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Abstract

:

The present work illustrates the potential application of techniques of spatial analysis via geographic information systems (GIS) to categorize the distribution of temporal and spatial of water prediction characteristics to determine the water quality parameters of the Shatt Al-Arab River (SAA), southern Iraq. Eight main water quality parameters and three heavy metals were measured from December 2018 to October 2019. The total dissolved solids, chloride, sulfate, and total hardness were compared with previous data that were measured from 2014 to 2018 based on data availability. The geochemical characteristics were also investigated to analyze water quality parameters. The study was performed by selecting eleven stations according to the nature areas of SAA. Water samples were acquired from the eleven stations for four seasons (winter of 2018 through autumn of 2019). Results revealed that total dissolved solids ranged between 950 to 8500 mg/L, total hardness varied from 400 to 2394 mg/L as calcium carbonate (CaCO3), the sulfate ranged from 149 to 1602 mg/L, and chloride ranged from 330 to 3687 mg/L. The results showed that SAA had high salinity with a low hazard of sodicity. The SAA waters mainly fall below the Dolomite-Magnesite tie-lines which indicated the dissolution of carbonate rocks. This research also found that the study area confined from Al-Maqal station to Abu Flus port station where the salty marine water coming from the Arabian Gulf remains for longer periods. The SAA is not suitable for drinking and irrigation water according to Iraqi and World Health Organization (WHO) standards. This study suggested building a blocking dam downstream of the SAA to prevent salty water from coming back from Arabian Gulf.
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1. Introduction


The rapid growth of the population accompanies significant industrial and agricultural development that impacts the environment with all its components, and thus it impacts the surface water. About 90% of the polluted water discharged into rivers and streams, especially in developing countries [1,2,3,4,5]. Moreover, one-third of the world suffers from a severe shortage of safe drinking water [6]. The stressed in global water resources for drinking, food protection, and environmental protection increased due to world population growth [6,7,8]. Iraq is considered an arid and semi-arid country. Therefore, water shortage problems are even more challenging in this country. Due to the decreasing recharge of the Euphrates River, Tigris River, and Shatt Al-Arab River (SAA), Iraq is facing forthcoming water shortage problems [6,7,8]. Therefore, investigated the water quality for drinking or/and agriculture usage in SAA is needed to ensure drinking and agriculture water shortly.



The Tigris and Euphrates rivers are forming the SAA in the town of Qurna, located in the north part of the Basra city, Iraq. River branches extend into Basra center city. Branches extension of the rivers to the Basra center city conveys rivers to other parts for sanitary sewage disposal and waste of solid nature that cause pollution. The water quality of the river has been investigated extensively [9,10,11,12,13,14,15]. In contrast, some studies deemed the SAA branches of water quality, where they confirmed the existence water of heavy metals [16] that proved heavy elements distribution in Khandek and Ashar branches either in sediments or water itself. Khafaji [17] reported the heavy metals pollution in the branch of Jubyla in SAA. In Rubat, Jubylah, Khora, Shatt Turek, Khandek, and Ashar Branches, Imarah et al. [18] determined trace metals levels of zinc, nickel, cadmium, and cobber for water particulate and dissolved phases for the summer and spring seasons of 2006.



Due to the enormous development in various fields of science, it may become necessary to adopt a familiar technique to study water environments. Researchers have used different methods to express water resource quality such as; water quality indices, triangular plots, bar diagrams, and others. One of the most beneficial techniques is a spatial distribution via the Geographical Information System (GIS) [19]. GIS has become an integral part of the aquatic sciences [20]. Burrough [21] defined GIS as a systematic gathering of software, hardware, geographical information, and personnel devoted to capturing efficiency, update, store, analyze, manipulate, and display whole forms of information related to the references geographically. Fazal [22] explained GIS as a capturing system for checking, storing, integrating, displaying, manipulating, and analyzing data that are of earth reference spatially. GIS users allowed visualizing view, interpreting, question, and understanding data in methods that detect patterns, trends, and relationships in the forms of reports, charts, globes, and maps. It has been proposed that GIS is able to investigate rivers water quality, a refuge for assessing environment suitability, international and national areas of protection, and management of river basin [23,24]. Kumar et al. [25] declared that, for river water assessment, to restore and manage resources of water, including spatial and temporal data of an all water body, and provide significant database for a computer to store, manipulate, and analyze data, GIS is needed. Internationally, GIS for the past 30 years was exploited to collect needed information for monitoring different bodies of water worldwide [26].



Numerous studies were performed for GIS applications in order to water quality evaluation at various ecosystems including rivers, groundwater, streams, and lakes [26,27,28,29]. The GIS was applied in several investigations for water evaluating quality in Iraq. Salih et al. [30] reported on Dam Lake of Haditha water quality where they applied techniques of GIS and remote sensing. Sail et al. [31] investigated the quality of water of Habania. Abbas and Ziboon [32] used the technique of GIS and remote sensing to determine Al-Hammar marsh physical characteristics of the soil. Jaber [33] constructed in Iraq a map using facilities of GIS for resources of water. Monte Carlo simulation was used by Sachit and Azawi [34] to predict the travel time of the ground water flow in the Iraqi western desert. Hassan et al. [35] declared that for river water assessment, should suggest if the real water quality refers to the needed water quality of the Canal of SAA according to the World Health Organization (WHO) specifications. Al-Adhab et al. [36] reported analyzing the temporal and spatial variations of water quality by assessing the primary pollution sources in the SAA in Basra province, Iraq.



Furthermore, the analysis of geochemical and hydrogeological properties for water quality parameters was investigated by several researchers [37,38,39]. Vespasiano et al. [37] investigated the aquifer pollution phenomena and the influence of salt concentrations in the Sant’Eufemia plain, Italy. They investigated four main geochemical parameters and analyzed them by collecting 42 samples of streams and groundwater. Vespasiano et al. [37] found that high concentrations of calcium and sulfate suggested mixing processes among the thermal waters. The results also found that a high concentration of potassium and nitrate can be attributed to anthropogenic activities. In 2019, Vespasiano et al. [38] integrated hydrogeological and geochemical approaches using spatial analysis to investigate the conceptualization of plain groundwater systems in Sibari coastal plain, Calabria, southern Italy. They found that the sodium, magnesium, chloride, and sulfate can be ascribed to seawater intrusion, while the potassium is considered the major pollutant of the shallow aquifer. Apollaro et al. [39] investigated chemical and isotopic features of two different types of waters: cold shallow and hypothermal waters, in the Lucane thermal area, southern Italy. They studied geochemical data to determine a geothermal reservoir temperature. They found that the rock deformation can increase the output of some geochemical that produced in minerals and rocks.



