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Abstract:



Like many areas in developing nations, rapid population growth, a high urbanization rate, and poor waste management practices have been observed in the Awash River Basin. Moreover, no comprehensive study has been conducted in this basin to evaluate sediment contamination with heavy metals. About 46 sampling locations were considered to study heavy metal concentrations, distributions, pollution levels, and potential ecological risks associated with these contaminants. The results indicate that average concentrations of all metals have exceeded their respective background values except Pb and Hg. A comparison with similar studies also revealed that sediments from the Awash River Basin had a high average value for Cd. The mean enrichment values of heavy metals increased in the order of Hg < As < Pb < Ni < Cu < Cr < Zn < Cd. Multivariate analysis revealed that Ni and Cu had common sources. The average potential ecological risk index (ERI = 355.54) indicates high potential toxicity response in the study area. In general, surficial sediment contamination with heavy metals is causing high ecological hazards in Awash River Basin. This study sheds lights on the current level of contamination of heavy metals which are widely distributed across the sediments of rivers and streams of Awash River Basin.
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1. Introduction


In the river ecosystem, heavy metals mainly originate from chemical leaching of bed rocks; runoff from river banks; and waste discharged from several sources such as industries, agriculture, and domestic [1,2]. Even though the heavy metals naturally exist in the environment, they are primarily discharged into water bodies through anthropogenic activities [3]. Once heavy metals are introduced into the water bodies, sediments are their major sink [4]. Due to the dynamics in the natural environment, metallic pollutants can be freed from the sediments and cause secondary pollution in the water ecosystem [5]. Hence, river sediments can be considered as potential secondary sources of pollution in a water ecosystem [6].



Heavy metals are attracting special attention because of their persistence, biogeochemical recycling, and the associated ecological risks [7]. Heavy metals in water ecosystems can be deposited in sediments, gradually dissolved and absorbed by aquatic organisms, and biomagnified in the food chain, resulting in sublethal effects to aquatic inhabitants such as fish [8]. Thus, metallic pollutants can cause hazardous effects to aquatic organisms or human beings in direct or indirect ways. Increasing heavy metal pollution due to rapid developments in industries and agricultural sectors is causing significant ecological threats to aquatic organisms and humans [9].



In 1994, a report indicated that the majority of African water bodies were less affected by human-induced heavy metal [10]. However, rapid population growth, expansion in urban areas, poor waste management practices, and metal mining have become and continued to be the major causes of water quality deterioration with heavy metals [11]. Recently, water bodies of East African countries have been exposed to pollution with heavy metals mainly due to the use of leaded gasoline and improper waste disposal [12]. Even though there are extensive reports about sediments and water pollution with heavy metals in numerous parts of the world [2,4,13,14,15,16], there is no comprehensive information from many African countries [17]. Although there are a few reports on sediment pollution with heavy metals in and around Addis Ababa [18,19], no detailed and systemic study has been conducted to describe the sediment pollution in the Awash River Basin. Therefore, successive monitoring programs are very important to provide representative and reliable estimates across time and space. The current study was initiated to (1) assess the distributions and concentrations of selected heavy metals in the surface sediments of rivers and streams of the Awash River Basin, (2) investigate if sediment pollution with heavy metals is a major threat to the water quality of the basin, and (3) identify the main factors affecting sediment pollution with heavy metals by using cluster analysis (CA).




2. Material and Methods


2.1. Study Area


Awash River Basin was named after Awash River, which originates from central Ethiopia and flows to Lake Abbe at the Ethio–Djibouti border. The basin has 110,000 km2 catchment areas and 1200 km total length across the main course of Awash River [20]. The altitude ranges from 3000 m in the west to 250 m in the east. Even though there are such wide altitudinal variations in the basin, the majority of the drainage areas are flat. The economic activities in the basin include pastoral and agro-pastoral systems in the lower reach while mixed farming systems and urban livelihoods dominate in the middle and upper parts of the basin. Sampling locations varied from the lowest point (09°00′13.5″ N, 038°15′53.5″ E) on the main course of Awash River up to the highest point (08°50′17″ N, 040°00′49.9″ E) on the Kela Stream within the altitudinal range of 933.5 m to 2391 m. Figure 1 demonstrates a map of the study area and specific sampling sites.


