256 (2017). 

Al-Hejuje, M. M., Hussain, N. A. & Al-Saad, H. Applied Heavy Metals Pollution Index (HPI) as a Water Pollution Indicator of Shatt Al-
Arab River, Basrah-Iraq. International Journal of Marine Science 7, 353ð360 http://ijms.biopublisher.ca (2017). 

Al-Imarah, F., Al-Bydhani, M. & Haidar, M. Continuity of pollution by petroleum hydrocarbons in water and sediments of Shatt Al-Arab 
River, southern Iraq, north west Arabian Gulf. International Journal of Advances in Science Engineering and Technology 5, Iss-4, Spl. Issue-2 Dec.-
2017, http://iraj.in (2017). 

Al-Jaberi, M. H. & Al-Dabbas, M. A. Assessment of Heavy Metals Pollution in the Sediments of Iraqi Coastlines. International Journal of 
Scientific Research  3, 9, ISSN No 2277ð8179 (2014). 

Al-Jaberi, M. H., Al-Dabbas, M. A & Al-Khafaji, R. Assessment of heavy metals contamination and sediment quality in Shatt Al-Arab 
River, south Iraq. Iraqi Geological Journal 39ð49, 88ð97 (2016). 

Al-Khfaji, B., Mohamed, A. & Al-Imarah, F. Trace metals in water, sediments and green back mullet (Liza subviridis, Valencielles,1836) 
of the Shatt Al-Arab estuary, northwestern Arabian Gulf. Marina Mesopotamia 12, 7ð23 (1997). 

Al-Kubaisi, M. & Hussein, M. Morphotectonics of Shatt Al-Arab River Southern Iraq. Iraqi Journal of Science 55, 1051ð1060 (2014). 

Al-Mahmood, H. The monthly variations of discharge and effect that on a total dissolve suspended and salinity in Shatt Al-Arab River 
(South of Iraq). Iraqi Journal of science 50, 355 ð368 (2009). 

Al-Maliky, J., Peterson, A. & Hassan, W. Analysis of water quality, the impact of the salt wedge from the Arabian Gulf on the Shatt Al-
Arab River, Iraq. Saarbrücken, Germany: LAB Lambert Academic Publishing (2015). 

Al-Manssory, F.,  Abdul Kareem, M. & Yassen, M. An Assessment of Environmental Pollution by Some Trace Metals in the Northern 
Part of Shatt Al-Arab Sediments, Southern Iraq. Iraqi Journal of Earth Sciences 4, 11ð22 (2004). 

Al-Ramadhan, B. & Pastour M. Tidal characteristics of Shatt Al- Arab River. Mesopotamian Journal of Marine Science 2,15ð28 (1987). 

Al-Saad, H. T. & Salman, N. A. Status of Oil Pollution in the Arabian Gulf and Shatt Al-Arab Estuary: A Review. In: Subramanian V. 
(eds) Coastal Environments: Focus on Asian Regions. Springer, Dordrecht (2012). 

Al-Saedi, A., Smith, M., Moles, N. & Alwhaely, U. 2018. Implications of Human Activities on the Shatt al Arab River and Khor al Zubair 
in City of Basra, Southern Iraq. 20th EGU General Assembly, EGU2018, Proceedings from the conference held 4-13 April, 2018 in 
Vienna, Austria, p.17773 

Al-Tawash, B., Al-Lafta, H. & Merkel, B. Preliminary Assessment of Shatt Al-Arab Riverine Environment, Basra Governorate, Southern 
Iraq. Journal of Natural Science Research 3, 120ð136 (2013). 

Al-Yamani, F. Importance of the freshwater influx from the Shatt-Al-Arab River on the Gulf marine environment. In: Abuzinada A.H., 
Barth HJ., Krupp F., Bºer B., Al Abdessalaam T.Z. (eds) Protecting the Gulfõs Marine Ecosystems from Pollution. Birkhªuser Basel, 
https://doi.org/10.1007/978-3-7643-7947-6_11 (2008). 

http://dx.doi.org/10.1080/15715124.2016.1193509
https://doi.org/10.1007/s13201-018-0703-0
https://doi.org/10.1007/s41748-019-00096-y
http://ijms.biopublisher.ca/
https://doi.org/10.1016/j.heliyon.2017.e00256
http://ijms.biopublisher.ca/
http://iraj.in/
https://doi.org/10.1007/978-3-7643-7947-6_11


 

              89  

Al-Yamani, F., Bishop, J., Al-Rifaie, K. & Ismail, W. The effects of the river diversion, Mesopotamian marsh drainage and restoration, 
and river damming on the marine environment of the northwestern Arabian Gulf. Aquatic Ecosystem Health and Management 10, 277ð289 
(2007a). 

Banerjee, S., Kumar, A., Maiti, S. & Chowdhury, A. Seasonal variation in heavy metal contaminations in water and sediments of 
Jamshedpur stretch of Subarnarekha river, India. Environmental Earth Sciences 75:265; DOI 10.1007/s12665-015-4990-6 (2016). 

Bermejo, J. C., Beltrán, R. & Ariza, J. L. Spatial variations of heavy metals contamination in sediments from Odiel river (Southwest 
Spain). Environment International 29, 69ð77 (2003). 

Bhuyan, M. S & Abu Bakar, M. Seasonal variation of heavy metals in water and sediments in the Halda River, Chittagong, Bangladesh. 
Environmental Science and Pollution Research 24, 27587ð27600.DOI 10.1007/s11356-017-0204-y (2017). 

Botté, S. E., Freije, R. H. & Marcovecchio, J. E. Distribution of Several Heavy Metals in Tidal Flats Sediments within Bahía Blanca 
Estuary (Argentina). Water, Air, & Soil Pollution 210, 371ð388. DOI 10.1007/s11270-009-0260-0 (2010). 

Bradl, H. Heavy Metals in the Environment: Origin, Interaction and Remediation. Elsevier Academic Press:  Amsterdam/Boston (2005). 

Bryan, G. W. & Langston, W. J. Bioavailability, accumulation and effects of heavy metals in sediments with special reference to United 
Kingdom estuaries: a review. Environmental Pollution 76, 89ð131 (1992). 

Caeiro, S., Costa, M. & Ramos, T. Assessing Heavy Metal Contamination in Sado Estuary Sediment: An Index Analysis Approach. 
Ecological Indicators 5, 151ð169 (2005). 

Campbell, T. R. & Bower, D. E. Water quality, bed-sediment quality and simulation of potential contaminant transport in Foster Creek, 
Berkeley County, South Carolina, 1991-93. Water-Resources Investigations Report 95-4247, U.S. Department of the Interior, U.S. 
Geological Survey, USA (1996). 

Chakravarti, I. M., Laha, R. G. & Roy, J. Handbook of Methods of Applied Statistics, Volume I, John Wiley and Sons, pp. 392ð394 
(1967). 

Chen, Z., Liu, P., Xu, S., Liu, L., Yu, J. & Yu, L. Spatial distribution and accumulation of heavy metals in tidal flat sediments of Shanghai 
coastal zone. Science in China Series B: Chemistry 44, Supplement 1,197ð208 https://doi.org/10.1007/BF02884828 (2001).  

Cheng, J., Shi, Z. & Zhu, Y. Assessment and Mapping of Environmental Quality in Agricultural Soils of Zhejiang Province, China. Journal 
of Environmental Sciences 19, 50ð54 (2007). 

Chung, S. Y., Venkatramanan, S., Park, N., Ramkumar, T., Sujitha, S. B. & Jonathan, M. P. 2016. Evaluation of physico-chemical 
parameters in water and total heavy metals in sediments at Nakdong River Basin, Korea. Environmental Earth Sciences 75:50, DOI 
10.1007/s12665-015-4836-2 (2016). 

Cleff, T. Descriptive Statistics and Exploratory Data Analysis: A Computer-Based Introduction to Excel, SPSS, and STATA (3rd, 
revised, and revised edition 2015). SpringerLink: Books . Wiesbaden: Gabler publishing house (2015). 

Cluis, D. A. Relationship between stream water temperature and ambient air temperature. Nordic Hydrology 3, 65ð71 (1972). 

Country Analysis Brief: Iraq. US Energy Information Administration. Retrieved from 
https://www.eia.gov/international/analysis/country/IRQ (2017). 

Country Policy and Information Note. Iraq: Security and humanitarian situation. 
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/757273/Iraq_-
_Sec_and_Hum_situation_-_v5.0__Nov_2018_.pdf (2018). 

Douabul, A. A., Al-Maaro, S. S., Al-Saad, H. T. & Al-Hassen, Sh. Gaseous Pollutants in Basra City, Iraq. Air, Soil and Water Research 6, 
15ð21 (2013). 

Dung, T. T., Cappuyns, V., Swennen, R. & Phung, N. K. From geochemical background determination to pollution assessment of heavy 
metals in sediments and soils. Reviews in Environmental Science & Biotechnology 12, 335ð353 (2013). 

Fawzi, M. N. & Mahdi, A. B. Iraqõs inland water quality and their impact on the North-Western Arabian Gulf. Marsh Bulletin 9, 1ð22 
https://www.iasj.net/iasj?func=fulltext&aId=91019 (2014). 

Field, A. Discovering statistics using IBM SPSS statistics: And sex and drugs and rock 'n' roll (4th edition). Los Angeles: Say (2013). 

Filgueiras, A. V, Lavilla, I. & Bendicho, C. Evaluation of distribution, mobility and binding behaviour of heavy metals in surficial 
sediments of Louro River (Galicia, Spain) using chemometric analysis: a case study. Science of the Total Environment 330, 115ð129 (2004). 

Förstner, U. & Salomon, S. Trace metal analysis of polluted sediments. Part I: Assessment of Sources and Intensities. Environmental 
Technology Letters 1, 494ð505 (1980). 

Fouad. S. & Sissakian, V. Tectonic and structural evolution of the Mesopotamia Plain. in Geology of the Mesopotamia Plain. Iraqi Bulletin 
of Geology and Mining, special issue 4, 33ð46 (2011). 

Gashi, F., FranĽiĢkoviĻ-Bilinski, S. & Bilinski, H. Analysis of sediments of the four main rivers (Drini i Bardhë, Morava e Binçës, Lepenc 
and Sitnica ) In Kosovo. Fresenius Environmental Bulletin  18, 1462ð1471 (2009). 

Ghani, A. Effect of chromium toxicity on growth, chlorophyll and some mineral nutrients of Brassica juncea L. Egyptian Academic Journal 
of Biological Sciences 2, 9ð15 (2011).  

Girardi, R., Pinheiro, A., Garbossa, L. H. & Torres, É. Water quality change of rivers during rainy events in a watershed with different 
land uses in Southern Brazil. Brazilian Journal of Water Resources 21, 514ð524 (2016).  

Girden, E. R. Evaluating research articles from start to finish. Thousand Oaks, Calif., Sage Publications (2001). 

Glasby, G. P, Szefer, P., Geldon, J. & Warzocha, J. Heavy-metal pollution of sediments from Szczecin Lagoon and the Gdansk Basin, 
Poland. Science of the Total Environment 330, 249ð269 (2004). 

Gong, Q., Deng, J., Xiang, Y., Wang, Q. & Yang, L. Calculating pollution indices by heavy metals in ecological geochemistry assessment 
and a case study in parks of Beijing. Journal of China University of Geosciences 19, 230ð241 (2008). 

Hakanson, L. An ecological risk index for aquatic pollution control, a sedimentological approach. Water Research 14, 975ð1001. 
https://doi.org/10.1016/0043-1354(80)90143-8 (1980). 

Hartas, D. Educational research and inquiry: Qualitative and quantitative approaches. London, New York: Continuum (2010). 

Helena, B., Pardo, R., Vega, M., Barrado, E., Fernández, J. & Fernández, L. Temporal evolution of groundwater composition in an 
alluvial aquifer (Pisuerga river, Spain) by principal component analysis. Water Research 34, 807ð816 (2000). 

Howarth, R. & Nombela, M. Metals in the sediments of Ensenada de San Simon (inner Ria de Vigo), Galicia, NW Spain. Applied 
Geochemistry 18, 973ð996, doi:10.1016/S0883-2927(02)00203-2 (2003). 

https://doi.org/10.1007/BF02884828
https://www.eia.gov/international/analysis/country/IRQ
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/757273/Iraq_-_Sec_and_Hum_situation_-_v5.0__Nov_2018_.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/757273/Iraq_-_Sec_and_Hum_situation_-_v5.0__Nov_2018_.pdf
https://www.iasj.net/iasj?func=fulltext&aId=91019
https://doi.org/10.1016/0043-1354(80)90143-8


 

              90  

Hussein, N., Al-Najjar, H., Al-Saad, H., Youssef, O. & Al-Sabonji, A. Shatt al Arab, basic scientific studies. Basra, Iraq: Marine Sceince 
Center, Basra University (1991). 