Recently in SAA, the quality of water has declined due to a significant reduction in discharge of water which in turn had a huge effect on rivers of Iraq [40,41]. In 2011, it was recorded that the level of electrical conductivity increased to about 15.65 mS/cm in the SAA at Fao city, which is located in the southern point of Iraq [42]. In 2015, it was recorded that the level of electrical conductivity increased to about 55.6 mS/cm in the same location [43]. Due to the huge damage to the water quality which could occur as a result of the salt level increase, wide concern has been raised about this issue among Iraqi people, especially, those who are living in the south of Iraq [44]. Shatt Al-Arab River in Basra city is an example of salinity problems in southern Iraq due to saline water coming back from Arabian Gulf and due to low flowrates from both Tigris and Euphrates Rivers. Besides, pollutants in this river were increased due to wastewater discharge from pollution resources located along the riverbank of SAA. There is no study until now that applied spatial analysis using the Kriging interpolation method and adopted a geochemical analysis to analyze water quality parameters of SAA. The Kriging interpolation method via GIS was selected because it obtained an easy and more suitable technique to describe the water quality parameters.



Therefore, this study aims to (1) highlight the need for a comparative study of the water quality of Shatt Al-Arab River using methods of interpolation (Kriging) via a GIS technique to describe the spatial distribution of some important parameters of water quality including total dissolved solids (TDS), total hardness (TH), sulfate (SO4), chloride (Cl), turbidity, sodium (Na), phosphate (PO4), and total organic carbon (TOC), and some other heavy metals including cadmium (Cd2+), chromium (Cr3+), and selenium (Se); from December 2018 to October 2019, (2) compare the TDS, TH, SO4, and Cl with previously available data in the period of 2014 to 2018, and (3) analyze the geochemical characteristics of SAA water samples. The focus of this study was on these parameters due to their relation to the increasing salinity rate of SAA, in addition to the focus on heavy elements. One of the difficulties in this research was that part of SAA fall within Iran. The geopolitics that prevailing in the region make this part of the river not accessible for the needed investigations.




2. Materials and Methods


2.1. Area of Study


Shatt Al-Arab River is considered as of Euphrates and Tigris combines in the south of Iraq. This is the main freshwater source in the south of Iraq (Figure 1). The SAA extends about 190 km before its water pours into the Arabian Gulf [45,46]. The river width ranges from 250 m at the center of Basra city, to about 1500 m at the endpoint in Al-Fao city before entering the Arabian Gulf. The maximum depth of this river is between 5 to 12 m [45,46]. Its water discharge depends primarily on the Euphrates and Tigris discharge and other important tributaries such as Al-Karun and Al-Sweeb Streams [46]. Industrial development and agricultural sectors in Iraq attributed to the significant role of this river as well as other aspects (i.e., irrigation, transportation, and the drinking water provision) [47].



As the SAA is part of the Iraqi rivers system, which includes the Euphrates and Tigris Rivers, it is valid to look at some important factors which have a direct or indirect impact on this river water quality and quantity. The physical, chemical, and hydrological aspects of water have been modified by the water quality and quantity coming from its tributaries, which in turn, depend on the amount of rainfall, the effects of groundwater, and the water storage circumstances in the upstream areas. At its mouth, the river is significantly affected by saline water tides which come from the Arabian Gulf [47,48,49].




2.2. Geological Formations


The study area is characterized by the fact that it is located within the Mesopotamian plain, which belongs to the quaternary model area with very large thickness in stony terms. Those sediments that represent the Mesopotamian plain are usually filled with gravel and sand. The upper part of the sequence is usually very stony monotonous and is composed of flowing silt with a strong iolite mixture. The quaternary sediments are divided into Holocene and Pleistocene sediments over 100 m thick, while those of Pleistocene rivers consist mainly of fine sand, clay, and silt [50].



The facial changes and vertical lithological variation are quite frequent in such fluvial deposits. The origin of these deposits is the Tigris and Euphrates flood plain system. The upper contact with the Holocene deposits was taken at the top of yellowish-brown clay or silty clay bed. This clay bed contains large gypsum crystals (Figure 2). It has often sharp contact with the overlying deposits. The Holocene deposits from horizontal diversity of surface sedimentary environments mainly consist of fluviatile, lacustrine, Sabkhas, and marine [51]. The fluviatile deposits were derived from the Tigris, Euphrates, and Karun Rivers. These sediments are deposited in the floodplain and natural levees of SAA channels in both sides and consist dominantly of silty mud in the region that extends from Qurna to the south of Basra, whereas it changes into brown muddy sand from Siba up to the mouth of SAA at Arabian Gulf that reflecting the role of Karun River [50]. Lacustrine sediments represented by marshes and lakes that flanked the SAA from the north and northwest and consist of fine texture, light grey color, and darker organic intercalation. The lacustrine system of the lower Mesopotamian Plain is classified as active marshes, open lakes, and dry marshes [51]. The deposits of Sabkhas are situated between SAA and Khor Al-Zubair. They form super-tidal surfaces produced mostly by seaward progradation of the coastline [51].




2.3. Pollution Sources of SAA


The household and sewage wastes are one of the most important sources of pollution in SAA. This polluted water throws into the river microbes and organic matter that are harmful to public health when decomposed. The most prominent of these germs are dysentery and typhoid germs. The increase in household waste leads to an increase in salts that in turn leads to the growth of phytoplankton. This caused an increase in aquatic algae. This aquatic alga requires the consumption of a large amount of dissolved oxygen in the river. Many materials from household waste settle and form the sludge bed, which covers most of the bottom of streams that flow into the SAA (Figure 1). Additionally, industrial waste from the paper mill in northern Basra city and the fertilizer plant in southern Basra city are another source of pollution to SAA [45,48]. Without any treatment, the southern region power station has a negative impact on the pollution of SAA by throwing hot water into the river. This hot water leads to a decrease in the amount of dissolved oxygen in SAA. In addition, the effect of chemical and organic fertilizers in the south of SAA led to an increase in aquatic algae. This also decreases the amount of oxygen dissolved in the river. Pesticide toxins are other pollutants that seep from agricultural lands into irrigation water, and then into drainage water and into the river water. This influences also on river water quality system. This leads to the death of aquatic organisms, especially fish and birds [48].




2.4. Data Sampling


Eleven sampling stations were selected through the SAA described previously within the area of study. The coordinates and locations of these stations are abstracted in Figure 1. The sampling station of Azer is located upstream of the river which can be considered as a reference station for other stations because it is far from the outfall of wastewater as shown in Figure 1. Samples were acquired periodically from the stations at the study site during the period from December 2018 to October 2019. The sampling was performed using the small boats belonging to the river police in Basra city and the boats for the fishermen. The samples were acquired from the central area of the river about 35 m away from the right or left bank of the river and at a depth of 9.0 m below the surface of the water. Using the Manual Pull Plastic Manual Pump device, a water hose (15 m long), and a weight of iron of 2.0 kg installed at the end of the plastic hose, it is easy to examine into the depth mentioned and it’s floating on the river’s surface.