Figure 1. Map of the study area and the specific sampling sites.
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2.2. Sample Collection


The sampling sites comprised from areas with low pollutant load up to areas which receive high quantities of pollutants from the point sources. For this purpose, sampling spots were identified in the rivers and streams across urban, peri-urban, and rural (mixed small-scale farmlands, large-scale farmlands, and grasslands) areas. Out of the existing river networks of the basin, the main course of Awash River, 4 major tributaries, 12 streams, and Koka dam were considered for sample collection. The first 10 cm depth of surficial sediments was sampled from the two peripherals and the middle part of the river beds using stainless steel corers. The overall sampling process included 46 sampling sites and 138 sediment samples (three replicates from each sampling site). The details of sampling sites are indicated in Figure 1.



The collected samples were reserved in plastic containers and transported to the laboratory. The samples were kept open under room temperature air until they dried to a constant weight, were ground using a pestle and mortar, and were sieved through a 12 mm nylon mesh sieve to separate out the gravels. After the removal of course materials, samples were further ground and homogenized to a fine powder. Fine samples were sieved by passing through 0.3 mm nylon mesh sieve and preserved at 4 °C until the laboratory analyses were conducted.




2.3. Sample Analysis


Samples were analyzed in Wuhan Botanical Garden, Chinese Academy of Sciences. Each sample was weighed (0.1–0.15 g), transferred to Teflon vessels, and digested by an acid mixture (4 mL, 65% HNO3 and 2 mL HF). A microwave digester (Milestone ETHOS ONE, Leutkirch im Allgau, Germany) was used for the sample digestion process. The procedures for sample extraction by microwave digester were described previously [21]. Operation pressure, temperature, and output power were adjusted to 300 psi, 165 °C, and 900 W, respectively, and kept constant for 10 min; in the second step, the temperature was raised to 175 °C while pressure and output power were kept the same (300 psi and 900 W) for five minutes; at the last step, the parameters were maintained at 100 psi, 170 °C, and 900 W, respectively, for 10 min. After digestion, the digestion vessels were cooled, opened, and then reheated by using a hotplate (135 °C) to evaporate the solutions until dry. Deionized water was added to the samples to make a solution, and then filtered using 0.45 µm cellulose acetate filter membranes. The final volume of each sample was made to 50 mL by adding additional deionized water and stored in a refrigerator (4 °C) for further tests. The heavy metals were tested by using inductively coupled plasma mass spectrometry (ICP-MS) (Thermos X SERIES2). The standard solutions were purchased from the CRM/RM information center of China and diluted using deionized water; mixed diluted solutions were used to obtain the standardization curves. More details for ICP-MS were reported previously [22]. The detection limits of heavy metals ranged between 1.1 × 10−9 g/L and 12 × 10−9 g/L for all heavy metals except Hg. The detection limit for Hg was 25 × 10−9 g/L. To calculate the mean values, all readings below detection limits were considered as zero. The total organic carbon (TOC) fraction was analyzed using a solid TOC analyzer (Elementar, Langenselbold, Germany). A quantity of 5 mg of each sediment sample was used for TOC measurement. Tin capsules were used to wrap samples and prepare them for the TOC analyzer. The TOC analyzer was operated after adjusting the combustion tube temperature to 950 °C and the carrier gas flow meter on the PC in- and outflow to 200 mL/min. The details for operation of the TOC analyzer were described in the vario TOC cube condensed manual.