Ip, C. C., Li, X.-D., Zhang, G., Wai, O. W. & Li, Y.-S. Trace metal distribution in sediments of the Pearl River Estuary and the 
surrounding coastal area, South China. Environmental Pollution 147, 311ð323 (2007). 

Ip, C., Li, X., Zhang, G., Farmer, J., Wai, O. & Li, Y. Over one hundred years of trace metal fluxes in the sediments of the Pearl River 
Estuary, South China. Environmental Pollution 132, 157ð172 (2004). 

Isaev, V. A. & Mikhailova, M. V. The Hydrography, Evolution, and Hydrological Regimeof the Mouth Area of the Shatt Al-Arab River. 
Water Resources 36, 380ð395 (2009). 

Jasim, A. H., Al-Waeli, A. A. & Al-Asadi, K. A. The impact of Waste from oil exploration on air pollution in Al-Roumila North oil field-
Governorate of Basra ð Iraq. Journal of Scientific and Engineering Research 5, 409ð421 (2018). 

Jolliffe, I. T. Principal Component Analysis. Springer, New York (1986). 

Jonsson, K., Johansson, H. & Worman, A. Hyporheic exchange of reactive and conservative solutes in streams tracer methodology and 
model interpretation. Journal of Hydrology 278, 153ð171 (2003). 

Kabata-Pendias, A. & Pendias, H. Trace Elements in Soils and Plants, CRC Press LLC, Boca Raton, Florida, USA (2001). 

Kaiser, H. F. The application of electronic computers to factor analysis. Educational and Psychological Measurement 20, 141ð151 (1960). 

Kapusta, P. & Sobczyk, L. Effects of heavy metal pollution from mining and smelting on enchytraeid communities under different land 
management and soil conditions. Science of The Total Environment 536, 517ð-526 (2017). 

Karadede-AkĔn, H. Seasonal variations  of  heavy metals  in  water,  sediments,  pond  weed  (P. pectinatus L.) and freshwater fish (C. c. 
umbla) of Lake  Hazar  (ElazĔĶ-Turkey).  Fresenius Environmental Bullet,18(4):511Ĭ518 (2009). 

Karstens, S., Buczko, U., Jurasinski, G., Peticzka, R. & Glatzel, S. Impact of adjacent land use on coastal wetland sediments. Science of the 
Total Environment 550, 337ð348 (2016). 

Kefford, B. The relationship between electrical conductivity and selected macroinvertebrate communities in four river systems of south-
west Victoria, Australia. International Journal of Salt Lake Research 7, 153ð170 (1998). 

Khwedim, K. H. Crude Oil Spillage and the Impact of Drilling Processes on the Soil at Rumaila Oil Field- Southern Iraq. Iraqi Journal of 
Science 57(2A), 918ð929 (2016). 

Khwedim, K. H., Al-Anssari, H. R. & Al-Bassam, Kh. S. Study of distribution of some heavy metals in the soil of Basra city- south of 
Iraq. Iraqi Journal of Science 50, 533ð542 (2009). 

Kim, J. -O. & Mueller, C. W. Introduction to factor analysis: what it is and how to do it. Quantitative Applications in the Social Sciences 
Series. Sage University Press, Newbury Park (1987). 

Kowalska, J., Mazurek, R., Gňsiorek, M., Setlak, M., Zaleski, T. & Waroszewski, J. Soil pollution indices conditioned by medieval 
metallurgical activity: A case study from Krakow (Poland). Environmental Pollution 218, 1023ð1036 (2016). 

Kumar, R., Solanki, R. & Kumar, J. Seasonal variation in heavy metal contamination in water and sediments of river Sabarmati and 
Kharicut canal at Ahmedabad, Gujarat. Environmental Monitoring and Assessment 185, 359ð368; DOI 10.1007/s10661-012-2558-4 (2013). 

Lee, J. Y., Cheon, J. Y., Lee, K. K., Lee, S. Y. & Lee, M. H. Statistical evaluation of geochemical parameter distribution in a ground water 
system contaminated with petroleum hydrocarbons. Journal of Environmental Quality  30, 1548ð1563 (2001). 

Liu, A., Duodu, G., Goonetilleke, A. & Ayoko, G. Influence of land use configurations on river sediment pollution. Environmental Pollution 
229, 639ð646 (2017). 

Liu, C. W., Lin, K. H. & Kuo, Y. M. Application of factor analysis in the assessment of groundwater quality in a Blackfoot disease area in 
Taiwan. Science in the Total Environment 313, 77ð89 (2003). 

Mahdi, B. Environmental pollution in Shatt Al-Arab estuary. Journal of international academic research for multidisciplinary 3, 32ð42 (2015). 

Maltby, E. Ed. An environmental and ecological study of the marshlands of Mesopotamia. Draft Consultive Bulletin, Amar Appeals 
Trust, London (1994). 

Massart D., Vandeginste B., Deming S., Michotte Y. & Kaufman L. Chemometrics: A Textbook. Elsevier, Amsterdam (1988). 

McCready, S., Birch, G. & Long, E. Metallic and organic contaminants in sediments of Sydney Harbour, Australia and vicinityña 
chemical dataset for evaluating sediment quality guidelines. Environment International 32, 455ð465. doi:10.1016/j.envint. 2005.10.006 
(2006). 

McGann, M. Review of impacts of contaminated sediment on microfaunal communities in the southern California bight, in Lee, H., and 
Normark, W.R., eds., Earth science in the urban oceanñThe southern California continental borderland: Geological Society of America 
Special Paper 454, 413ð455 (2009). 

Menke, W. Geophysical data analysis: Discrete inverse theory. Academic press (2018). 

Middle East Institute. Will Basraõs protests reshape Iraqi politics? Middle East Institute, 1319 18th St. NW, Washington D.C. 20036. 
https://www.mei.edu/publications/will-basras-protests-reshape-iraqi-politics (2018). 

Migaszewski, Z. & GaĠuszka, A. Geochemia Ɛrodowiska. Wydawnictwo Naukowe PWN, Warszawa (2016). 

Mistry, P. K. Impact of Welding Processes on Environment and Health. International Journal of Advanced Research in Mechanical Engineering & 
Technology 1, 17ð20 (2015). 

Moghaddas, N. H., Namaghi, H. H., Ghorbani, H., Dahrazma, B. The effects of agricultural practice and land-use on the distribution and 
origin of some potentially toxic metals in the soils of Golestan province, Iran. Environ Earth Sci 68:487ð497 (2013). 

Mohamed, A. & Abood, A. Ecological Health Assessment of the Shatt Al-Arab River, Iraq. IOSR Journal of Agriculture and Veterinary Science 
(IOSR-JAVS), e-ISSN: 2319-2380, p-ISSN: 2319-2372. 10, 01ð08 (2017). 

Moyel, M. & Hussain, N. Water quality assessment of the Shatt al-Arab River, Southern Iraq. Journal of Coastal Life Medicine 3, 6,459ð465 
(2015). 

Moyel, M. Assessment of water quality of the Shatt al-Arab River, using multivariate statistical technique. Mesopotamia Environment Journal 
1, 39ð46 (2014). 

Muller G. Index of geo-accumulation in the sediments of the Rhine River. GeoJournal 2,108ð118 (1969). 

Naskar, K. & Guha Bakshi, D. Mangrove swamps of the Sunderbans ð an ecological perspective, 1st edition. Calcutta, India: Naya 
Prokash (1987). 

https://www.mei.edu/publications/will-basras-protests-reshape-iraqi-politics


 

              91  

National Research Council (NRC). Contaminated Marine Sediments: Assessment and Remediation. Washington, DC: The National 
Academies Press. https://doi.org/10.17226/1412 (1989). 

Nriagu,  J.  A  silent  epidemic  of  environmental  metal  poisoning? Environmental Pollution 50, 139ð161 (1988). 

OõRourke, N. & Hatcher, L. A. Step-by-Step Approach to Using SAS for Factor Analysis and Structural Equation Modeling. SAS 
Institute. ISBN: 9781599942308 (2013). 

Pandey, J. & Singh, R. Heavy metals in sediments of Ganga River: up- and downstream urban influences. Applied Water Science 7, 1669ð
1678, DOI 10.1007/s13201-015-0334-7 (2017). 

Partow, H. Demise of an ecosystem: The disappearance of the Mesopotamian marshlands. United Nations Environment Programme 
(UNEP) Publication UNEP/DEWA/TR.01-3, Nairobi, Kenya  (2001). 

Rahi, K. Salinity Management in the Shatt Al-Arab River. International Journal of Engineering and Technology 7, 128ð133 (2018). 

Rahman, M., Saha, N., Molla, A. & Al-Reza, Sh. Assessment of Anthropogenic Influence on Heavy Metals Contamination in the Aquatic 
Ecosystem Components: Water, Sediment, and Fish. Soil and Sediment Contamination 23, 353ð373 (2014).  

Reimann, C. & De Caritat, P. Chemical Elements in the Environment. Factsheets for the Geochemist and Environmental Scientist. 
Springer Verlag, Berlin, Heidelberg, New York (1998). 

Richardson, C. & Hussain, N. Restoring the Garden of Eden: An ecological assessment of the marshes of Iraq. Bioscience 56, 477ð489 
(2006). 

Richardson, C. J., Reiss, P., Hussain, N. A., Alwash, A. J. & Pool, D. J. 2005. The Restoration Potential of the Mesopotamian Marshes of 
Iraq, Science 307 (5713):1307ð1311. http://www.sciencemag.org/ . 

Rodríguez Martín J. A., De Arana, C., Ramos-Miras, J. J., Gil, C. & Boluda, R. Impact of 70 years urban growth associated with heavy 
metal pollution. Environmental pollution 196, 156ð63 (2015). 

Roy, D. et al. Spatio-temporal variability and source identification for metal contamination in the river sediment of Indian Sundarbans, a 
world heritage site. Environmental Science and Pollution Research. https://doi.org/10.1007/s11356-018-3092-x (2018). 

Saeed, T., Al-Ghandban, A. N., Al-Shemmari, H., Al-Mutair, M. & Al-Hashash, H. Preliminary assessment of the impact of draining of 
Iraqi marshes on  Kuwaitõs northern marine environment,  Part II: Sediment associated  pollutants. Water Science and Technology 40, 89ð98. 
(1999). 

Salah, E. A., Zaidan, T. A. & Al-Rawi, A. S. Assessment of heavy metals pollution in the sediments of Euphrates River, Iraq. Journal of 
Water Resource and Protection 04,1009ð1023. https://doi.org/10.4236/jwarp.2012.412117 (2012). 

Salminen, R. et al. Geochemical Atlas of Europe, Part 2. Geological Survey of Finland, Espoo. 
http://weppi.gtk.fi/publ/foregsatlas/part2.php (2005). 

Salomons, W. & Forstner, U. Metals in hydro-cycle. Springer, Berlin, pp 63ð98 (1984). 

Salonen, V. & Korkka-Niemib, A. Influence of parent sediments on the concentration of heavy metals in urban and suburban soils in 
Turku, Finland. Applied Geochemistry 22, 906ð918 (2007). 

Sánchez-Chardi, A., López-Fuster, M. & Nadal, J. Bioaccumulation of lead, mercury, and cadmium in the greater white-toothed shrew, 
Crocidura russula, from the Ebro Delta (NE Spain): Sex- and age-dependent variation. Environmental Pollution 145, 7ð14 (2007). 

Shamsi, Z., Mohammed, A. & Al-Saad, H. Heavy Metals in Residual Sediments Core Along Shatt AL-Arab Estuary. Journal of 
Pharmaceutical, Chemical and Biological Sciences 4, 440-449 (2016). 

Sharaf M., Illman D. & Kowalski B. Chemometrics. Wiley, New York (1986). 

Shi, G., Xu, Z., Chen, S., Zhang, J., Wang, L., Bi, C. & Teng, J. Potentially toxic metal contamination of urban soils and roadside dust in 
Shanghai, China. Environmental Pollution 156, 251ð260 (2008). 

Shrestha, S. & Kazama, F. Assessment of surface water quality using multivariate statistical techniques: A case study of the Fuji river 
basin, Japan. Environmental Modelling & Software 22, 464ð475 (2007).  

Simeonov, V., Stratis, J., Samara, C., Zachariadis, G., Voutsa, D., Anthemidis, A., Sofoniou, M. & Kouimtzis, T. Assessment of the 
surface water quality in Northern Greece. Water Research 37, 4119ð4124 (2003). 

Singh, K., Malik, A., Mohan, D. & Sinha, S. Multivariate statistical techniques for the evaluation of spatial and temporal variations in 
water quality of Gomti River (India): a case study. Water Research 38, 3980ð3992 (2004). 