Water samples were collected in sealed plastic containers bottles of 1.5 L capacity in sterile conditions. The sample was stabilized and analyzed within 24 h to avoid potential changes due to the environmental degradation of water. The data analyses were performed by considering all recommendations of standard methods of analysis in the collection, acquiring, transferring, and conservation of aquatic samples. A 500 mL of the sample for metallurgical analysis added to 5 mL of concertation HNO3 to be analyzed within one hour after sealing. This treatment was used to reduce the absorption of minerals on the walls of the container. This process was carried out four times each season. To measure the tidal movement of water in the river, about 55 × 1.5 L of river water is packed in special and sealed in plastic containers. At the end of each day, the samples were sent to the laboratory for testing and measurements. The water quality parameters of TDS, TH, SO4, Cl, turbidity, Na, PO4, TOC, Cd2+, Cr3+, and Se were analyzed in the laboratory during the period commenced in December 2018 through October 2019. The Aqua Read of Global Positioning System, GPS (Aqua meter, model: AM-200, Broadstairs, Kent, UK) was conducted to measure the TDS, pH, EC, turbidity, temperature, and salinity concentrations. The TDS concentrations were measured according to the Association of Official Agricultural Chemists (AOAC) standards, by evaporating the size of 50 mL of the measured sample and calculating the weight difference. The spectrophotometer (Model: U-1500, Granger, IN, USA) was used to measure the SO4, PO4, and NO3. The SO4 was determined using the turbidity method. The turbidity method was estimated based on AOAC Standards. The PO4 was also determined by the spectrophotometer to measure optical absorption at a wavelength of 885 nm. This method was applicable in 0.03–5.00 µg/L range. The Atomic absorption (AA-7000/AAC, Dual Atomizer System, Tokyo, Japan) was conducted to measure heavy metals elements. Air-acetylene flame was used to measure Cd2+, Cr3+, and Se. The sample range and wavelength were 0.0 to 1.0 ppm and 228.8 nm, respectively, for Cd2+.




2.5. Analysis of Water Quality Parameters Using Spatial Distributions


GIS was considered as a very efficient and economical choice for planners to develop an instrument that is spatially area-wide with inbuilt water quality protection programs. The application of this technique permits users to cover overlaying, determine and analyze rates of pollutant load, and provide temporal and spatial information characteristics of water surface [52]. The pollution path in SAA was formulated utilizing Excel and GIS ArcView 10.4.2 (Esri, Redlands, CA, USA). Global references and coordinates for each location were recorded by mobile GPS. Google Earth was used as a support tool to provide the required input data for adopted chemical parameters in the stations described above for operating the GIS model. Integration for the locations of sampling along with the data of water performed to yield the maps of spatial distribution. Analysis of spatial tools and interpolating a raster surface were used along with the Kriging technique for interpolation of the spatiality of water quality parameters. Methods of interpolation of Kriging are mostly applied to determine the quality of water parameter values in stations where not determined in the area of study for analysis comparison among the year seasons.




2.6. Kriging Method


There are several methods to obtain the interpolation of water quality data such as; inverse distance weighted (IDW), Kriging technique, minimum curvature method, natural neighbor technique, nearest neighbor method, and others. The Kriging interpolation method via GIS was selected in this study because it obtained a suitable technique and provided reasonable results to describe the water quality parameters. Krige, a mining geologist from South Africa, developed the Kriging technique [53]. The techniques used models based on statistics and incorporate auto correlation and presented prediction surfaces [54]. They have given weights and measured points in view of distance and quantified the auto correlation, so that weight of spatial arrangement provides sampling location [54]. By accounting for statistical distance with a variogram model, as opposed to Euclidean distance utilized in deterministic interpolation, customization of the estimation method to a specific analysis is possible. Isaaks et al. [55] described that if the variogram model is used to explain the pattern of spatial continuity, the improvement in estimation is hard to describe by the process of kriging.



Given the statistical properties of this method, measures of certainty or accuracy of the predictions can be produced using a cross-validation process. Ordinary Kriging is one of the most basic of Kriging methods. It provides an estimate at an unobserved location of variable z, based on the weighted average of adjacent observed sites within a given area. The theory is derived from that of regionalized variables [56] and can be briefly described by considering an intrinsic random function denoted by z(si), where si represents all sample locations, i = 1, 2, ..., n.



An estimate of the weighted average given by the ordinary Kriging predictor at an un-sampled site z(s0) is defined by:


z(s0) = ∑ni = 1 λi z(si)



(1)




where λ is the weights assigned to each of the observed samples. These weights sum to unity so that the predictor provides an unbiased estimation:


∑ni = 1 λi = 1



(2)







The weights are calculated from the matrix equation:


C = A − 1 × b



(3)




where A is a matrix of semi ariances between the data points; b is a vector of estimated semi-variances between the data points and the points at which the variable z is to be predicted; and C is the resulting weights.



Hooshmand et al. [57] investigated groundwater quality parameters using both kriging and co-kriging methods in spatial estimation to determine the quality of groundwater. The results of the study showed that excessive usage of aquifers may result in reduced quality. It’s pointed out the most important standards of water quality were chloride content and sodium absorption ratio (SAR). They were very useful in this study. The content of chloride and SAR is determined from groundwater in the Boukan area by irrigation water salinity. A comparison of the results obtained indicated that, for both the SAR and Cl parameters, the co-kriging method was more accurate than the kriging method. However, they vary slightly, and in general, both methods have an appropriate accuracy for estimating SAR and chlorine based on the salinity coefficient of water.





3. Results


3.1. Total Dissolved Solids


The newest Iraqi standards divided SAA into two sections which include areas from the north of Basra to the city center with a TDS value of 1000 mg/L and areas from Mehela to Fao with a TDS value of 1500 mg/L (Figure 1). Results proved that extent of variance between the highest and lowest value of this variable exceeded the parameters determined by the Iraqi standards. The value of 7700 mg/L was the highest in Al-Ashar area which is within the first section of Shatt Al-Arab and 8500 mg/L in the Mehela area within the second section during the winter season (December 2018), as shown in Figure 3. The lowest value of TDS reached 1235.2 mg/L in the Qurna area during the summer (July 2019) within the first section of SAA while the second section of it had the lowest value of TDS which was 950 mg/L in Al-Seba during the spring (March 2019). Throughout many previous studies that have measured the TDS levels in the SAA, it can be noticed that the TDS concentration generally increased towards the mouth of the river [58]. Also, there was a positive correlation between temperature increases and the TDS concentrations in SAA River as a result of high rates of evaporation leading to increased salt concentration [59].



Moreover, a negative correlation between TDS and the water amount discharge at the river has been found. For example, when river discharge declines, the TDS values increase [60]. The TDS level is also affected by tidal movement, and a measurable increase in the TDS concentration has been linked to the ebb tide at the River [48]. Furthermore, in winter, high TDS concentrations of 2018 in comparison with season summer attributed to the solids addition from effluents of sewage and runoff water that elevates the values of TDS. The obtained results agreed with the results found by Hassan et al. [49], who concluded that values of TDS in Euphrates River elevated in months of winter and declined in months of summer. According to Reid [61] classification, water is oligohaline (0.5–5 PSU) to mesohaline (5–18 PSU) in the current study. The results also revealed that all of the TDS concentrations exceeded the Iraqi standards and WHO standards (1000 mg/L) except the two readings in Al-Seba and Al-Fao stations which were 950 and 990 mg/L, respectively, during spring 2019. For example, during winter 2018, the TDS concentration in Mehela station was 8500 mg/L which is way higher than the two standards.