2.4. Quality Assurance and Quality Control


Reference material (GBW07401) was purchased from Chinese Academy of Measurement Science. Two blanks and one reference sample were injected after every 15 sediment samples to assess the accuracy of the instrument. The accuracy of the ICP-MS machine was estimated using the relative standard deviation (RSD) of three successive results of the reference solutions. RDS was described as the ratio of standard deviation to mean value and the results obtained ranged between 1% and 5%. The standard solutions with concentrations of 0.1, 0.5, 1, 5, 10, and 20 µg/L of all tested heavy metals were used for standardization curves. The relative coefficients of all standardization curves were greater than 0.9923.




2.5. Statistical Analysis


SPSS statistics version 19 was used for data analysis while the relationships between the parameters were defined by using a Pearson correlation analysis. A value of p < 0.05 was considered to determine the level of significance. During hierarchical cluster analysis, Ward’s method with Euclidian distances was applied to group the parameters and sampling sites. Principal component analysis (PCA) was implemented to identify the possible sources of pollutants.




2.6. Enrichment Factor


Enrichment factor (EF) is used to evaluate artificial sources of heavy metals in sediments [23]. It reflects the extent of pollution and possible sources of pollution in a specific environment [24]. The guidelines EF < 2, 2 ≤ EF < 5, 5 ≤ EF < 20, 20 ≤ EF < 40, and EF ≥ 40 are used to describe minimum, moderate, significant, very high, and extremely high enrichment levels, respectively [25]. Usually, EF > 1.5 indicates that the majority of the metal originated from artificial sources [26]. The EF was defined based on the following equation:


[image: ]



(1)




where [image: ] is the ratio of the concentration (mg/kg) of a specific heavy metal to Al in the field sample; and [image: ] is the ratio of the concentration of the same element and Al in the background value. Elements which are abundant in the Earth’s crust (e.g., Si, Al, Fe, Sc, Cs, and Ti) and are not easily changed by the impacts of human activities are used as the reference elements [27]. In this study, Al was used as a reference element to calculate the EF value. Due to the absence of a reference background information from the study area, the average shale value [28] was used as a background, following similar reports [27,29,30].




2.7. Risk Assessment


The ecological risks imposed due to sediment contamination with heavy metals were described by using the potential ecological risk index. The ERI method has been frequently used to assess potential ecological impacts of heavy metals in river sediments [30,31]. The potential ecological risk index (ERI) estimates the possible ecological hazards of sediment contamination with heavy metals [32]. This index was calculated as
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(2)




where Cf is the contamination factor for specific metal i (the ratio of the metal’s concentration in the sample to its concentration in the background value), and Tif is the toxic response factor of the metal i. Eri is the potential ecological risk of an individual heavy element whereas ERI refers to the summation of Eri..The toxic response factor Tif indicates toxicity of a given heavy metal and the sensitivity level of aquatic organisms to environmental pollution with the same heavy metal [31]. Eri describes the sensitivity of a biological community to a given heavy metal and can be used to illustrate the risk posed to that community by the specific contaminant [33] while ERI is used to identify locations which need special considerations due to the risks associated with pollutants. The toxic response factors Tif of the eight heavy metals investigated are As = 10, Cd = 30, Cr = 2, Cu = 5, Pb = 5, Hg = 40, Ni = 5, and Zn = 1 [21,32,33,34]. Hakson [32] defined five classes of Eri and four classes of ERI. The reference Eri were classified as Eri < 40, 40 ≤ Eri < 80, 80 ≤ Eri < 160, 160 ≤ Eri < 320, and Eri ≥ 320 representing low, medium, high, very high, and extremely high potential ecological risk, respectively. Moreover, ERI < 150 refers to low ecological risk; 150 ≤ ERI < 300 to medium ecological risk; 300 ≤ ERI < 600 to high ecological risk, and ERI ≥ 600 to very high ecological risk [32,35,36].