Sissakian, V., Abdul Ahad, A., Al-Ansari, N. & Knutson, S. Geomorphology, geology and tectonics of Jabal Sanam, South Iraq. Journal of 
Earth Sciences and Geotechnical Engineering 7, 97ð113 (2017). 

Sly, P. G. (ed.). Sediment/freshwater interaction. Developments in Hydrobiology 9, Dr. W. Junk, The Hague, The Netherlands (1982). 

Tabachnick, B. & Fidell, L. Using multivariate statistics (5th edition). Boston: Pearson Education (2007). 

Tang, J., Chai, L., Li, H., Yang, Z. & Yang, W. A 10-Year Statistical Analysis of Heavy Metals in River and Sediment in Hengyang 
Segment, Xiangjiang River Basin, China. Sustainability 10, 1057; doi:10.3390/su10041057 (2018). 

Tang, W. Z, Shan, B. Q, Zhang, H. & Mao, Z. P. Heavy metal sources and associated risk in response to agricultural intensification in the 
estuarine sediments of Chaohu Lake Valley, East China. Journal of Hazardous Materials 176, 945ð951 (2010). 

Tchounwou, P. B., Yedjou, C. G., Patlolla, A. K. & Sutton, D. J. Heavy Metal Toxicity and the Environment. In: Luch A. (eds) 
Molecular, Clinical and Environmental Toxicology. Experientia Supplementum vol 101. Springer, Basel (2012). 

UN-ESCWA and BGR (United Nations Economic and Social Commission for Western Asia; Bundesanstalt für Geowissenschaften und 
Rohstoffe). Inventory of Shared Water Resources in Western Asia. Beirut. 
https://waterinventory.org/sites/waterinventory.org/files/chapters/Chapter-05-Shatt-al-Arab-Karkheh-and-Karun-Rivers-web_0.pdf 
(2013). 

United Nations Environment Programme (UNEP). Clearing the Waters A focus on water quality solutions, Kenya, 88 P. (2010). 

United Nations New York. Shatt Al Arab, Karkheh and Karun Rivers. Inventory of shared water resources in western Asia. 
https://waterinventory.org/surface_water/shatt-al-arab-karkheh-and-karun-rivers (2013). 

United States Environmental Protection Agency (USEPA). Science and Ecosystem Support Division (SESD), Athens, GA. 
https://www.epa.gov/sites/production/files/2015-06/documents/Sediment-Sampling.pdf (2014). 

USEPA (United States Environmental Protection Agency). National recommended water quality criteria. United States Environmental 
Protection Agency. Office of Water, Office of Science and Technology (2006). 

https://doi.org/10.17226/1412
http://www.sciencemag.org/
https://doi.org/10.1007/s11356-018-3092-x
https://doi.org/10.4236/jwarp.2012.412117
http://weppi.gtk.fi/publ/foregsatlas/part2.php
https://waterinventory.org/sites/waterinventory.org/files/chapters/Chapter-05-Shatt-al-Arab-Karkheh-and-Karun-Rivers-web_0.pdf
https://waterinventory.org/surface_water/shatt-al-arab-karkheh-and-karun-rivers
https://www.epa.gov/sites/production/files/2015-06/documents/Sediment-Sampling.pdf


 

              92  

Vega, M., Pardo, R., Barrado, E. & Deban, L. Assessment of seasonal and polluting effects on the quality of river water by exploratory 
data analysis. Water Research 32, 3581ð3592 (1998). 

Wang, Y., Zhu, G. & Yu, R . Assessment of Surface Water Quality using Multivariate Statistical Techniques: A Case Study in China. 
Irrigation and Drainage Systems Engineering 7, 3 DOI: 10.4172/2168-9768.1000214 (2018). 

Weather spark. https://weatherspark.com/m/104337/10/Average-Weather-in-October-in-Basrah-Iraq (2019).  

WHO (World Health Organization). Guidelines for drinking water quality. Volume 2: Health criteria and other supporting information. 
Geneva (1996). 

Wu, Y. & Chen, J. Investigating the effects of point source and nonpoint source pollution on the water quality of the East River 
(Dongjiang) in South China. Ecological Indicators 32, 294ð304 (2013). 

Wu, Y. et al. Climate change and consequences on the water cycle in the humid Xiangjiang River Basin, China. Stochastic Environmental 
Research and Risk Assessment 30, 225ð235 https://doi.org/10.1007/s00477-015-1073-x (2016). 

Wu, Y., Liu, S. & Li, Z. Identifying potential areas for biofuel production and evaluating the environmental effects: a case study of the 
James River Basin in the Midwestern United States. Global Change Biology Bioenergy 4, 875ð888, doi: 10.1111/j.1757-1707.2012.01164 
(2012). 

Wunderlin, D. A., Diaz, M. P., Ame, M. V., Pesce, S. F., Hued, A. C. & Bistoni, M. A. Pattern recognition techniques for the evaluation 
of spatial and temporal variations in water quality. A case study: Suquia river basin (Cordoba, Argentina). Water Research 35, 2881ð2894 
(2001). 

Yacoub, Y. Geomorphology, in Geology of the Mesopotamia Plain. Iraqi Bulletin of Geology and Mining, Special issue 4, 7ð32 (2011). 

Yan, C., Li, Q., Zhang, X. & Li, G. Mobility and ecological risk assessment of heavy metals in surface sediments of Xiamen Bay and its 
adjacent areas, China. Environmental Earth Sciences 60, 1469ð1479 (2010). 

Yates, K. K., Greening, H. & Morrison, G. eds. Integrating Science and Resource Management in Tampa Bay, Florida: U.S. Geological 
Survey Circular 1348, 280 p., available at https://pubs.usgs.gov/circ/1348/ (2011). 

Zhang, Y., Sillanpaa, M., Li, C., Guo, J., Qu, B. & Kang, S. River water quality across the Himalayan regions: elemental concentrations in 
headwaters of Yarlung Tsangbo, Indus and Ganges River. Environmental Earth Sciences 73, 4151ð4163 (2015). 

Zhao, R., Coles, N. & Wu, J. Status of heavy metals in soils following long-term river sediment application in plain river network region, 
southern China. Journal of Soils and Sediments DOI 10.1007/s11368-015-1157-8 (2015). 

 Acknowledgements 
H.A. is a recipient of a doctoral scholarship that is funded by the Deutscher Akademischer Austauschdienst 
(DAAD), and is grateful for the support of DAAD. The authors thank the Editorial Board Member, the Associate 
Editor, and the anonymous reviewers for thoughtful revisions of the manuscript and constructive comments. 

Author contributions 
H.A. and C.O. conceived the experiments, conducted the experiments, analyzed the results. Both authors 
reviewed the manuscript. 

Competing interests 
The authors declare no competing interests. 

Additional  information  
Correspondence and requests for materials should be addressed to H.A. 

Reprints and permissions information  is available at www.nature.com/reprints. 

Publisherôs note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations. 

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre- ative 
Commons license, and indicate if changes were made. The images or other third party material in this article 
are included in the articleõs Creative Commons license, unless indicated otherwise in a credit line to the material. If 
material is not included in the articleõs Creative Commons license and your intended use is not per- mitted by 
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/. 

© The Author(s) 2020 

https://weatherspark.com/m/104337/10/Average-Weather-in-October-in-Basrah-Iraq
https://doi.org/10.1007/s00477-015-1073-x
https://pubs.usgs.gov/circ/1348/
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/


 

               93  

 

 

 

 

 

 

Chapter 5 

 

Identification of Groundwater Potential Zones Using 

Remote Sensing and GIS Techniques: A Case Study of 

the Shatt Al -Arab Basin



 

               94  

          remote sensing 
 

Article 

Identification  of  Groundwater  Potential  Zones Using  Remote 
Sensing and GIS Techniques: A Case Study of the Shatt  
Al -Arab  Basin 

Hadi Allafta  1,*, Christian  Opp  1  and Suman Patra 2 
 
 

1 Faculty of Geography, Philipps -Universität of Marburg , Deutschhausstr. 10, 35037 Marburg,  

Germany; opp@staff.uni-marburg.de   
2  Department of Humanities and Social Sciences, Indian Institute of Technology Kharagpur, Kharagpur 721302, 

West Bengal, India; suman.patra@iitkgp.ac.in   

* Correspondence: Allafta@students.uni-marburg.de  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
check ror 
updates 

Citation:  Allafta,  H.; Opp, C.; Patra, S. 

Identification of Groundwater  

Potential Zones Using Remote 

Sensing and GIS Techniques: A Case 

Study of the Shatt Al -Arab Basin. 

Remote Sens. 2021, 13, 112. 

https://doi.org/10.3390/rs13010112  

 
Received: 9 November  2020 

Accepted: 27 December 2020 

Published: 31 December 2020 

 
Publisherõs Note: MDPI stays 

neutral  with  regard to jurisdictional  

claims in published  maps and 

institutio nal affiliations.  

 

Copyright:  © 2020 by the authors. Li - 

censee MDPI,  Basel, Switzerland.  

This article is an open access article 

distributed  under  the terms and con- 

ditions  of the Creative Commons At - 

tribution  (CC BY) license (https://  

creativecommons.org/licenses/by/  

4.0/ ). 

Abstract:  Rapid population  growth  has raised the groundwater  resources demand for socio-economic 

development in the Shatt Al -Arab basin. The sustainable management of groundwater resources 

requires precise quantitative  evaluation,  which  can be 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., litholog y, rainfall, 

geomorphology, slope, drainage density, soil, land use/land  cover, distance to 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 these layers. 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-stressed region; sustain- 

able management; Shatt Al-Arab basin 

 

 

1. Introduction  

Surface water is generally scant in arid  and semi-arid  regions owing  to low  rainfall  and 

high evaporation dominated  in such regions [1]. Arid  and semi-arid  climatic  environments 
are undergoing  a growing  surface water deficit  across the world  [2ð4]. Hence, groundwater 
is considered as a major alternative  viable resource in these environments  [5,6]. The Middle 

East, an arid  to semi-arid  region, is the most water-scarce zone in the world,  with  most of its 
countries falling  under  the international  water poverty  index set by 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 Iraq, 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
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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, 

the òProhibited Plain Actó outlined  in these laws defines several hydrological  equations to 
orient  the planners in the legislation  of well -digging  policies [11]. The Prohibited  Plain Act 

became the milestone of consecutive regulatory  laws such as banning well  construction  to 
control groundwater over -exploitation [ 11]. 

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

 
kilometer  cultivable  land 

* Source: https://www.dsw.org/laenderdatenbank/ . 

The Shatt Al -Arab basin, a trans-boundary  basin shared by Iraq and Iran, is situated in 

an arid  water-scarce zone. The water scarcity in this basin is exacerbated by 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 

in the riverõs water quality  [16,17]. Furthermore,  the Mesopotamian marshes flowing  into 
the river  that were historically  serving as natural  filters  for  contaminants [18] are no longer 

so due to the drainage and exsiccation during  the 1990s [19,20]. 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 resource-depletion threat in this region [ 25,26]. For 

example, [27] found that during the period from 2003  to 2009, groundwater exploitation 
significantly increased in Iraq owing to drought and surface water shortages in the area. 
Groundwater resources depletion in the Shatt Al -Arab basin emphasizes the need for 

sustainable management of such resources to secure steady supplies of quality  water. 
Delineation  of groundwater  potential  zones is considered a primary  step towards  sustain- 

able management of these resources [28]. However, no single recharge study has been 
done over the Shatt Al-Arab basin despite its regional significance as a trans-boundary 
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 a challenging task. Depiction of groundwater potential 
zones (GWPZs) is necessary for  the optimal  usage of available water resources to meet the 
needs of the communities  [30]. Stratigraphy  analyses and test drilling  are the traditional  and 

effective techniques for  identifying  the locations of an aquifer, but these processes are 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 -cost way with  a combination  of different  ranges of the electromagnetic spectrum 

radiated from  various earth features [32]. Remote sensing (RS) represents an exclusive and 
powerful tool for obtaining spatiotemporal data of sizable areas in a short period of time  

  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 

 

https://www.dsw.org/laenderdatenbank/
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based on indirect  analyses of some directly  observable terrain  features. Application  of RS in 

hydrogeological  investigation  and monitoring  can provide  significant  information  in spatial 
and temporal  scales, which  is important  for  effective analysis, prediction,  and validation  of 

water resources models [33]. The ability  of satellite imagery to cover large spatial scales is 
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 [34ð39]. Such characteristics are major requirements for  groundwater 
resources evaluation  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 sources such as satellite 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 databases can be integrated to generate conceptual 
models for the identification of GWPZs of an area [ 41ð48]. 

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

(GWPZs). 
 