Figure 4 illustrates the seasonality values changes in TDS concentrations through four seasons of 2014 to 2019. The results showed that all the readings of the TDS concentrations exceeded the Iraqi Standards, except for three readings during winter, spring, and summer of 2017 (320 mg/L in the station of Al-Karma, 22.2 mg/L in Al-Mehela station, and 916 mg/L in Al-Karma station), respectively. The highest autumn values were registered in 2018 in the station of Al-Fao. On the other hand, the values as the lowest ones were registered in spring 2017 at Al-Mehela station.



The results showed a gradual increase in the values of TDS concentrations from winter 2014 to attain its lowest value in winter 2017. Then, the values of the TDS concentrations rise again to attain its highest value in winter 2018. It is noticed through the spatial distribution of the values of the concentrations of dissolved solids during the comparative study period for the winter season, that they were rising gradually during the years from 2014 to 2016, while fluctuations in the values appear between high and low in the years 2017 to 2019, to record the lowest reading of 320 mg/L during 2017 and the highest reading of 25,304 mg/L in 2018 at the Karma and Fao stations, respectively.



In general, relatively low concentrations from 2017 to 2019 indicated high levels of water provided by the Euphrates and Tigris rivers. Various conclusions have been proposed by Hussein et al. [62] and Hammadi [63]. The concentrations of the dissolved solids increased gradually towards the mouth of the river, which coincides with the increase in salinity. This is consistent with the results obtained by AL-Lami [64]. It was also noticed, through the spatial distribution of the concentrations of TDS during the comparative study period for the autumn season that they were significantly high during 2018 compared to the results of the year 2019.



According to Figure 5, high TDS concentration has been noticed in the middle portion of SAA during winter. However, a decrease in the TDS concentration towards the south downstream of the river was noticeably observed at Seba station. Then, it increases to the very south of the river before the entrance of the Arabian Gulf. Furthermore, TDS concentrations in the spring season of 2019 had the same trend as that of the previous season up and down the river. It decreased significantly in the far south of the river, recording the lowest value at 950 mg/L. This metric also displayed a gradual increase from 1235.2 mg/L to 3200 mg/L in the summer of 2019. A significant rise in the far south of the river which had varied values between high and low along the riverbed was observed (Figure 5).




3.2. Chloride


Modern Iraqi Standards have divided the SAA into two sections; the first section includes areas from the north of Basra to the city center with an acceptable chloride limit of 400 mg/L. The second section is from Mehela to Fao with an acceptable chloride limit of 500 mg/L. The results showed a significant variation between the highest and lowest values of the chloride which exceeded the limits as shown in Figure 6. For example, the highest value was 3360 mg/L in Al-Ashar area which is within the first section of Shatt Al-Arab, and 3687 mg/L in Mehela area within the second section during the winter season (December of 2018). However, the lowest chloride value was 330 mg/L in Al-Azer area during winter (December of 2018) which is within the first section of Shatt Al-Arab, while the smallest value of the chloride in the second section was 373 mg/L in Al-Seba during the spring (March 2019). The results revealed that most of the chloride concentrations exceeded the Iraqi and international standards. For example, during winter 2018, the chloride concentration in Al-Karma station was 1264 mg/L which is way higher than the Iraqi standards, WHO standards (250 mg/L), and European Union standards (200 mg/L).



Figure 7 illustrates the seasonality values changes of Cl concentrations through the four seasons of 2014 to 2019. The results showed that all the readings of the Cl concentrations exceeded the Iraqi and International Standards. The highest autumn values were registered in 2018 at the station of Al-Fao. On the other hand, the values as the lowest ones were registered in summer 2017 at Al-Karma station. A gradual increase was observed in the values of Cl concentrations from winter 2014 to attain its lowest value in winter 2017. Then, the values of the Cl concentrations rise again to attain its highest value in the Seba and Al-Fao stations during winter 2018 and in Karma, Makal, and Mehela stations during winter 2019. Additionally, the values of chloride concentrations follow the same path taken by previous variable concentrations in this study in terms of oscillations and differences between high and low concentrations during other seasons. It was noticed through the spatial distribution of the values of the concentrations of Cl during the comparative study period for the winter season that they were rising gradually during the years from 2014 to 2016, while fluctuations in the values appear between high and low in the years 2017 to 2019.



It was observed that the concentrations of chlorides varied at stations of selection throughout the current investigation, in addition to gradually increasing their levels towards the south in the Al-Fao district, but at lower rates than the concentrations in the part of northern and central Shatt Al-Arab, in some elements, it may reach half. The highest concentrations were due to the quality of the water supplied from Tigris and Euphrates Rivers as well as Karun Stream (Figure 1 and Figure 2) and the weather conditions. In addition, the quantities of soil deposits from the adjacent shoulders that contain them and have the greatest effect in raising the above-mentioned concentrations rates, especially in the southern of SAA stations, where they contributed to raising the rates of the elements due to the flooding of water on two sides of SAA River and its mixing with the salty soil adjacent to it. In general, relatively low chloride concentrations from 2017 and 2019 indicated high water levels due to increased water releases from the Karun River and both Euphrates and Tigris rivers. This increased concentration in chloride made the sites selected unsuitable for drinking needs according to Iraqi and WHO standards [65].



The results of the spatial distribution of chloride concentrations in winter 2018 are illustrated in Figure A1 (see Appendix A). It was observed that chloride records started with natural values that are within the natural limitation in the higher portion of the river up to Karma Ali station. In Karma Ali, a very high concentration was recorded compared to the upstream concentrations. This rise continues gradually to the port of Abo Folos station in the south, while followed by an explicit decline in the Seba station and then rose at far south of the river at Fao station. Readings in this chapter ranged from 330 mg/L in Al-Azer station to 3687 mg/L in Al-Mehela Station. The spatial distribution of chloride concentrations in spring 2019 indicated a gradual increase in the concentrations values starting from the middle and south of Shatt Al-Arab, where the highest concentration is 1052 mg/L. Then, there was a marked decrease in chloride concentration towards the south. Although all the recorded readings of chloride exceeded the limit during summer 2019, there was an apparent variation in the spatial distribution between low and high concentration values along the Shatt Al-Arab stream. An exception was recorded in Al-Azer and Al-Qurna stations, where they were within the allowed limit.