3. Results and Discussion


3.1. The Concentration of Heavy Metals and Total Organic Matter


Table 1 illustrates the summary of the concentrations of the heavy metals and total organic matter in the sediments of the Awash River Basin. The average concentrations of all heavy metals except those of Pb and Hg were higher than their respective background values. The average concentration of heavy metals increased in the order of Hg < Cd < As < Pb < Cu < Ni < Cr < Zn. A summary of data from individual sampling sites showed that Zn had a concentration above its corresponding background values at all sampling locations, whereas, Ni, Cd, and Cu revealed concentrations higher than their corresponding background values at 44 (95.65%), 42 (91.3%), and 29 (63.04%) of the total sampled sites, respectively. The concentrations of Cr, Pb, As, and Hg were greater than their corresponding background values at 23 (50%), 19 (41.3%), 12 (26.1%), and 9 (19.6%) of the sample sites, respectively. The highest three ratios of average concentrations of metals in the samples to their respective background values were recorded for Cd (8.67), Zn (4.03), and Cu (1.77). The ratios declined to the order of Cd > Zn > Cu > Cr > Ni > As > Pb > Hg. Even though there were variations between the sampling sites, the percentage content of total organic carbon was low at nearly all the sampling sites. Low TOC content can be associated with higher oxidation processes in the surface sediments [37].


Table 1. Descriptive statistics for analytical results of heavy metal contents (mg/kg) and total organic carbon (%) in sediments collected from 46 sampling sites (n = 138).

















	Concentration
	As
	Cd
	Cr
	Cu
	Pb
	Hg
	Ni
	Zn
	TOC (%)





	Mean
	15.87
	2.60
	120.58
	79.43
	13.53
	0.17
	89.46
	382.73
	0.48



	Median
	0.00
	2.43
	90.22
	67.94
	18.45
	0.10
	68.19
	357.50
	0.13



	Min
	N.D.
	N.D.
	10.00
	13.58
	0.93
	N.D.
	33.64
	142.44
	N.D.



	Max
	67.42
	8.35
	712.67
	939.21
	67.72
	9.02
	928.85
	1210.04
	1.89



	SD
	15.54
	1.48
	270.10
	236.67
	11.83
	1.41
	255.78
	265.64
	0.551



	Ratio
	N.A.
	N.A.
	71.24
	69.17
	72.87
	N.A.
	28.67
	8.49
	N.A.



	BV
	13
	0.30
	90.00
	45.00
	20.00
	0.40
	68.00
	95.00
	



	% a > BV
	26.09
	91.30
	50
	63.04
	41.3
	19.57
	95.65
	100.00
	







Note: BV = background value of average shale value [28], % a = % sites with mean > BV, [image: ], SD = standard deviation, N.D. = not detected, N.A. = not applicable.








Table 2 compares the results obtained from the Awash River Basin and those from other freshwater ecosystems. A comparison between other local studies (Lake Awasa) [38] and the Awash River Basin indicates that samples from the latter showed higher average concentrations for all tested heavy metals with the exception of Pb. A comparison with reports from other countries exhibited that the concentration of Cd in this study is higher than the mean values in reports from Buriganga River, Bangladesh [39]; Neretva River Valley, Croatia [40]; Yangtze River Basin, China [41]; Lijiang River, China [42]; and Danube River, Germany [43]. However, the Cd concentration from this study is lower than those found in results from Almendares River, Cuba [44] and Tigris River, Turkey [45]. Use of phosphate fertilizers, open burning of municipal solid waste, metal working plants, and less-treated industrial wastes are among the major anthropogenic sources of Cd [43,46]. In this study area, wide use of phosphate fertilizers in the agricultural sector and runoff from agricultural fields might have a big share in causing sediment contamination with Cd. Electronic wastes from various industries in urban areas could be also a possible source of Cd [47]. Hg and As contents in the Lijiang River, China [42] and the Danube River, Germany [43] were higher than those of the Awash River Basin. Moreover, the mean values for Cr, Cu, Ni, and Zn in Neretva River Valley, Croatia [40]; Yangtze River Basin, China [41]; Lijiang River, China [42]; and Danube River, Germany [43] were lower than the average values of the Awash River Basin while Buriganga River, Baangladish [39]; Almendares River, Cuba [44]; and Tigris River, Turkey [45] showed higher contamination with Cu, Ni, and Zn. Industrial and municipal wastewater are the major artificial sources of Cr, Cu, and Ni [48]. In general, this comparison indicated that there was high accumulation of heavy metals in the sediments of rivers and streams of the Awash River Basin and that it requires special care and management interventions such as proper waste treatment and disposal.