Literature  Lt Ge So DEM  Rf Sl LD  DD  LU DR WT 

[49] ṉ ṉ     ṉ ṉ ṉ   

[50] ṉ ṉ ṉ   ṉ  ṉ    

[51] ṉ  ṉ  ṉ ṉ ṉ ṉ ṉ   

[52] ṉ ṉ ṉ ṉ  ṉ ṉ ṉ ṉ   

[53] ṉ ṉ ṉ  ṉ ṉ ṉ ṉ ṉ   

[54] ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ    

[55] ṉ ṉ ṉ  ṉ ṉ ṉ ṉ ṉ   

[56] ṉ ṉ ṉ  ṉ ṉ ṉ ṉ    

[57] ṉ  ṉ  ṉ ṉ ṉ ṉ ṉ   

[58] ṉ  ṉ   ṉ ṉ ṉ ṉ   

[59] ṉ ṉ ṉ  ṉ ṉ ṉ ṉ ṉ   

[60] ṉ     ṉ ṉ ṉ ṉ   

[61] ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ  

[62] ṉ  ṉ ṉ ṉ ṉ ṉ ṉ ṉ   

[63] ṉ  ṉ  ṉ ṉ ṉ  ṉ  ṉ 

[64] ṉ ṉ ṉ  ṉ ṉ ṉ ṉ    

[65] ṉ ṉ ṉ  ṉ ṉ ṉ ṉ ṉ   

[66] ṉ  ṉ  ṉ ṉ ṉ ṉ ṉ   

[67] ṉ ṉ ṉ ṉ ṉ ṉ  ṉ ṉ  ṉ 

[68] ṉ ṉ ṉ  ṉ ṉ ṉ ṉ ṉ   

[69] ṉ   ṉ   ṉ ṉ ṉ ṉ  

[30] ṉ ṉ ṉ  ṉ ṉ ṉ ṉ ṉ   

[70] ṉ ṉ ṉ  ṉ ṉ ṉ ṉ ṉ   

[71] ṉ ṉ ṉ  ṉ ṉ ṉ ṉ ṉ  ṉ 

[72]  ṉ ṉ ṉ ṉ   ṉ ṉ   

[73] ṉ     ṉ ṉ ṉ  ṉ  

[74] ṉ ṉ ṉ  ṉ ṉ ṉ ṉ ṉ   

[75]  ṉ ṉ  ṉ ṉ ṉ ṉ ṉ   

[76] ṉ ṉ ṉ   ṉ ṉ ṉ ṉ   

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 a lack of sufficient valid data for analysis [ 84ð86]. AHP approach has been broadly 

applied in many fields  of natural resources management, regional planning, and 
environmental impact assessment 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 [72,76,88ð90], weights are allocated to the different  parameters and their  feature classes 
based on 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 RS-GIS 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, distance to 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 southeast for  around  100 km before it  forms the borderline  between Iran and 
Iraq for  the last 90 km of its waterway  until  emptying  into  the Arabian  Gulf. The total  area 

discharging  to the Shatt Al -Arab is around  143,111 km2, 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 ðIraq 
border and eventually  flows  into  the Shatt Al -Arab through  the Swaib River (around 15 km 

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- 
zones are situated outside the Shatt Al -Arab basin whereas the Zubair  subzone is situated 

within  the basin. The Zubair  subzone is 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 characterized by thick sedimentary sequences that range in 
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 anticlines and synclines arranged òen-echelonó. The cores of the 

anticlines in the western part  consist primarily  of Cretaceous limestone 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 Iraqi  part  of the basin is mainly  hot and arid  with  average 

temperatures varying  from  9°C in winter  to 42°C in summer, and an annual precipitation  
range of 100ð175 mm [99]. In contrast, the Iranian part of the basin is characterized by cold 

winters  and mild  summers. Average temperatures vary  from  Ī25°C in winter  to 37°C in 
summer, and annual precipitation  ranges from  100 to 500 mm [99]. The basinõs population  
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 as follows:  the Karkheh River 
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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]. 

 

Figure 1. Site map of the trans-boundary Shatt Al -Arab basin (Iraq-Iran) with the Shatt Al -Arab 

River and its major tributaries.  

3. Methods  

3.1. Analytic Hierarchy Process (AHP) 

The current  study  depends on the compilation  of RS and GIS databases for  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 distance to 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  needs scientific 
experience along with  solid evidence [100] as well as an assessment of matrix consistency 

[54,84]. Similar to [ 101], we implemented  the AHP  technique by (i) selecting parameters 
controlling  groundwater recharge, (ii)  performing  a pairwise  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. Selection of Parameters Controlling  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 use type, and infiltration  rates [102]. 
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  a groundwater  potential  zones map. These nine 
layers were explored and digitally  mapped as thematic 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]. 
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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]. Each input  of the comparison matrix  describes the effect 
of the row  layer in relation  to the column layer. The importance of a layer on groundwater 
potentiality related to another layer was graded based on the Saatyõs 1ð9 scale, where 1 

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 [72,76,88ð90], we assigned the significance of the thematic 

layers (and later the rank to their  feature classes) based on experts knowledge as explained 
below. 

 
Table  3. The one-to-nine scale of 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  adjacent numbers 

 
The reviews literature indicated that different parameters  impose a different  impact  

on groundwater  potentiality. For  example, these reviews showed that lithology  plays  a 

role in the evolution  and flow  of groundwater, and ther efore was selected as one layer 
(Table 4). Similarly and based on such reviews, we selected rainfall  as another parameter 

since it  represents the main source of water recharge [65]. Geomorphological  units  with  
corresponding  features were selected as another 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 selected as 
another factor in  the hierarchy. Drainage density, which  has a negative correlation  with  

permeability  and consequently infiltration  rate [107,108], was selected as another 
parameter. Distance to 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 selected as another factor in the hierarchy 
because infiltration  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  recharge and thus were also selected as controlling parameters. The 

parametersõ weights 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 assigned according to the 
one-to-nine point  scale to each pair  of layers. For example, expertsõ opinions stated that 
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  

eigenvector in the current  study was calculated using the excel sheet created by [111] 
(Table 4). 

3.1.3. Assessing Matrix  Consistency 
The principal  eigenvalue (ɚmax) represents a function  for  the matrix  divergence from 

consistency [85]. In other words, a pairwise matrix is considered consistent only when ɚmax 
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 (ɚmax) 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 ×  9) pairwise  comparison matrix  for the analytic hierarchy process (AHP) -based groundwater  potential  

(GWP) zoning. 
 

 Lt Rf Ge Sl DD  DR So LULC  LD Normalized  Principal  Eigenvector  

Lt 1 2 3 3 3 2 2 4 4 24.06% 
Rf 1/2  1 1 1 2 2 3 3 3 1/3  15.05% 
Ge 1/3  1 1 1 3/7  1 3/7  2 3 3 3 1/3  14.52% 
Sl 1/3  1 2/3  1 4/5  2 4/5  2 2 9.96% 

DD 1/3  1/2  2/3  1 1/4  1 2 1/2  2 2 9.38% 
DR 1/2  1/2  1/2  1/2  1/2  1 3 1 3/7  2 9.02% 
So 1/2  1/3  1/3  1 1/4  2 1/3  1 1 1/9  1 1/4  7.94% 

LULC 1/4  1/3  1/3  1/2  1/2  2/3  8/9  1 2 5.60% 
LD 1/4  2/7  2/7  1/2  1/2  1/2  4/5  1/2  1 4.47% 

Sum 4.0 7.0 7.9 10.4 11.7 12.5 15.0 18.0 20.9  

Total          100.00% 

Lt = lithology; Rf = rainfall; Ge = geomorphology; Sl = 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 [112]. The allocated weights are considered consistent only if the 

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

involves calculating the consistency index (CI):  

                                                                                                                      #) 
  

  
                                                               (1)                    

where ɚmax denotes the principal  eigenvalue, and n represents the number of parameters. 

Thus, the CI in this study is:  

CI = (9.558 ð 9)/9 ĭ 1 = 0.0699 

Table  5. Computation  of the principal  eigenvalue (ɚmax). 
 

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

 (1) (2) (1) ×  (2) 

Lt 4.0 0.24 0.96 
Rf 7.0 0.15 1.05 
Ge 7.9 0.15 1.14 
Sl 10.4 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 20.9 0.04 0.93 

Sum (ɚmax)   9.558 

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

The consistency ratio  (CR) was then computed according to: 

                                                          #2                                                                       (2)

where RI represents the 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% (less than 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 1.12 1.24 1.32 1.41 1.45 1.49 

 

3.2. Identification of Groundwater Potential Zones 

Groundwater  potential  index (GWPI) is a unitless value that expresses the GWPZs in 
a particular area that can be calculated according to [114]: 

'70)   7 8                                                           σ 

where W j represents the normalized weight of the j parameter, X i 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) ,Ô,Ô 2Æ2Æ 'Å'Å 3Ì3Ì $$$$ $2$2 3Ï3Ï
,5,#,5,#,$,Ä                                                                                        τ 

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

distance to river; So, soil; LULC, land use/land cover; and LD, lineament density. The 
symbol ôwõ expresses the weight of a thematic layer (column 4 in Table 7), and the symbol 
ôrõ expresses the rating  of subclasses (the rank) in each layer (column 5 in Table 7). 

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

Factor (Unit)  Class Groundwater  Potentiality  Parameter Weight  Class Rank 

Evaporites Very low  24 1 

Metamorphic  Low  4.5 
Plutonic  Igneous Low  8 

Lithology  
Volcanic Igneous Low  11.5 

Siliciclastic Sedimentary Medium   15 
Mixed  Sedimentary High   18.5 

Carbonate Sedimentary High   22 
Unconsolidated 
Sediments 

Very high  24 

<100ð200 Low 15 1 

Rainfall  (mm/yr)  
200ð300

 
Moderate  5 

300ð400 High   10 
400ð500 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 

10ð20 High   7 
Slop (degree) 20ð30 Moderate  5 

30ð40 Low  3 
>40 Very low   1 

<0.75 Very high 9 9 

Drainage density 
0.75ð1.5

 
High   7 

(km/km 2) 
1.5ð2.25 Moderate  5 

2.25ð3 Low  3 
>3 Very low   1 

0ð35 Very high 9 9 

Distance to river  
35ð70

 
High   7 

(km)  
70ð105 Moderate  5 

105ð140 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 
Bare land (~50%) High   5 

Water Very high  6 

<0.018 Very low  4 1 

Lineament 
0.018ð0.071 Low  1.75 

density (km/km 2) 
0.071ð0.143

 
Moderate  2.50 

0.143ð0.232 High   3.25 
0.232ð0.391 Very High   4 

 

3.3. Digital  Elevation Model and Watershed Delineation 

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 Reflection Radiometer (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 
òData 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 òHydrologyó was utilized to determine the flow direction and flo w  

https://search.earthdata.nasa.gov/search
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accumulation.  We then generated the drainage lines using the òMap Algebraó tool. An  

outlet to  the watershed was allocated by using the Catalog window  and creating a 
shapefile. Next, we used the òWatershedó tool, a tool within  the òHydrologyó tool, to create 

the Shatt Al -Arab watershed boundary  by inputting  the flow  direction  file  and outlet  file  in 
the tool òWatershedó window. 

3.4. Factors Influencing Groundwater Recharge Zones 

3.4.1. Lithology  

Lithology  has a principal  impact on the occurrence and movement of groundwater  as it 

highly  controls the infiltration  and flow  processes [103]. Ref. [115] stated that the rock type 
can substantially  influence the groundwater  recharge potential.  Similarly,  Ref. [116] found 

that lithology  affects the recharge by governing  the water percolation. Some investigations 
have neglected the lithology  parameter in 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/9vuowtebp9f1iud/LiMW_GIS%202015.gdb.zip?dl=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 classes available in the lithology  classification website (https: 

//www.clisap.de/fileadmin/B -Research/IA/IA5/LITHOMAP/ ). 

3.4.2. Rainfall  

Groundwater  recharge is controlled  by various factors with  rainfall  playing  a key 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 then selected òMain webpage for the high 

resolution gridded datasetsó to download rainfall data. The rainfall data were converted 
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 
> Raster to point.  These points were interpolated  through  the tools Spatial Analyst  Tools > 

Interpolation > Kriging to obtain a rainfall contour map. The rainfall map for the study 
area was extracted using the tools Spatial Analyst Tools > Extraction > Extract by Mask.  