3.3. Sulfate


The results of sulfates display an apparent increase in their values from the limit Iraqi standards of the first section of SAA River, which was 400 mg/L. An exception of this increase in the values of the sulfate concentrations was in the regions of Al-Azer, Al-Qurna, Al-Makal, and Al-Ashar which reached 241, 227, 298, and 154 mg/L, respectively, during July 2019 (Figure 8). Likewise, during October 2019, the values of the sulfate concentrations in Al-Azer station reached 359 mg/L. The results in the first segment were ranging from 154 to 1178 mg/L, where the lowest value was registered in the station of Ashar during July 2019 and the highest value in the same station during December 2018. For the second section of the river, most sulfate values concentrations exceeded the Iraqi standards (500 mg/L) during this study. An exception was in Al-Seba and Al-Fao stations during March 2019 and all the values of the stations in the second section during July 2019. The highest value of the sulfate concentrations was 1602 mg/L in the Mehela station during December 2018, and the smallest value was 149 mg/L in the Abu Folos Port area during July 2019 (Figure 8). High concentrations of sulfate in winter 2018 were due to the high disposal of fuel in SAA that produce a huge amount of sulfate.



The results of a comparison of sulfate concentrations showed that the values of the sulfate concentrations exceeded the 500 and 250 mg/L, which is the limit of the WHO and European Union standards, respectively, in all stations during winter 2018 and spring 2019, excluding the stations of Al-Seba and Fao during spring 2019. Moreover, the sulfate concentrations exceeded 250 mg/L in five stations during the summer of 2019. Furthermore, the values of the sulfate concentrations have exceeded the limit of the WHO standards in all selected stations during autumn 2019, excluding that for the station of Al-Azer which reached 359 mg/L, while the values of the sulfate concentrations exceeded the limit of the European Union standards in all selected stations during the same season.



According to Figure 9 for four seasons of 2014–2019, the results showed that all the readings of the SO4 concentrations exceeded the Iraqi Standards, excluding one reading in the stations for during winter 2017 (6.1 mg/L in Al-Karma station), two readings in spring 2019 (168 mg/L in Al-Seba station and 167 mg/L in Al-Fao station), three readings in summer 2017 and 2019 (140, 180, and 168 mg/L in Al-Karma, Al-Makal and Al-Seba stations, respectively). The highest recorded values were in autumn and summer of 2018 at Al-Fao station which was recorded at 3000 mg/L. While the lowest recorded values were recorded in the winter of 2017 at Al-Karma station which was recorded at 6.1 mg/L. A gradual increase in the values of SO4 concentrations was observed from winter 2014 to attain its lowest value in winter 2017. Then, the values of the SO4 concentrations rise again to attain its highest value in the Seba and Al-Fao stations during winter 2018 and in the Karma, Makal, and Mehela stations during winter 2019. The SO4 as major anion recorded a content more than the limit of permissibility, as proposed by standards of WHO and Iraqi Standards for all periods and stations.



Generally, the spatial distribution of sulfate concentrations during winter 2018 showed an increase in the concentration values along the Shatt Al-Arab waterway and this increase gradually continued to the south as shown in Figure A2a (see Appendix A). In the spring of 2019, the sulfate spatial distributions showed an increase in the values of sulfate concentrations upstream and downstream the river to the areas of Seba and Al-Fao to yalpsid lower seulav than the allowed limits as shown in Figure A2b. A uniform spatial distribution of sulfate concentrations during summer 2019 was observed in all monitoring stations on the SAA River, excluding for that in Al-Hartha and Al-Karma stations which were high as shown in Figure A2c. However, the spatial distribution during autumn 2019 showed a sharp increase in the sulfate concentrations towards the south. The very high sulfate concentration explains the dark color in the map in the mid and south of the SAA waterway as shown in Figure A2d.




3.4. Total Hardness


The results showed that all the readings of the total hardness exceeded the Iraqi Standards (500 mg/L as calcium carbonate, CaCO3), excluding for two readings during March 2019 (480 mg/L as CaCO3 in Seba station and 400 mg/L as CaCO3 in Fao station). The highest value was 2393.8 mg/L as CaCO3 was recorded in the Fao region south of Basra during October 2019. The lowest value was 400 mg/L as CaCO3 in Fao during March 2019, as shown in Figure 10. In general, the hardness is classified into four levels which are; (0–60 mg/L) categorized soft; (61–120 mg/L) categorized hard moderately; (21–180 mg/L) classified as hard, and greater than (180 mg/L) categorized as very hard. In contrast, water-soluble Ca and Mg are minerals of the insolubility of water that commonly render the water to be “very hard”. Therefore, most of the water in SAA is very hard [66,67]. During winter 2018, the total hardness concentration in Mehela station was 1800 mg/L, which was way higher than the other station’s values. In spite of this, higher values of the total hardness concentrations were observed during winter 2018 in most selected stations. On the other hand, the total hardness concentrations during the spring, summer, and autumn of 2019 recorded higher readings than WHO standards (500 mg/L as CaCO3) in all the selected stations.



Figure 11 illustrates the seasonality values changes of TH concentrations from 2014 to 2019. The results showed that all the readings of the TH concentrations exceeded the Iraqi Standards, excluding one reading during winter 2017 (133 mg/L as CaCO3 in Al-Karma station), two readings during spring 2019 (480 mg/L as CaCO3 in Al-Seba station, and 400 mg/L as CaCO3 in Al-Fao station), and two readings during summer of 2017 (408 mg/L as CaCO3 in Al-Karma station and 489 mg/L as CaCO3 in Al-Makal station). The highest autumn values were registered in 2018 in the station of Al-Fao. On the other hand, the lowest values were registered in spring 2017 at Al-Karma station. This parameter showed a gradual increase in the values of TH concentrations from winter 2014 to attain its lowest value in winter 2017.



Additionally, the values of total hardness concentrations follow the same path taken by TDS variable concentrations in terms of oscillations and differences between high and low concentrations during other seasons. It saw noticed through the spatial distribution of the values of the concentrations of TH during the comparative study period for the winter season, that they were rising gradually during the years from 2014 to 2016, while fluctuations in the values appear between high and low in the years 2017 to 2019, to record the lowest reading which was 133 mg/L as CaCO3 at the Karma station during winter 2017. While the highest reading was 12,400 mg/L as CaCO3 at Fao station in Autumn 2018. In general, relatively low total hardness concentrations from 2017 to 2019 indicated high water levels due to increased water releases from the Karun River and both Euphrates and Tigris rivers.



The results in Figure A3 (see Appendix A) showed that the spatial distribution of the total hardness concentrations for winter 2018 ranged between 670–1800 mg/L as CaCO3. The gradual rise of TH concentrations in the stations above the SAA waterway was decreased compared to that of Al-Hartha station. After that, total hardness concentrations started to gradually rise towards the south, and the highest value displayed at Mehela station. The decrease in total hardness concentrations showed the lowest value at the Seba station. The spatial distribution of total hardness concentrations for spring 2019 showed a gradual increase toward the south downstream of the Abu Folos Port area. Maximum total hardness concentrations of 1160 mg/L as CaCO3 were observed at Karma, Makal, Mehela, and Abu Folos. However, the concentrations in the far south decreased. The lowest value was at the Fao station before meeting the Arabian Gulf which was 400 mg/L as CaCO3.