Table 2. Average heavy metal contents (mg/kg) in sediment from Awash River basin compared with aquatic environments from Ethiopia and other parts of the world.





	Region
	As
	Cd
	Cr
	Cu
	Pb
	Hg
	Ni
	Zn
	References





	Awash River basin, Ethiopia
	15.87
	2.60
	120.58
	79.43
	13.53
	0.17
	89.46
	382.73
	This study



	Lake Awassa, Ethiopia
	4.02
	0.21
	8.27
	8.69
	15.7
	0.03
	20.20
	93.80
	[38]



	Buriganga River, Bangladesh
	N.A
	1.50
	173.40
	344.20
	31.40
	N.A
	153.30
	481.80
	[39]



	Neretva River Valley, Croatia
	N.A.
	0.31
	42.10
	55.10
	15.50
	N.A.
	N.A.
	58.70
	[40]



	Yangtze River Basin, China
	8.79
	0.93
	80.04
	65.80
	51.01
	0.10
	N.A.
	141.85
	[41]



	Lijiang River, China
	18.05
	1.72
	56.38
	38.07
	51.54
	0.18
	N.A.
	142.16
	[42]



	Danube River, Germany
	17.60
	1.20
	64.00
	65.70
	46.30
	0.22
	49.6
	187.00
	[43]



	Almendares River, Cuba
	N.A.
	3.47
	N.A.
	195.00
	189.00
	N.A.
	N.A.
	85.00
	[44]



	Tigris River, Turkey
	N.A.
	7.90
	N.A.
	2860.00
	66.00
	N.A.
	N.A.
	1061.00
	[45]







Note: N.A. = not applicable.









3.2. Enrichment Factor


For this study area, the average EF values of heavy metals decreased in the sequential order Cd > Zn > Cr > Cu > Ni > Pb > As > Hg (Table 3). Based on the EF guidelines [25], Cd, Zn, Cr, and Cu had significant enrichment levels while Ni and Pb fell in the range of moderate enrichment levels. On the other hand, Hg and As had low enrichment levels. In addition to artificial sources, the high mobility, water solubility, and geochemical activity of Cd might have contributed to the increase in its EF value [47].


Table 3. Description of enrichment factor (%) in each pollution category for trace metals in Awash River basin.





	
Metals

	
Percent Enrichment Factor (EF) Categories

	
Mean

	
Median

	
Range




	
EF < 2

	
2 ≤ EF < 5

	
5 ≤ EF < 20

	
20 ≤ EF < 40

	
EF > 40






	
As

	
76.03

	
19.57

	
4.35

	
-

	
-

	
1.17

	
N.D.

	
N.A.–7.86




	
Cd

	
8.70

	
-

	
52.17

	
30.43

	
8.70

	
19.18

	
16.04

	
N.A.–53.17




	
Cr

	
50.00

	
15.22

	
17.39

	
17.39

	
-

	
8.31

	
1.93

	
0.23–37.87




	
Cu

	
17.39

	
56.52

	
15.22

	
8.70

	
2.17

	
6.10

	
2.94

	
0.54–43.03




	
Pb

	
60.87

	
32.61

	
6.52

	
-

	
-

	
2.10

	
1.66

	
0.09–7.83




	
Hg

	
89.13

	
4.35

	
6.52

	
-

	
-

	
0.11

	
0.34

	
N.A.–19.23




	
Ni

	
41.30

	
43.48

	
8.70

	
6.52

	
-

	
4.88

	
2.21

	
0.70–27.52




	
Zn

	
15.22

	
84.78

	
-

	
-

	
-

	
9.37

	
8.93

	
3.14–19.09








Note: Mean, median, and range represent actual EF values, N.D. = not detected, N.A. = not applicable.