3.4.3. Geomorphology  

Geomorphological  units, physical features of the earthõs surface and the near-surface 

underground, represent significant aspects in hydrogeo logical investigations, evalua tion 
of topography, and delineation of groundwater resources [ 119]. Previous studies e.g., 

[64,68,70,76,105,120] have incorporated geomorpholo gy 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 recharge into  the aquifers [121]. The slope gradient  directly  controls the surface 
water infiltration [ 122] and is widely used in the delineation of GWPZs [ 51]. A region of a 

high slope gradient  has relatively  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 generated the 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 
a region divided  by the region area [123]. Drainage patterns are derived  from  surface and 

https://www.dropbox.com/s/9vuowtebp9f1iud/LiMW_GIS%202015.gdb.zip?dl=0
https://www.dropbox.com/s/9vuowtebp9f1iud/LiMW_GIS%202015.gdb.zip?dl=0
https://www.clisap.de/fileadmin/B-Research/IA/IA5/LITHOMAP/
https://www.clisap.de/fileadmin/B-Research/IA/IA5/LITHOMAP/
http://www.cru.uea.ac.uk/data).
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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  recharge rates, whereas areas of low drainage 
densities have higher  recharge rates [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 
courses especially in semi-arid  regions [73]. Areas close to rivers are favorable for  effective 

infiltration and consequently groundwater recharge.  In contrast, it is difficult to find alluvial 
layers in areas beyond a distance of 600 m [126]. Distance to river was determined by 

selecting Spatial Analyst  Tools > Map Algebra > Raster Calculator. In the Raster Calculator 
window, we entered the following command:  

Con(óFlowACC.tifó >  4000000, 1) 

where Con represents condition,  FlowACC.tif  represents the flow  accumulation  that was 
prepared in Section 3.3, and 4,000,000 is a value that enabled us to create the major river 

courses in 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 > 
Raster To Polyline.  To classify the distance to major rivers, we used Spatial Analyst  Tools > 

Distance > Euclidean Distance. 

3.4.7. Soil Features 

Soil has a significant  control  on the infiltration  and percolation rates into 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:  
//www.fao.org/geonetwork/srv/en/metadata.show%3Fid=14116 ). From FAO website, 

we downloaded  data from òDigital Soil Map of the WorldñESRI Shapefile formató. 
Furthermore, soil categories were obtained from SWAT Soil Data 

(http://www.indiaremotesensing.  com/p/s.html ). The soil map was added to ArcGIS 
10.4.1 and geo-referenced to the UTM projected  coordinate system. We extracted the study  

area using the tools Analysis  Tools > Extract > Clip.  The map was then geo-coded to each 
soil type at different  categorical levels 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, settleme nts, and industrial/quarry 

respectively. Data on catchment LULC  were extracted from  land cover databases on the 

Earth Explorer (https://earthexplorer.usgs.gov/ ). We outlined  the study  area and selected 

dataset > Land-sat > Landsat collection 1 Level-1 > Landsat 8 OLI/TIRS C1 Level-1. From 

òAdditional Criteriaó, we chose Land Cloud Cover and Scene Cloud Cover less than 10% 

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 3 × 3 Edge Enhance. To remove black pixels, we selected 

Manage Data > Pyramids and Statistics > Compute Pyramids and Statistics > and ticked Set  

http://www.fao.org/geonetwork/srv/en/metadata.show%3Fid%3D14116
http://www.fao.org/geonetwork/srv/en/metadata.show%3Fid%3D14116
http://www.indiaremotesensing.com/p/s.html
http://www.indiaremotesensing.com/p/s.html
https://earthexplorer.usgs.gov/
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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. In the supervised classification, we selected and digitized  polygons and 
placed these polygons in an òArea of Interestó layer to create the signature files. In other 
words, we drew several polygons around a specific la nd 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  classes representing 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 a linear property  that expresses the underlying  structural  features such 
as fractures, faults, cleavages, and discontinuity  surfaces. Lineaments represent the simple 
and complex linear features of structures, with  parts that are arranged in a rectangular or 
moderately  curved mode, and which  differ  from  the arrangement of the adjacent features 
and reflect some subsurface feature [131]. Lineaments are often used in mineral  exploration 
studies [132], geothermal resources [133], 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 [103]. Lineament density (L d), which  

is the length of lineament segments in a particular  region per its area, is calculated 
according to the following equation:  

                     ,
В

                                                                 (5) 

where В , 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 PCI Geomatica Software [137]. In PCI Geomatica, the image 

was added and enhanced using òEnhancementsó tool. Then, we selected Tools > 
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. Results Validation 

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  [138ð143] 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 RS-GIS and AHP-based method in demarcating GWPZs in the study area. 

3.6. Sensitivity Analysis 

Sensitivity  analysis offers significant  facts on the impact of each influencing  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  
  

ρππ                                                          (6) 
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where V is the unperturbed,  Võ is the unperturbed  GWPI (i.e., GWPI when excluding  one 
factor), and N and n are the numbers of factors used to compute V and Võ, respectively. 
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 ρππ                                                   (7) 

where x is the factor number, y is the zone type (i.e., very good, good, moderate, poor, 

very poor), Ὓ  refers to the percentage variation in yth type of groundwater potential 

zone area owing to the removal of xth factor, ὃ  is the yth type of groundwater 

potential zone area resulting from the removal of the xth criterion, and ὃ  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 

(1500ð4400 m above sea level), whereas the western parts are much flatter  with  the lowest 
elevation (0ð100 m) (Figure S1). 

4.1. Factors Influencing Groundwater Recharge Zones 

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 areas 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  has the highest levels on the 
northern parts, and exhibits a southwards gradient towards the Gulf.  The four rainfall 

zones defined in this study are 400 to 500, 300 to 400, 200 to 300, and 200 to less 100 mm yrĪ1 
(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 (Figure S4). 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 eastern margins of the 
study area (Figure S4). 

 

4.1.4. Slope 

Five slope classes were detected in the present study  (i.e., < 10°, 10ð20°, 20ð30°, 30ð40°,  

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 of the basin 
(Figure S5). 

4.1.5. Drainage Density 

The drainage density of the Shatt Al -Arab basin is categorized into  five  classes 

(i.e., <0.75 km kmī2 which  covers 17% of the basin area; 0.75ð1.5 km kmī2 covers 41%; 

1.5ð2.25 km kmī2 covers 33%; 2.25ð3 km kmī2 covers 8%; and more than 3 km kmī2 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., 0ð35 km) covers more than 50% of the basin area. On the other hand, 
the other four  classes (i.e., 35ð70, 70ð105, 105ð140, and >140 km) represent less than 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 clayey 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 
represent around  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 bare land, 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 km kmī2 (Figure S10). 

High lineament density is generally situated at the northeastern parts of the basin taking 

a somewhat elongated form  in the NW -SE direction.  The general trend of the lineaments in 
the study area displays a rapid density decrease towards the southwest. 

4.2. Groundwater Potential Zoning 

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 
953 km2, respectively. Typically,  the zones of 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 (Figure 3). 

4.3. Results Validation 

The validation  results showed that, out of 99 wells, 67 wells accurately match, 16 wells 

partially  match, and 16 wells do not match with  the groundwater  potential  map zonation 
(Table S1; Figure 4). 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%, Table 8). The elimination of the LULC 
also affects the variations of the GWPZs assessment (variation index of 1%). Similarly, the  

GWPZs seem to be sensitive to the removal  of rainfall  and lineaments (variation  index of  
0.96 and 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 (Table 8). The exclusion of each factor from the assessment 

changes the percentage area of the very poor, poor, moderate, good, and very good GWPZ. 
Drainage density and slope are the vital  influencing  parameters in identifying  the GWPZs 
because their removal considerably increases the òVery goodó GWPZ area by 83.5 and 

80.4%, respectively (Table 9). In the same way, exclusion of geomorphology  increases the 
òGoodó GWPZ area by 32.7%. Moreover, the òModerateó and òPooró GWPZs areas seem 

to be sensitive to the omission of lithology because their removal increases the areas of 
these two  zones by 38.5% and 70.6%, respectively (Table 9). Finally,  the òVery pooró 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 a time). 

Factor Eliminated  
Variation Index (%)  

Min  Max Mean SD 

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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Table 9. Zone category change under  the elimination  of each factor. 

Factor Eliminated  
Zone Category Change ((+/-) %)  

Very Poor  Poor Moderate  Good Very Good  

Lithology  6.7 70.6 38.5 ĭ74.3 ĭ100.0 
Rainfall  38.9 ĭ29.0 ĭ14.2 ĭ17.3 54.3 

Geomorphology units  ĭ6.7 ĭ30.3 ĭ28.3 32.7 ĭ93.0 
Slope 7.3 1.4 ĭ5.9 ĭ0.8 80.4 

Drainage density 39.9 ĭ0.6 ĭ9.2 1.2 83.5 
Distance to river 50.8 6.6 ĭ1.4 ĭ2.8 26.5 

Soil features 69.9 12.3 0.9 ĭ6.0 27.0 
LULC  ĭ9.3 ĭ5.9 ĭ7.7 3.1 66.5 

Lineament density  8.8 ĭ11.0 ĭ4.8 1.2 70.9 

5. Discussion  

5.1. Factors Influencing Groundwater Recharge Zones 

5.1.1. Lithology  

The southwestern areas of the basin that consist mainly  of unconsolidated sediments 

are primarily  represented by fluvial  sediments of the Euphrates and Tigris  rivers and their 
tributaries  [147]. These sediments 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  associated with  low  porosity  and permeability  

[148] and are normally assigned low ranks in lithology sub -classification [66,149] (Table 7). 

5.1.2. Rainfall  

Ref. [150] 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 mm yrĪ1) were assigned a 
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 [ 152]. 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). Bajada comprises of detrital  materials of various lithologies  and grain sizes with good  
groundwater  potential  [152]. 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  circumstances represents the final  phase of the 
cyclical erosion [154]. This unit has good groundwater prospects. Pediments are gently 
sloping  surfaces formed  between hills  and plains and generally associated with  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  increases with  gentle slope 
and low  topographic  elevation areas owing  to the longer residence time for  water to 
Ễpercolate [156ð159]. The first  slope category (i.e., <10°) that has the gentlest slope and 

lowest topographic elevation was categorized within ôvery highõ groundwater potentiality 
owing  to the nearly-flat  topography  that promotes high  infiltration  rates. The areas with  

a slope of 10ð20° are classified within  ôhighõ groundwater  potentiality  due to their  gently  
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undulant terrains and moderate runoff potential. The areas with a slope range of 20ð30° 

are categorized within  ômoderateõ groundwater  potentiality  due to their  limited  infiltration  

rates and relatively  high  runoff.  The areas with  slopes of 30ð40° and more than 40° are 
recognized as ôlowõ and ôvery lowõ groundwater  potentiality  respectively owing  to their  
steeper slope that results in a higher  runoff  potential  (Figure S5). 

5.1.5. Drainage Density 

There is a negative relationship  between drainage densities in a region and 
groundwa ter recharge because high 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 areas to 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  
irrespective 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  rates compared with  loamy soils. Loamy soils which  own high 
percentages of middle  size pores have higher infiltration  rates than clayey soils which  have 
the highest percentage of fine size pores [109,162,163]. Particular weights are allocated to 

each soil category based on the soil type and the related infiltration  rate. Large areas of the 
basin are covered by loam and clayey loam soils and were assigned a 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 such as cropland and shrub land [164]. 

Cropland  was assigned a higher  score compared with  shrub land and settlement land use 
since irrigation  enhances the water quantity  applied  to the fields, and hence promotes 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 has low  infiltration  rates and capacities due to the 

impervious surfaces dominating in such type of land use [ 166], and thus has a very low 
rank in GWPZs assessment (Table 7). 

5.1.9. Lineament Density 

The direction NW -SE of the high lineament densities in the current study coincides 
with the Arabian ðIranian 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 [167]. 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 [ 168,169]. 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). 



 

               113  

5.2. Groundwater Potential Zoning 

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  areas for  groundwater  storage (Figure S2 and Figure 
3). Similarly, geomorphology units, which are widely documented to have a remarkable 

impact on groundwater  recharge, displayed  a reasonable control  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 southwestern part can enhance the 
groundwater potentiality  in this part. The impact of the close distances to 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 rivers 

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 

GWPZ 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 classes with high GWP in these parts (Figure S3 and Figure 3). 

5.3. Results Validation 
The groundwater  depths highly  fluctuate  from  one site to another in the basin, expressing 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 òvery shallowó groundwater 
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. Besides its relatively  high theoretical weight  (i.e., 24%), lithology  has high 

values in sub-classes that occupy most of the 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-class ratings (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. The impact 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  as being an important  source of 

groundwater recharge. The removal of the lineaments influences the GWPZs assessment 
as lineaments enhance rocksõ secondary porosity and permeability and thus increase the 

groundwater movement.  