The spatial distribution of TH concentrations in the autumn and spring seasons of 2019 was almost the same at the northern and central of SAA River to the Ashar region (Figure A3). The spatial distribution of TH concentrations during summer 2019 showed an increase and decreased across the course of SAA River from north to south. The TH distribution was varying from the lowest concentration of 600 mg/L as CaCO3 at Qurna station to the highest concentration of 1400 mg/L as CaCO3 at Karma Ali station. The increase in total hardness values was probably due to the high water temperatures and high electrical conductivity. The impact of the high temperatures and electrical conductivity on the decomposition and weathering of basal rocks increased the total hardness values in the four seasons, which resulted in the very high hard water of Shatt Al-Arab [67,68].




3.5. Other Water Quality Parameters


Turbidity, Sodium (Na), Phosphate (PO4), and total organic Carbon (TOC) were also measured in this study during the study period of 2018 to 2019. Due to a lack of data availability, these parameters were not compared to previous data. Turbidity readings recorded a significant increase in their values for water samples. All readings exceeded the specified limit of 5 NTU. The results of the turbidity showed a variation between high and very high values. For example, the turbidity of the samples in Makal and Fao locations during March 2019 was 617 and 689 NTU, respectively. The high increase in the turbidity values was followed by a sudden decrease during December 2018 in Al-Ashar and Mehela regions 0.61 and 2.95 NTU, respectively which are below the limit as shown in Figure 12a. In addition, the outcomes attained for the concentrations of turbidity surpassed the background levels specified by US-EPA [69] due to the domestic sewage and urban runoff. Thus, the higher seasonal turbidity was due to the accumulation of huge quantities of sewage waste from the nearby area, the aquatic vegetation’s growth, or/and decrease in water flow [70]. The results revealed that all of the turbidity concentrations exceeded the Iraqi and WHO standards (5 NTU), excluding the two readings in Al-Ashar and Mehela stations, which were 0.61 and 2.95 NTU, respectively, during winter 2018. For example, during spring 2019, the turbidity concentration in Al-Fao station was 689 NTU which is higher than both standards.



Sodium concentrations of Shatt Al-Arab water samples range from 239.08 to 2373 mg/L, where the maximum value recorded in Mehela during winter (December 2018), while the lowest value recorded in the Fao region during the spring (March 2019) as shown in Figure 12b. Sodium concentrations were higher than the maximum allowable limit in drinking water which is 200 mg/L [71]. All of the sodium concentrations exceeded the Iraqi standards (200 mg/L) during this study. In spite of this, higher values of the sodium concentrations were observed during winter 2018 in most selected stations. On the other hand, sodium concentrations during the spring, summer, and autumn of 2019 recorded higher readings than the Iraqi and WHO standards (200 mg/L) in all the selected stations.



The results showed that the phosphate variable over the study period exceeded the Iraqi standards of 0.2 mg/L (Figure 12c). During December 2018, the results mostly exceeded the determinants in the study area, excluding the areas of Abo Folos, Al-Seba, and Al-Fao stations, which reached 0.19, 0.059, and 0.13 mg/L, respectively. During March and July of 2019, all the readings of the phosphate did not exceed the standard limits, except one reading which is located in Al-Azer station which was 0.21 mg/L during July of 2019. Also, all readings during October of 2019 exceeded Iraqi Standard Limits. The highest value of the phosphate variant was 1.95 mg/L in the Abo Folos Port area during October 2019, and the lowest value was 0.007 mg/L in the Al-Seba area during July 2019 (Figure 12c). In addition, the results also revealed that most of the phosphate concentrations exceeded the European Union standard. For example, during winter 2018, the phosphate concentration in Karma station was 1.9 mg/L which is way higher than the European Union standard (0.7 mg/L). However, some of the stations showed a concentration of the phosphate within the Iraqi limits. Nevertheless, phosphate concentrations during the spring and summer of 2019 recorded lower readings than the Iraqi and European standards in all the selected stations. On the other hand, all phosphate concentrations at all selected stations were much higher than the Iraqi and European determinants during the fall of 2019.



The TOC concentrations of Shatt Al-Arab during this study ranged from 33 mg/L in Al-Dear station during Autumn 2019 to 141 mg/L in the Abo Folos station during Winter 2018. The results showed that all values of TOC concentrations exceeded the Iraqi Standards (less than 2 mg/L), as shown in Figure 12d. The comparative TOC concentrations’ values found in the research area might be because of the terrigenous materials’ dilution most significantly sand and dust storms. These are deliberated as the main sediment source for the Shatt Al-Arab’s southern part [72]. Thus, the outcomes concluded that SAA plays an essential function to provide nutrients to the northeast of the Arabian Gulf.




3.6. Heavy Metals


In this study, the heavy metals of cadmium (Cd2+), chromium (Cr3+), and selenium (Se) were also investigated during the study period of 2018 to 2019. Due to a lack of data availability, these parameters were not compared to previous data. The results of cadmium concentrations in SAA ranged between 0.009 to 0.00027 mg/L. The lowest reading was at Mehela station during summer 2019, while the highest reading was in Al-Ashar station during Autumn 2019 (Figure 13a). Cadmium concentration increased during summer 2019 at Al-Azer station. In autumn 2019, an increase was also recorded in Al-Azer, Al-Makal, and Al-Ashar stations. It was noted that no results of cadmium concentration were obtained for all selected samples of winter 2018. The cadmium concentrations which were recorded by the devices were under detection level (U.D.L) as shown in Figure 13a. Eight values of the total cadmium concentrations were 0.003 mg/L that exceeded the Iraqi and WHO standards during this study. For instance, during spring 2019, the cadmium concentrations in Al-karma, Al-Makal, Al-Ashar, and Al-Mehela stations were 0.004, 0.004, 0.006, and 0.005 mg/L respectively, which were higher than that of the other stations’ values. Moreover, higher values of the cadmium concentrations were observed during autumn 2019 in some selected stations and only one station during summer 2019. On the other hand, cadmium concentrations during the spring and autumn of 2019 recorded higher readings than the European Union (0.005 mg/L) standards which were 0.009 and 0.00539 mg/L in Al-Ashar station and Al-Azer station, respectively.



Chromium concentrations of Shatt Al-Arab water samples ranged from 0.000253 to 0.06 mg/L where the maximum value was recorded in Al-Makal station during spring 2019. While the lowest value recorded in the same station during summer 2019 (Figure 13b). According to the Iraqi standards, the maximum allowable limit for the chromium concentrations is 0.05 mg/L. However, the results of the current study of chromium concentrations showed that they did not exceed the Iraqi standards in all the selected stations, excluding at Al-Makal station during spring 2019, which was 0.06 mg/L. The chromium exceeded the WHO (0.03 mg/L) and the European Union (0.05 mg/L) standards at Qurna and Fao stations.



The results showed that the lowest value of the selenium concentration was 0.0017 mg/L in Al-Karma station during October 2019 (Figure 13c). Selenium concentrations during winter 2018 were not detected by the test devices because the concentrations were below the level of the device sensor. Most of the results of the selenium concentrations exceeded the Iraqi standards. For instance, the exceeded values of the selenium concentrations were in the Al-Makal station during spring 2019 as well as in the stations of Al-Hartha, Al-Karma, Al-Makal, Al-Ashar, Abo Folos, and Al-Fao during summer 2019. The exceeded values of the selenium concentrations were observed during autumn 2019 in eight stations. On the other hand, the selenium concentration readings exceeded the limit of the WHO standards (0.03 mg/L), in Al-Mehela and Abo Folos stations, during summer 2019. Also, selenium concentrations exceeded the WHO standards in Al-Makal, Al Ashar, Al-Mehela, and Abo Folos stations during autumn 2019. Selenium concentration readings also exceeded the limit of the European Union standards (0.05 mg/L) in Al-Mehela station during summer and autumn 2019.




3.7. Geochemical Characterizations


The study of geochemical properties aims to facilitate the understanding and interpretation of all evolutionary trends, especially in the surface water system, when they are interpreted in conjunction with maps of hydrochemical divisions and their distribution. Moreover, water chemistry is studied primarily by (i) the correlation graph of SO4 vs. HCO3 + Cl, in which iso-salinity lines are drawn for reference (Figure 14), and (ii) triangular plots involving major cations and anions as reported by Vespasiano et al. [37]. Also, the SO4 versus HCO3 + Cl correlation scheme can recover the ratios between variants that lose information about the absolute concentration, that is, the mass of chemical components of interest indicates one kilogram of sulfate. As reported, salinity water composition was used to evaluate the presence of mixing processes between surface water and shallow and deep aquifers. Figure 14 highlights that SO4 and HCO3 + Cl are the main constituents of the aqueous solutions.



Figure 14 highlights another useful index for water classification called Ionic Salinity or Total Ionic Salinity (TIS). This index shows the sum of anion and cation total contents (expressed in mg/L). The values of Iso-TIS lines are reported in Figure 14 as the sum of SO4 and Cl + HCO3. The samples of SAA waters fall into four groups: (i) less than 2000 mg/L, (ii) between 2000 and 3000 mg/L, (iii) between 3000 and 4000 mg/L, and (iv) between 4000 to 5000 mg/L. Most data are located between 2000 to 4000 mg/L. Even if these diagrams are not very suitable for the detection of possible mixing processes, it is possible to identify a mixing line between waters from the SAA sampled upstream of the river estuary with those of other water samples characterized by Ca-SO4 composition. The waters of the SAA are characterized by strong mixing and weak stratification, which shows the role of marine waters that penetrate the SAA course in increasing the concentration of salts of river water along the water column.



Figure 15a,b highlights the relationships between the main solutes in the sampled of SAA waters using the two plots of Ca/(Ca + Mg) vs. HCO3/(HCO3 + SO3) and Mg vs. SO4, respectively. The water chemistry interactions that take place between the waters of the SAA and the marine waters entering from the Arabian Gulf result from the interactions of water rocks during groundwater circulation in a system dominated by evaporating carbonate rocks (Figure 15a). Most of SAA waters fall below the Magnesite tie-line, while some of them fall below the Dolomite tie-line. This is indicated that the dissolution of carbonate rocks is mainly Dolomite and Magnesite. In contrast, Magnesium carbonate seems to react with Shatt Al-Arab waters lithologies (Figure 15a).



Usually, Epsomite (a hydrous of magnesium sulfate) dissolution leads to an increase in SO4 and Mg contents in the groundwater with Mg/SO4 ratios equal to 1. However, in the Mg vs. SO4 diagram (Figure 15b), the SAA waters are distributed below the Epsomite dissolution line. Most water samples have Mg/SO4 ratios of less than 1, excluding two samples. This was due to either (i) a decrease in magnesium concentrations due to fewer magnesite rocks dissolution, or (ii) an increase in sulfate contents (Figure 15b). The Na-Cl plot (Figure 15c) shows that most of the Na-Cl water samples are distributed below the Na-Cl dilution line. Most water samples of SAA have Na/Cl ratios of less than 1, excluding one sample. The trend line of the Na-Cl plot deviated from the Na-Cl dilution line, with a negative coefficient of 140, a slope of 1.67, and a correlation coefficient R2 of 0.98.





4. Discussion


Contemporary real-life case studies on water quality parameters were presented and discussed by several researchers [73,74,75,76]. In this present research, the quality of biotic factors provides vital data regarding the water health body. The mentioned parameters are utilized to detect whether the water quality is suitable for recreation, drinking, and irrigation, and to assist the life of aquatic creatures’ purposes [23,77]. Chlorides, nitrates, bicarbonates, phosphates, carbonates, and sulfates are anions principally comprising of TDS [77,78]. A positive correlation between temperature and the TDS concentrations was observed in SAA. High rates of evaporation were observed leading to an increase in salt concentration [59]. A negative correlation between TDS and the water amount of discharge was also found at eleven stations. Al-Shawi et al. [60] found that as river discharge declines, the TDS values increase. In winter, high TDS concentrations of 2018 in comparison with summer are attributed to the solids addition from effluents of sewage and runoff water that elevates the values of TDS (Figure 3). Hassan et al. [49] concluded that values of TDS in Euphrates River elevated in months of winter and declined in months of summer. Compared with the results of previous years (Figure 4) except for winter concentrations, the current results were greater than winter for previous years. This was due to high flowrates (due to high rainfalls) of both Tigris and Euphrates Rivers, especially in 2018, as reported in previous studies [6,7,8]. Hussein and Attee [62] and Hammadi [63] reported high concentrations of TDS with low flowrates in the years 2000 to 2010. The highest values were recorded in December at Mehela station. The TDS increased gradually towards the river mouth, which coincides with increased salinity. This increased agreed with the results obtained by Al-Lami [64].



The spatial distribution of Cl concentrations during autumn 2019 takes the same path as in previous seasons (Figure A1). The distribution gradually increased towards the south of the Shatt Al-Arab waterway. In this region, the highest chloride concentration was 1200 mg/L at Fao station. This increase in the concentration of chlorides may be attributed to the presence of dissolved chloride from different rocks and salts in the Shatt Al-Arab. These rocks contain halite, which is one of the sources of chloride and other minerals. The chloride ion was not within the normal limits for drinking purposes, according to the WHO standard in 2006. WHO considered that water is not suitable for drinking use if the chloride ion exceeds 250 mg/L. The Food and Agriculture Organization of the World’s Guide in 1985 limits the chloride concentration to 1050 mg/L in the irrigation [65].



The high sulfate concentrations in Figure 8 were due to the locations of electrical power plants (Turkish power plant and Al-Najebbia power plant). These plants produced compounds of sulfate to the environment of SAA. Al-Hejuje [79] reported that the activities of agriculture play a vital role in contributing compounds of sulfate. It was noticed from Figure 9 that the concentrations of sulfate for samples of water were not within the limits of acceptability according to WHO and Iraqi Standards for the whole water stations at the period of study and signifying high content of minerals. For stations of downstream of SAA, all concentrations variables are observed to elevate due to the activities of anthropogenic and the activities works in the regions of downstream. The sulfate is initiated from sources of a naturalist (i.e., agricultural sewage and runoff). Dawood et al. [80] reported that the values of high SO4 in the location study were higher than those in a nearby study area. The geology and area are two main factors that affect erosion of soil that increases measure parameters (i.e., EC, TDS, and TH). That inorganic pollution is influenced by the above mentioned factors [80]. Laxative effects and bitter taste in some individuals may be a result of high sulfate concentrations [81]. Diarrhea and dehydration are results of people who are drinking high levels of water sulfate especially children which are sulfate sensitive than adults [82]. Results of undergoing investigation went behind the borders of permissibility advised by the Standards of Iraq [83] for all supplies of water.