6. Conclusions  

The present study demonstrated that remote sensing, GIS, and AHP approaches are 

feasible tools for demarcating GWPZs in the trans-boundary  Shatt Al -Arab basin. The study 

provided  a solid  preliminary  assessment for  the groundwater  resources in this basin in 
a more cost and time-effective way compared with  the traditional  techniques. Remote sening 

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 (12,136 km2), good (66,578 km2), moderate (51,836 km2), poor (11,608 km2), 
and very poor (953 km2). Good GWPZ mapped in the southwestern areas of 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 influence of 
poor hydrogeological -environmental parameters (e.g., hilly and hard rock region). 
Sensitivity analysis has been conducted for  each influencing  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 

was compared with the wellsõ data (depth to groundwater) to approve its efficiency. We 
observed that the map is in agreement with the  wellsõ observation data. The map prepared 

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  scope for  further  research in 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  resources usage in this water -stressed region. 
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Supplementary Material  
 

 

Figure S1. Digital Elevation Model (DEM) of the study area.  

 

Figure S2. Lithology of the study area.   
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Figure S3. Annual rainfall of the study area.  

 

Figure S4. Geomorphology of the study area.   
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Figure S5. Slope of the study area. 

 

Figure S6. Drainage density of the study area.  
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Figure S7. Distance to rivers of the study area.  

 

Figure S8. Soils (dominant grain sizes) of the study area.  
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Figure S9. LULC of the study area. 

 

Figure S10. Lineament density of the study area. 
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Table S1. Accuracy assessment of GWPZs map with average groundwater water level. 

Well No. Latitude Longitude 
Groundwater 

depth 

Groundwater 

level 

Well location on 

GWPZs map  
Validation remarks 

1 ооϲ нфϥ олΦлмнϦ b пуϲ моϥ лΦлмнϦ 9 33 Very deep Moderate Disagree 

2 ооϲ нуϥ лΦлмнϦ b пуϲ мрϥ лϦ 9 30 Deep Poor Agree 

3 ооϲ нтϥ нфΦфууϦ b пуϲ нмϥ лϦ 9 32 Deep Good Disagree 

4 ооϲ нрϥ рфΦфууϦ b пуϲ мфϥ рфΦфууϦ 9 33 Very deep Good Disagree 

5 ооϲ нрϥ олϦ b пуϲ мфϥ лΦлмнϦ 9 31 Deep Good Disagree 

6 ооϲ нрϥ лΦлмнϦ b пуϲ мсϥ олϦ 9 29 Deep Poor Agree 

7 ооϲ ноϥ слϦ b пуϲ мфϥ лΦлмнϦ 9 32 Deep Good Disagree 

8 ооϲ ноϥ олΦлмнϦ b пуϲ нмϥ лϦ 9 30 Deep Very good Disagree 

9 ооϲ ноϥ олΦлмнϦ b пуϲ ноϥ слϦ 9 8 Very shallow Very good Agree 

10 ооϲ ннϥ олϦ b пуϲ ноϥ олΦлмнϦ 9 13 Shallow Good Agree 

11 ооϲ ннϥ рфΦфууϦ b пуϲ нтϥ лϦ 9 18 Medium Very good Disagree 

12 ооϲ ннϥ олϦ b пуϲ нуϥ олϦ 9 23 Medium Moderate Agree 

13 ооϲ нмϥ лϦ b пуϲ ннϥ рфΦфууϦ 9 23 Medium Moderate Agree 

14 омϲ плϥ олϦ b пуϲ руϥ мфΦффнϦ 9 17 Shallow Good Agree 

15 омϲ плϥ олϦ b пфϲ лϥ лϦ 9 13 Shallow Good Agree 

16 омϲ плϥ лΦлмнϦ b пуϲ рфϥ олΦлмнϦ 9 13 Shallow Good Agree 

17 омϲ оуϥ слϦ b пфϲ нϥ слϦ 9 18 Medium Moderate Agree 

18 омϲ отϥ рфΦфууϦ b пфϲ нϥ офΦфупϦ 9 18 Medium Good Partially agree 

19 омϲ отϥ лΦлмнϦ b пуϲ ррϥ плΦллуϦ 9 13 Shallow Good Agree 

20 омϲ осϥ рлΦллпϦ b пуϲ рсϥ офΦфупϦ 9 17 Shallow Good Agree 

21 омϲ отϥ лΦлмнϦ b пфϲ пϥ рфΦфууϦ 9 25 Medium Moderate Agree 

22 омϲ осϥ лϦ b пфϲ нϥ слϦ 9 24.5 Medium Moderate Agree 

23 омϲ орϥ офΦфупϦ b пуϲ рсϥ нлΦллпϦ 9 8 Very shallow Good Partially agree 

24 омϲ орϥ офΦфупϦ b пуϲ руϥ рфΦфууϦ 9 16.5 Shallow Good Agree 

25 омϲ орϥ офΦфупϦ b пфϲ мϥ лΦлмнϦ 9 17 Shallow Good Agree 

26 омϲ опϥ рфΦфууϦ b пуϲ руϥ лΦлмнϦ 9 13 Shallow Good Agree 

27 омϲ опϥ олϦ b пфϲ лϥ лϦ 9 18 Medium Good Partially agree 

28 омϲ опϥ лΦлмнϦ b пфϲ мϥ мфΦффнϦ 9 16 Shallow Good Agree 

29 омϲ ооϥ нфΦфууϦ b пфϲ мϥ лΦлмнϦ 9 13 Shallow Good Agree 

30 омϲ ооϥ лϦ b пфϲ оϥ офΦффсϦ 9 13 Shallow Good Agree 

31 омϲ омϥ рфΦфууϦ b пфϲ мϥ рфΦфууϦ 9 13 Shallow Good Agree 

32 омϲ нуϥ рфΦфууϦ b пфϲ сϥ лϦ 9 13 Shallow Good Agree 

33 опϲ сϥ лϦ b псϲ олϥ лϦ 9 14 Shallow Very good Partially agree 

34 опϲ рϥ олΦлмнϦ b псϲ омϥ рфΦфууϦ 9 8 Very shallow Very good Agree 

35 опϲ пϥ олϦ b псϲ опϥ лΦлмнϦ 9 10 Very shallow Very good Agree 

36 опϲ сϥ нлΦлмсϦ b псϲ осϥ лϦ 9 34 Very deep Poor Partially agree 

37 опϲ нϥ олΦлмнϦ b псϲ осϥ лϦ 9 7 Very shallow Very good Agree 

38 опϲ пϥ мфΦффнϦ b псϲ осϥ нлΦлмсϦ 9 14 Shallow Good Agree 

39 опϲ лϥ нлΦлмсϦ b псϲ осϥ млΦллуϦ 9 14 Shallow Good Agree 

40 опϲ лϥ млΦллуϦ b псϲ отϥ рфΦфууϦ 9 5 Very shallow Very good Agree 

41 ооϲ руϥ фΦфупϦ b псϲ оуϥ слϦ 9 19 Medium Moderate Agree 

42 ооϲ руϥ лΦлмнϦ b псϲ пмϥ офΦфупϦ 9 1 Very shallow Good Partially agree 

43 ооϲ руϥ лΦлмнϦ b псϲ поϥ рфΦфууϦ 9 3 Very shallow Good Partially agree 

44 онϲ моϥ поΦрϦ b рмϲ уϥ нлΦрппϦ 9 15 Shallow Moderate Partially agree 

45 онϲ мнϥ ппΦунϦ b рмϲ ммϥ ноΦунϦ 9 24 Medium Moderate Agree 

46 онϲ ммϥ пфΦумнϦ b рмϲ уϥ орΦснуϦ 9 25 Medium Moderate Agree 

47 онϲ ммϥ поΦммсϦ b рмϲ ммϥ уΦпмнϦ 9 28 Deep Moderate Partially agree 

48 онϲ млϥ нΦронϦ b рмϲ млϥ оΦнууϦ 9 25 Medium Moderate Agree 

49 онϲ млϥ рΦррсϦ b рмϲ мнϥ нпΦрууϦ 9 23 Medium Moderate Agree 

50 онϲ уϥ нмΦпппϦ b рмϲ мпϥ млΦпспϦ 9 35 Very deep Moderate Disagree 

51 онϲ тϥ нсΦсмсϦ b рмϲ млϥ мпΦппуϦ 9 38 Very deep Moderate Disagree 

52 онϲ тϥ ноΦрфнϦ b рмϲ тϥ муΦутсϦ 9 40 Very deep Moderate Disagree 

53 онϲ сϥ мрΦссϦ b рмϲ ммϥ ртΦоосϦ 9 37 Very deep Moderate Disagree 

54 онϲ рϥ млΦофнϦ b рмϲ тϥ роΦлпϦ 9 34 Very deep Moderate Disagree 

55 онϲ пϥ отΦтлпϦ b рмϲ млϥ пфΦннпϦ 9 31 Deep Moderate Partially agree 

56 онϲ оϥ пуΦтппϦ b рмϲ моϥ моΦнфсϦ 9 15 Shallow Good Agree 
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57 онϲ оϥ млΦлуϦ b рмϲ фϥ рмΦлупϦ 9 22 Medium Moderate Agree 

58 онϲ нϥ прΦсϦ b рмϲ ммϥ муΦтппϦ 9 15 Shallow Good Agree 

59 онϲ нϥ олΦтсуϦ b рмϲ моϥ нуΦоуϦ 9 11 Shallow Good Agree 

60 онϲ оϥ оуΦсспϦ b рмϲ мсϥ мнΦрпϦ 9 18 Medium Moderate Agree 

61 олϲ омϥ мфΦффнϦ b псϲ рсϥ нлΦллпϦ 9 17 Shallow Good Agree 

62 олϲ онϥ фΦффсϦ b псϲ руϥ рфΦфууϦ 9 13 Shallow Good Agree 

63 олϲ олϥ нлΦлмсϦ b птϲ мϥ рфΦфууϦ 9 12 Shallow Good Agree 

64 олϲ ооϥ офΦффсϦ b птϲ сϥ лϦ 9 22 Medium Good Partially agree 

65 олϲ нтϥ мрΦлмнϦ b птϲ мтϥ фΦффсϦ 9 15 Shallow Good Agree 

66 олϲ олϥ лϦ b птϲ мфϥ фΦфупϦ 9 11 Shallow Good Agree 

67 олϲ нфϥ фΦффсϦ b птϲ нлϥ нлΦллпϦ 9 17 Shallow Good Agree 

68 олϲ моϥ олϦ b птϲ нтϥ млΦллуϦ 9 39 Very deep Moderate Disagree 

69 олϲ нсϥ нлΦллпϦ b птϲ олϥ нфΦфууϦ 9 6 Very shallow Good Partially agree 

70 олϲ мфϥ мфΦффнϦ b птϲ олϥ нфΦфууϦ 9 17 Shallow Good Agree 

71 олϲ мпϥ офΦфупϦ b птϲ омϥ лΦлмнϦ 9 28 Deep Moderate Partially agree 

72 олϲ омϥ лΦлмнϦ b птϲ онϥ слϦ 9 1 Very shallow Very good Agree 

73 олϲ нрϥ лΦлмнϦ b птϲ орϥ офΦфупϦ 9 1 Very shallow Good Partially agree 

74 олϲ мнϥ млΦллуϦ b птϲ опϥ рфΦфууϦ 9 25 Medium Moderate Agree 

75 олϲ мсϥ плΦллуϦ b птϲ оуϥ фΦффсϦ 9 13 Shallow Good Agree 

76 олϲ уϥ слϦ b птϲ отϥ рлΦлмсϦ 9 17 Shallow Good Agree 

77 олϲ нрϥ лΦлмнϦ b птϲ плϥ фΦфупϦ 9 13 Shallow Good Agree 

78 олϲ нмϥ млΦллуϦ b птϲ плϥ лΦлмнϦ 9 16 Shallow Good Agree 

79 олϲ мрϥ млΦллуϦ b птϲ пмϥ фΦффсϦ 9 11 Shallow Good Agree 

80 олϲ нрϥ лΦлмнϦ b птϲ поϥ олϦ 9 4 Very shallow Very good Agree 

81 олϲ нфϥ фΦффсϦ b птϲ поϥ лΦлмнϦ 9 1 Very shallow Very good Agree 

82 олϲ мсϥ фΦфупϦ b птϲ поϥ плΦллуϦ 9 15 Shallow Good Agree 

83 олϲ уϥ офΦфупϦ b птϲ поϥ мфΦффнϦ 9 3 Very shallow Very good Agree 

84 олϲ тϥ олϦ b птϲ пуϥ нлΦлмсϦ 9 16 Shallow Good Agree 

85 опϲ осϥ лϦ b псϲ ррϥ лΦлмнϦ 9 1 Very shallow Very good Agree 

86 опϲ опϥ лΦлмнϦ b псϲ ртϥ лϦ 9 3 Very shallow Moderate Disagree 

87 опϲ омϥ рфΦфууϦ b псϲ роϥ офΦфупϦ 9 3 Very shallow Very good Agree 

88 опϲ омϥ олϦ b псϲ рлϥ фΦффсϦ 9 12 Shallow Good Agree 

89 опϲ нсϥ нлΦллпϦ b псϲ рсϥ фΦффсϦ 9 7 Very shallow Very good Agree 

90 опϲ нрϥ рфΦфууϦ b псϲ пуϥ нлΦлмсϦ 9 25 Medium Moderate Agree 

91 опϲ нрϥ рфΦфууϦ b птϲ мϥ олϦ 9 3 Very shallow Moderate Disagree 

92 опϲ ноϥ слϦ b псϲ ррϥ фΦфупϦ 9 12 Shallow Moderate Partially agree 

93 опϲ ннϥ рфΦфууϦ b птϲ оϥ млΦллуϦ 9 10 Very shallow Very good Agree 

94 опϲ нлϥ рнΦллуϦ b псϲ руϥ лΦлмнϦ 9 34 Very deep Poor Partially agree 

95 опϲ нмϥ лϦ b псϲ ррϥ рфΦфууϦ 9 19 Medium Poor Partially agree 

96 опϲ нлϥ нлΦллпϦ b птϲ рϥ фΦффсϦ 9 10 Very shallow Very good Agree 

97 опϲ мфϥ фΦфупϦ b птϲ оϥ офΦффсϦ 9 19 Medium Moderate Agree 

98 опϲ муϥ нлΦлмсϦ b птϲ ммϥ нлΦллпϦ 9 19 Medium Moderate Agree 

99 опϲ муϥ млΦллуϦ b птϲ мнϥ лϦ 9 25 Medium Moderate Agree 
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Abstract:  Accurate quantification of surface runoff is required for the appropriate design of storage structures, 

irrigation patterns, waterways, erosion control structures, water harvesting projects, and groundwater 

development schemes. However, the paucity of runoff data in Iraq and Iran is a serious obstacle. The soil 

conservation serviceïcurve number (SCSïCN) method was applied in conjunction with remote sensing (RS) 

and geographic information system (GIS) to predict the surface runoff in the Shatt Al-Arab transboundary basin 