The concentrations of total hardness increased gradually towards the south towards the mouth of the river in the Arabian Gulf (Figure 11), which coincides with the increase in salinity, and this corresponds to the results obtained by Al-Lami [64]. It was also noticed, through the spatial distribution of TH concentrations during the comparative study period of the autumn season that they were significantly higher during 2018 compared to the results of 2019 (Figure 10). The reason for the high values of hardness concentrations recorded during the summer and autumn seasons during the study period may be due to the evaporation of water, and that because of the difference in salinity of the two ecosystems [69,70]. Also, high sodium levels (Figure 12a) in the Shatt Al-Arab River can be attributed to the decrease in water levels in the Tigris and Euphrates rivers during recent years. This decrease promoted the saline arm to extend from the Arabian Gulf up to 100 km into the Shatt Al-Arab River during dry years. Moreover, anthropogenic activities in Basra can represent a significant additional source of sodium concentrations [66]. This study is planning to construct a blocking dam downstream of the SAA at the Abu Folos Port area to prevent the rise of salty water coming back from the Arabian Gulf.




5. Conclusions


In this study, the water quality parameters (total dissolved solids, total hardness, sulfate, and chloride) of the Shatt Al-Arab River (SAA) were measured during winter 2018 to autumn 2019 and compared with previously available data (2014 to 2018). In addition, spatial distribution using the kriging technique was utilized to analyze the water quality parameters from 2018 to 2019. Other parameters (turbidity, sodium, phosphate, and total organic carbon) and heavy metals (cadmium, chromium, and selenium) were also measured during the study period. Moreover, geochemical characterizations were investigated using binary diagrams to evaluate the variation in the constituent ratios. The results of the study showed a noticeable deterioration in water quality due to the high concentrations of salts during the study period, due to the incursion of the salt tongue (marine water) to the upper part of SAA, which made it unhealthy for human, agricultural, and animal consumption. The spatial distribution of TDS found that high concentrations of TDS were observed in the central of SAA during winter 2018. The TDS increased toward the very south of SAA before the entrance to the Arabian Gulf, especially in autumn 2019. During winter 2018, an increase in sulfate concentrations along the SAA waterway was observed in the sulfate spatial distribution. This increase gradually continued to the south of SAA. During summer 2019, a uniform spatial distribution of sulfate concentrations was observed in all monitoring stations on the SAA, excluding for that in Al-Hartha and Al-Karma stations. Furthermore, the analyses of geochemical properties showed that SAA waters mainly from the dissolution of carbonate rocks. Most of the SAA water samples are distributed below the Epsomite dissolution line and the Na-Cl dilution line.



The more water releases from the fresh sources of the river, the more it contributed to pushing the salty water coming from the Arabian Gulf. This leads to a decrease in the salinity of the water. The results of this study found that the values of salt concentrations during the winter of 2018 are completely different from other seasons in the confined area from Al-Hartha station to Al-Seba station. This was due to the impact of this region on the rise of the salty in the front of seawater coming from the Arabian Gulf during the summer of 2018 due to the low flowrate to feed the SAA. There was a constant increase in the concentrations of salt concentrations from the head of Qurna to the south, up to the confluence of the Karon River on the Shatt Al-Arab, where the quantity of salts decreases relatively to rise again in the Fao station. This research also found that the study area was confined from Al-Maqal station to Abu Flus port station where the salty marine water coming from the Gulf remains for longer periods as it is a low area, which made it a storage basin for salty water. Therefore, it requires a large number of expenses and long periods from the Tigris River to push this salty water towards the sea. In this study, one major issue is that part of the SAA is located in another country (Iran). It is not accessible for the researchers for necessary investigations. A blocking dam downstream of the SAA (at Abu Flus Port) was suggested by this research to prevent salty water from coming back from Arabian Gulf, especially during the receding period. A future study is planned to investigate the influence of salty water in presence of blocking dam on water quality parameters in SAA.
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Figure A1. Spatial distributions of Cl concentrations by kriging (a) winter 2018 (b) spring 2019 (c) summer 2019 (d) autumn 2019. 
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Figure A2. Spatial distribution of SO42− concentrations by kriging (a) winter 2018 (b) spring 2019 (c) summer 2019 (d) autumn 2019. 
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Figure A3. Spatial distributions of TH concentrations by kriging (a) winter 2018 (b) spring 2019 (c) summer 2019 (d) autumn 2019. 
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Figure 1. Locations of the sampling stations selected in the present study and showing the most important polluting sources of the Shatt Al-Arab River including; sanitary landfill sites, health activities, and industrial activities of types B and C, according to the classification of Iraqi legislation for river pollutants. 
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Figure 2. Geomorphological formation of the study area (Ministry of Industry and Minerals, Basra Geological, 2017). 
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Figure 3. TDS concentrations of the selected stations for different seasons during the study period. 
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Figure 4. Comparison of TDS concentrations of the selected stations for four seasons during the period of 2014 to 2019. 
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Figure 5. Spatial distributions of TDS concentrations using kriging interpolation: (a) winter 2018, (b) spring 2019, (c) summer 2019, and (d) autumn 2019. 
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Figure 6. Chloride concentrations of the selected stations for different seasons during the study period. 
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Figure 7. Comparison of Cl concentrations of the selected stations for four seasons during the period of 2014 to 2019. 
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Figure 8. The sulfate (SO42−) concentrations of the selected stations for different seasons during the study period. 
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Figure 9. Comparison of SO4 concentrations of the selected stations for four seasons during the period of 2014 to 2019. 
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Figure 10. Total hardness concentrations of the selected stations for different seasons during the study period. 
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Figure 11. Comparison of TH concentrations of the selected stations for four seasons during the period of 2014 to 2019. 
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Figure 12. Other water quality parameter concentrations of the selected stations for different seasons during the study period: (a) Turbidity, (b) Sodium, (c) Phosphate, and (d) Total Organic Carbon. 
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Figure 13. Heavy Metals concentrations of the selected stations for different seasons during the study period: (a) Cadmium, (b) Chromium, and (c) Selenium. 
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Figure 14. Correlation diagram of SO4 vs. HCO3 + Cl showing the water samples from the Shatt Al-Arab River. Iso-salinity lines (TIS) are drawn for reference. 
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Figure 15. Binary diagrams: (a) Ca/(Ca + Mg) vs. HCO3/(HCO3 + SO4), (b) Mg vs. SO4, and (c) Correlation diagrams of Na vs. Cl, for the water samples from the Shatt Al-Arab River. 
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