(IranïIraq). Rainfall, land use/land cover (LULC), hydrologic soil group (HSG), and slope maps were 

developed in a GIS platform and processed to produce the curve number (CN) and surface runoff map. To build 

the SCSïCN model, rainfall data from 19 gauge sites dispersed over the basin were collected for 35 years 

(1979ï2013). HSG was established in order to ascertain the basin's infiltration capacity based on the LULC and 

soil features. The curve number, as determined by HSG, was computed for a variety of antecedent moisture 

conditions (AMC), namely dry (AMCI), normal (AMC II), and wet (AMCII I). To assess the potential for surface 

runoff, the spatial distribution of CN was graphed utilizing ArcGIS. The basin's annual rainfall fluctuated 

between 174 mm (2008) and 621 mm (1993) with an average of 448 mm yrī1. The surface runoff ranged 

between 163 mm (2008) and 300 mm (1982) with an average of 233 mm yrī1. The average annual surface 

runoff in the basin was 33.657 km3. A scatter plot constructed to visualize the linear connection between annual 

rainfall and annual runoff revealed a significant positive relation (r2 = 0.67, p < 0.05). The runoff potential is 

low in the basin's southern regions and gradually rises towards the northern parts. The basin's surface runoff 

potential was classified into five categories: very low, low, moderate, high, and very high, which accounted for 

25%, 10%, 29%, 23%, and 13% of the basin area, respectively. Crossïvalidation of the calculated annual 

average surface runoff with the average annual surface runoff data showed reasonably close matches, 

demonstrating the procedure's integrity. 

Keywords Rainfall, runoff, GIS, RS, soil conservation serviceïcurve number (SCSïCN), Shatt Al-Arab basin 

1. INTRODUCTION  

Decisionïmakers in arid and semiïarid areas must develop strategies for exploring new water resources or 

optimizing the use of existing ones. Runoff is a critical variable in determining a region's water supply (Mishra 

et al. 2014). Further, runoff represents a significant source of water quality degradation issues (Line and White 

2007; Todeschini 2016). As water flows over a surface, it collects litter, petroleum, fertilizers, chemicals, and 

other harmful compounds and releases them into water bodies, causing a detrimental effect on the environment 

and on human health (Dunn 1993; Al -Tawash et al. 2013). 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 heavy rainfall and steep slope landscapes (Opp and Groll 2014; 
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Li et al. 2020). According to Comino et al. (2018), the upper reaches of a river are the source of sediments that 

accumulate in the lower reaches. Sediment buildup in streams and drainage systems may result in obstructions 

that facilitate floods (Di Trapani et al. 2020). Clearance of such sediments from streams and drainage pipes can 

only be accomplished by costly dredging (The University of Rhode Island 2021). For example, in the Basra 

Governorate, which is situated in the southern areas of the Shatt Al-Arab basin, high sedimentation rates often 

cause drainage systems to get clogged promoting floods (Ministry of Municipalities and Public Works, Iraq 

2015). Thus, simple runoff prediction techniques are critical in hydrologic projects such as flood planning, water 

balance calculations (Souli 2021), soil erosion mitigation, and determining the water yield capability of 

watersheds (Deshmukh et al. 2013; Mishra et al. 2014). Predicting runoff in ungauged watersheds, however, is a 

critical problem in practical hydrology. For example, in the 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 on watershed runoff should be created regularly to aid in the development and 

maintenance of watershed projects (Zade et al. 2005). In the absence of runoff data, estimated direct runoff 

using the SCSïCN method has produced reliable findings (Al-Ghobari et al. 2020). The SCSïCN approach was 

established by the United States Department of Agriculture to forecast runoff volume for specific rainfall events 

(SCS, 1956, 1964, 1971, 1985, 1993, 2004). Due to its simplicity and substantial documentation, the SCSïCN 

approach is employed globally in a broad variety of hydrological applications by a large number of engineers 

and practitioners (Soulis and Valiantzas 2012). The primary reasons for its remarkable success are that it is a 

simple but wellïestablished technique, it uses readily available and wellïrecorded environmental inputs, and it 

describes a large number of variables influencing runoff development by combining them into one factor called 

the curve number (Ponce and Hawkins 1996). This approach is used to quantify the surface runoff amount in 

unmeasured watersheds. It is a single entity that incorporates the watershed's physiographic elements such as 

area, slope, LULC, and soil properties, as well as climatic aspects such as rainfall. It was first created for small 

watersheds of less than 15km2 in area, and was subsequently improved for large catchments by including the 

weighting curve approach with LULC and soil properties inputs (Ramakrishnan et al. 2009). A significant 

benefit of this approach is that GIS technique can be readily incorporated since the approach's factors are 

geographical in nature. Numerous researchers have tried to predict surface runoff by combining conventional 

data with remote sensing data using the SCSïCN method (Karunanidhi et al. 2020). The approach has been used 

for a variety of regions, LULC, and climatic conditions (Romero et al. 2007; Elhakeem and Papanicolaou 2009). 

Additionally, it was expanded much beyond its initial scope and became a necessary component of continuous 

simulation models (e.g. Holman et al. 2003; Soulis and Dercas 2007; Moretti and Montanari 2008; Adornado 

and Yoshida 2010). Many researchers asserted that the SCSïCN can be utilized effectively to predict the runoff 

depth in the absence of adequate hydrological data (e.g., Liu and Li 2008; Topno et al. 2015). 

The computation of runoff generation in the SCSïCN model mainly relied on CN values, which are 

strongly influenced by significant runoffïrelated watershed factors such as soil type, LULC, AMC, slope, and 

meteorological system (Huang et al. 2006; Shi et al. 2017). A low CN indicates that the surface has a strong 

capacity to absorb water under given rainfall conditions, while high CN values indicate increased surface runoff 

(Tejaswin et al. 2011). LULC has a considerable effect on recharge processes (Allafta and Opp 2021). For 

instance, vegetation and forest covers enhance the soil's infiltration and storage capacity. Additionally, they 

significantly slow the overland flow (Subramanya 2009). On the other hand, urban land cover has poor 

infiltration rate and capacity owing to the predominance of impermeable surfaces (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 infiltration rates (Rahmati et al. 2016) 

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 A, B, C, and D, with sands classified as group A and clays classified as group D. 

Furthermore, it has been demonstrated that slope may alter anticipated surface runoff by reducing initial 

abstraction (Chaplot and Le Bissonnais 2003), infiltration (Philip 1991), and the recession time of 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 preïstorm signal of basin moisture and available soil storage can control 

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 al. (2013), and Zhao et al. (2015) 

discovered similar relationships between water content of nearïsurface soil and runoff. 

The CN can be calculated by using widely accessible curves and tables, however, this is a difficult and 

timeïconsuming process. On the other hand, RS and GIS are powerful tools for studying rainfallïrunoff 

interactions (Ran et al. 2020). RSïGIS serves as a source of data or as a tool for calculating formula coefficients 

and model factors 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 essential input data to the rainfallïrunoff model. The data gathered from RS and other 

sources are placed in GIS 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 

accuracy (Cheng et al. 2006). Many research studies have been performed globally to simulate surface runoff 

utilizing RS and GIS methodologies (Zhan and Huang 2004). Nayak and Jaiswal (2003) and Karunanidhi et al. 

(2020) detected a strong correlation between the observed and modeled runoff depth applying the RSïGISï

based SCSïCN approach.  

This study provides the first comprehensive investigation into measuring surface runoff in the Shatt al-

Arab River basin, filling a considerable gap in the existing literature. Runoff measurements provide valuable 

information to hydrologists 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 strategies to allocate water for purposes such as agriculture, 

industry, domestic use, and preserving ecosystems (Sujud and Jaafar 2022). Surface runoff also helps in 

identifying areas that are most exposed to erosion, which in turn causes serious damage to infrastructure, 

agricultural lands, and water quality (Swarm 2024). Moreover, surface runoff measurements are used to identify 

regions most prone to floods to eventually assist in establishing flood control structures and land use planning 

(Center for Neighborhood Technology 2013). Furthermore, surface runoff data contribute to determining the 

amount of water infiltrating into the soil that contributes to groundwater recharge, which can help in sustainable 

groundwater resources management (Allafta et al. 2021b). Finally, surface runoff information aids in evaluating 

the effects of climate change on water resources. Climate parameters such as rainfall, temperature, and 

evaporation are key parameters that control surface runoff. Evaluation of the response of surface runoff to these 

parameters assists to predict what future climate change might cause to water resources, which aids water 

managers in developing strategies to adapt to the effects of climate change (Zakizadeh et al. 2021). The Shatt 

Al -Arab basin, which Iran and Iraq share, is situated in an arid to semiïarid 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 are essential for 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 purpose of this work is to employ the remote sensing 

and GISïbased SCSïCN method to simulate and calculate surface runoff volume in the Shatt Al-Arab basin. 

2. STUDY AREA 

The Shatt Al-Arab River drains the Euphrates and Tigris basins, as well as the Karkhah and Karun subbasins 

(Fig. 1) (UNïESCWA and BGR 2013). The river is composed by the convergence of the Tigris and Euphrates 

rivers at the Qurna city. It runs southeast for about 100 kilometers before forming the boundary between Iran 

and Iraq for the last 90 kilometers of its course. The overall area draining into the river is about 144,000 km2. 

The Karun River originates from Iran's Zagros Mountains and runs west via valleys and ridges to Ahvaz city, 

where it joins the Shatt Al-Arab (Salonen and Korkka-Niemib 2007). The Karkheh River originates from the 

Zagros Mountains and flows south before veering northwest and emptying into the Hawizah Marsh and 

ultimately drains into the Shatt Al-Arab through the Swayb River. Iraq and Iran share the Shatt Al-Arab basin, 

which is extended on both the Mesopotamia zone and Zagros structural zone. The first zone (i.e., the 

Mesopotamia) is subdivided into three subïzones; the Tigris, the Euphrates, and the Zubair (Liu et al. 2017). 

The Euphrates and Tigris subïzones are extended outside of the Shatt Al-Arab basin, while the Zubair sub-zone 

is extended inside it. The Zubair subzone is dominated by clastic lithological units, with limestone confined to 

its top portions (Bhuyan and Abu Bakar 2017). The Zubair subïzone is defined by several elongated folds that 

have a direction of northïsouth to northwestïsoutheast, outlining the main oil fields in the Basra Governorate 

(Banerjee et al. 2016). These Late Cretaceous anticline folds resemble basement rocks and are impacted by 

faulting (Naskar and Guha Bakshi 1987). The second zone (i.e., the Zagros structural zone) is represented by 

dense sedimentary layers ranging in age from the Cambrian period to Recent. Structural geology evidence 

indicates that the region was rifted in the PermianïTriassic period and collided in the Tertiary period (Botté et 

al. 2010). The Zagros Mountains are structurally composed of a set of ranges formed by multiple anticline and 

syncline structures organized "en-echelon". In the western part, the 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 Oligo-Miocene limestone and Miocene gypsiferous marl 

(Al -Maliky et al. 2015). The Iraqi portion of the basin has a mostly hot and dry environment, with a temperature 

range of 9º C to 42º C in winter and summer respectively and an annual rainfall range of 100 to 175 mm (Al-

Asadi et al. 2019). On the other hand, the Iranian portion of the basin has cold winter and warm summer. 

Temperatures fluctuate between ï25º C and 37º C in winter and summer respectively, and annual rainfall 

ranges between 100 and 500 mm (Al-Asadi et al. 2019). The mean annual flow of the Shatt Al-Arab River into 

the Arabian Gulf is about 74 billion cubic meter (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 study relies on the collection of GIS and RS databases for producing 

the surface runoff zones map (Fig. 2). The evolution of surface runoff is mainly controlled by rainfall, LULC, 
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soil features, and slope data (Subramanya 2009). 

 

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 equal rainfall (isohyets). The average rainfall and the area between 

each pair of adjacent isohyets are calculated. The mean rainfall across the basiǹP is computed as: 
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Where a1, a2, é an represent the areas between each pair of adjacent isohyets, 
 +  

 represents the average 

rainfall between isohyet 1 and isohyet 2, and A is basinôs area (The Constructor 2024). 

 

Fig. 2 Flowchart for the depiction of surface runoff of the Shatt Al -Arab basin 

In ArcGIS, File > Add Data > Add XY Data were selected. The 19 rainfall stations were added. In the X and Y 

fields, the longitude and latitude of the stations were put respectively. In the Z field, the rainfall data were 

added. Then, the Geographic Coordinate System, which is GCS_WGS_1984 was selected. Next, óAdd Dataô 

was selected to add the basin boundary. Finally, Arc Toolbox > 3D Analyst Tools > Raster Interpolation > 

Spline were selected. In óSplineô window, the fields of óInput point featureô, óZ value fieldô, and óSpline typeô 

were filled by the rainfall stations, rainfall data, and TENSION respectively.  

3.1.2 LULC Data 

The catchment LULC data were retrieved from the Earth Explorer's land cover databases (USGS 2022). 

Through this database website, the research field was defined, and dataset > Landsat > Levelï1 Landsat 

collection 1 > Landsat 8 Operational Land Imager and Thermal Infrared Sensor C1 Levelï1 were selected. Ten 

scenes were collected for the year 2013 to cover the investigated basin (Table 1). The Landsat images added to 

Erdas Imagine, 2014 for processing. In Erdas Imagine, ñConvolutionò which is an option under ñRasterò icon, 

was inserted the images, and chose 3 x 3 Edge Enhance. Then, under ñCompute Pyramids and Statisticsò, each 
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of the following options: Compute Statistics, Clear NoData Value, and Compute Pyramid Layers were checked. 

Land use/land cover was categorized in Erdas Imagine using supervised classification. To produce the signature 

files for the supervised classification, several polygons were picked and inserted them in an óArea of Interestô 

layer. Specifically, multiple polygons around a certain LULC were created and then developed a signature to 

associate this LULC with a particular category. The same method was followed for the other LULC classes, 

generating many land use classes reflecting the study region's diverse land use types. Although the supervised 

classification approach requires more time, its advantages include a greater general accuracy when compared to 

the unsupervised method (Enderle and Weih 2005).  

Table 1 Land 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 Soil and Hydrological Soil Group (HSG) Data 

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

(FAO 2022). Additionally, SWAT Soil Data were used (SWAT 2022) to derive soil classification. The soil map 

was inserted to ArcGIS and geoïreferenced to the Universal Transverse Mercator (UTM) coordinate system. 

Then, the map was geoïcoded to correspond to each specific soil class using the SWAT Soil Data classes. The 

map of the study area was then classified into distinct Hydrological Soil Groups (HSG) based on observations of 

soil infiltration capability, as described by Subramanya (2009). HSG is categorized into four types: A, B, C, and 

D. ñAò soils have high rates of infiltration and low potentials of runoff. The infiltration rates and runoff 

potentials of Group ñBò soils are moderate. Group ñCò has low infiltration rates and a moderate to high potential 

of runoff. ñDò soils have very low infiltration rates and very high potentials of runoff (Tarun and Jhariya 2016). 

In the SCS-CN model, soil type is categorized based on soil permeability, runoff potential, infiltration rate, 

and hydraulic conductivity (Wang et al. 2015). The soil types selected in the current study are sufficient to be 

categorized into A, B, C, D groups. If a soil class falls within, for instance, group A, dividing that class into 

subclasses will still maintain those subclasses within the same group (i.e., group A). Likewise, LULC classes 

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

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

other words, a simplified classification 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 Slope Data 

DEM data were collected using EARTHDATA (Earthdata 2022). The DEM scenes were obtained from 

Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) DEM data at a resolution of 30 

meter. The images were imported into ArcGIS and merged applying the ñMosaic to New Rasterò tool 

under ñRaster Datasetò which is under ñRasterò, and the latter is one tool of the ñData management Toolsò". 
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Then, the zone of the UTM projection was determined and reïprojected the combined map. Spatial Analyst 

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

identify the flow directions and accumulation. Next, the "Map Algebra" was used to create the drainage lines. 

By utilizing the Catalog window and constructing a shape file, an outlet to the watershed was assigned. Then, 

ñHydrologyò > ñWatershedò options were utilized to establish the Shatt Al-Arab basin border by inserting the 

outlet and flow direction files into the "Watershed" tool. After producing the DEM and drainage lines, as well as 

the watershed border, as stated previously in this section, the slope was calculated utilizing the ñSlopeò subïtool 

under the ñSurfaceò tool which is one of the ñSpatial Analyst Toolsò. 

3.2 SCS CN model 

The SCS approach for runoff  estimation depends on the CN, which measures the soil and LULC impacts on the 

rainfallïrunoff  processes. The SCS Method (USDA 1972) is given according to the following equation: 

1
l

l
     0 π

      π            0 π
            (2) 

where Q, l, P, and S denote direct runoff, initial abstraction coefficient, rainfall, and 

potential maximum retention, respectively. lS equals the initial abstraction, which represents infiltration, 

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

According to Mishra and Singh (1999), l can range between 0 and Ð. However, for ordinary usage, it is advised 

that l = 0.2 be used (United States Department of AgricultureïNatural Resources Conservation Service, 

USDAïNRCS 2004). The S value for the CN can be determined as follows based on the basin's characteristics: 

3 ςυτ          (3) 

CN is a criterion ranging between 0 (S = Ð, no runoff) to 100 (S = 0, all rainfall turns into runoff). CN is 

determined by LULC, HSG, and AMC. The CN technique employs three classes of AMC: AMC I for dry, 

AMC II for average, and AMCIII  for wet circumstances (Table 2). A composite curve number (CNc) is calculated 

for a basin with subïareas with diverse LULC and soil types by estimating the CN value for each subïarea. The 

CNc can be computed using the following equation (Hawkins et al. 1985): 

#.  В
   

          (4) 

where CNc, CNi, Ai, and A represents the composite CN, the subïregional CN value, the subïregional area, and 

the total watershed area respectively. Similar to Mishra et al. (2014), Satheeshkumar et al. (2017), Verma et al. 

(2018), and Al -Ghobari et al. (2020), the CNc obtained from equation 4 is considered CNII in the current study. 

The CNII was translated into (CNI) and (CNIII), which are connected with (AMCI) and (AMCIII), respectively, 

using the equations (5) and (6)  

presented below (Hawkins et al. 1985): 
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Ȣ  

Ȣ    
          (5) 

#.  
  

Ȣ    
          (6) 



 
 

137 

 

where CNI, CNII, and CNIII  are the CNs for antecedent dry, average, and wet conditions respectively. 

Table 2 Categorization of the antecedent soil moisture state, as well as the associated curve number (CN) 

AMC CN Five Days Antecedent Rainfall (mm) 

inactive Season Growing Season 

I CNI Less than 12.7 Less than 35.6 

II CNII 12.7 to 27.9 35.6 to 53.3 

III CNIII More than 27.9 More than 53.3 

 

The LULC and HGS maps were intersected using spatial intersection tool in ArcGIS to define the CN groups. 

Next, a CN value for each spatial polygon of LULC and HGS types was assigned. CN values for distinct LULC 

and HSG classes were attained for the normal Antecedent Moisture Condition (AMCII) (Table 3). CN value was 

computed for the normal conditions (CNII) for the entire basin by summing CN values of all LULC and HSG 

categories (Table 3).  

Table 3 LULC classes and their hydrological soil group, curve number, and aerial coverage in the Shatt Al-Arab 

basin. Hydrological soil groups and curve numbers related to LULC classes retrieved from Subramanya (2009) 

LULC class Hydrological soil group (HSG) Curve number (CN) Area (km2) Area (%) Area (%)³CN 

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     CNII = 76.53 

Moreover, and from a hydrology perspective, it is necessary to add slope numbers into CN calculations and to 

readjust the CN levels consequently. The Huang et al. (2006) model was applied to include the slope factor into 

the computation of slopeïadjusted CN values: 

#.  #. 
Ȣ   Ȣ

 Ȣ
          (7) 

where CNIIŬ, CNII, and Ŭ are the slope readjusted CN for average circumstances, the tabular curve number based 

on basin parameters for average conditions, and the average slope of the basin (m mī1) respectively. CNIIŬ from 

equation 7 is substituted in equations 5 and 6 to obtain CNI and CNIII  respectively. Following Table 3, CNI, 
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CNIIŬ, and CNIII  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. Next, the rainfall 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. Instead, the estimated average annual surface runoff was cross 

validated with the annual surface runoff map derived from the Global Annual Surface Runoff data 

(https://databasin.org/datasets/fa0f998707e14c5d9e8b42810ce6101e/) 

4. RESULTS AND DISCUSSION 

4.1 Calculating Factors Controlling Runoff Generation 

4.1.1 Rainfall  

The rainfall zones identified in the current study are less than 150, 150 to 300, 300 to 500, 500 to 750, and more 

than 750 mm yr-1 (Fig. 3). The annual rainfall has the highest values on the northeastern areas, and displays a 

southwestern gradient. The spatial distribution of rainfall 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 northwest-southeast of Iran. As a result, the western slope of the Zagros Mountains is a region of 

relatively high rainfall (Asakereh et al. 2020; Asakereh and Ashrafi, 2023). Regions of high rainfall are expected 

to have a high runoff potential as rainfall represents the main source of runoff (Das 2018; Lakshmi and Reddy, 

2018). 

 

Fig. 3 The annual rainfall of the Shatt Al-Arab basin 

4.1.2 LULC 

The bare land, shrub land, and cropland are the major land use classes in the study area, composing more than 

98% of the basin area. On the contrary, urban and wetland/water express a small ratio of the land use categories 

https://databasin.org/datasets/fa0f998707e14c5d9e8b42810ce6101e/
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in the basin (Table 4; Fig. 4). Shrub land cover has a high infiltration rate, and thus a low 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 et al. 2010), and enhances runoff generation (Owuor et al. 2016). Impervious cover in 

urban areas reduces infiltration and increases runoff (Murck et al. 1996). 

 

Fig. 4 The main LULC types in the study area 

Table 4 LULC categories and corresponding areas 

LULC Area (km2) 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 defines six soil groups: silty clay, sandy clay, sand, loamy sand, clayey loam, 

and loam (Fig. 5). Around 90% of the soils in the basin are loam or clayey loam. Loamy soil dominates the 

basin's northeastern areas, while clayey loam soil dominates the basin's middle region. Sandy and loamy sand 

soils are common in the basin's southern regions, accounting for around 5% of total soil classes. Clayey soils 

(silty clay and sandy clay) account for nearly 2% of total soil types. Hydrological soil group (HSG) is a 

significant component in determining the curve number (CN). Group 'A' soils have a relatively coarse texture 

and cover around 7% of the basin's area. This category, which occurs in the basin's southwestern region, consists 

of sandy and loamy sandy soils with a high infiltration rate and low surface runoff (Table 5; Fig. 6). The second 

HSG soil category is 'B,' which represents more than 60% of the basin. This soil has a medium-sized texture and 

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

eastern hilly 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 

surface runoff. Group 'D' (0.5% of the basin area) has a very limited capacity for infiltration and a very high 

potential for runoff. It is characterized by silty clay soil found in the basin's southern parts near the Shatt Al-

Arab's outlet into the Gulf (Fig. 6). 

 

Fig. 5 Soil features of the study area 

 
Fig. 6 Hydrological soil group (HSG) of the study area. Group ñAò soil has a high rate of infiltration and a 

low potential of runoff. The infiltration rates and runoff potentials of Group ñBò are moderate. Group ñCò has 

low infiltration and a moderate to high runoff. Group ñDò has very low infiltration and very high runoff 