Figure 2 reveals that Cd showed EF values which ranged from significant to extremely high enrichment levels in all sampling locations except at four sites (sites 41–44) where its enrichment was not observed at all. Extremely high levels of Cd enrichment were observed at sites 33, 35, and 36 around the Wonji area where the sugar factory and large-scale agricultural farms are located. Five sampling stations (sites 33–37) around the same locality (Wonji area) were also highly contaminated with Cu and Ni. The majority of the heavy metals that enter the river systems are removed from the liquid phase within a few minutes, mainly through precipitation and adsorption [49]. This reveals that sediment pollution with heavy metals is mainly affected by nearby land use systems. The Wonji area has gentle slopes, slow water flow, and high sedimentation, which might have contributed to the high concentrations of metallic contaminants at sites 33–37.


Figure 2. Enrichment factor (EF) values of heavy metals at each sampling site.
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EF values of Zn for all sampling sites ranged between moderate and significant enrichment levels. Many of the sites with significant Zn enrichment were in rural areas where floriculture farms and cereal crop agriculture are dominant. Therefore, runoff from agriculture fields (artificial fertilizers, pesticides, and animal manure) could be the major source of Zn. Cr exhibited a very high enrichment level (EF > 20) at 8 sampling sites across the Akaki and Mojo Rivers located in and around the capital city (Addis Ababa) and Mojo town, respectively. Here, many tanneries and waste treatment plants were located near to the river banks. This indicates that effluents from point sources like tanneries and landfills near to the sampling sites were the major sources of Cr. Activities such as blasting, painting, and metal manufacturing in urban areas can also be sources for Cr [50]. Thus, urban runoff might have also contributed to the Cr contamination. Even though there were low enrichment values for Hg and As across the study areas, Hg showed high enrichment values at four sampling sites (sites 41, 43, 45, and 46) near the Matahara sugar factories, indicating the presence of a substantial anthropogenic source for Hg. The variations in EF mainly occur due to the variation in rates of addition and elimination of each metallic element [50].




3.3. Correlation Analysis


The outputs of a Pearson’s correlation analysis are displayed in Table 4 to illustrate the relationships between the studied parameters. Positive and significant correlations were observed between the pairs Cu–Ni, Cd–Ni, Cu–Cd, and As–Zn, at p < 0.01. The uppermost correlation coefficient (r = 0.97) was recorded between Cu and Ni followed by Cd and Ni (r = 0.659).


Table 4. Pearson square correlation of heavy metals in sediment samples.

















	
	As
	Cd
	Cr
	Cu
	Pb
	Hg
	Ni
	Zn
	TOC





	As
	1
	
	
	
	
	
	
	
	



	Cd
	−0.005
	1
	
	
	
	
	
	
	



	Cr
	−0.341 *
	0.055
	1
	
	
	
	
	
	



	Cu
	−0.021
	0.525 **
	−0.278
	1
	
	
	
	
	



	Pb
	−0.093
	−0.199
	0.103
	−0.561 **
	1
	
	
	
	



	Hg
	−0.027
	−0.330 *
	−0.185
	−0.008
	−0.160
	1
	
	
	



	Ni
	−0.084
	0.659 **
	−0.191
	0.970 **
	−0.548 **
	−0.057
	
	
	



	Zn
	0.615 **
	0.131
	−0.333 *
	0.001
	0.074
	−0.233
	−0.058
	1
	



	TOC
	0.326 *
	−0.092
	−0.380 **
	−0.280
	0.435 **
	−0.233
	−0.327 *
	0.556 **
	1







Note: ** Correlation is significant at the 0.01 level (two-tailed). * Correlation is significant at the 0.05 level (two-tailed).








A high correlation coefficient (r) between metals indicates common source contamination, level of contamination, and/or comportment through transportation [51]. Hence, Cu and Ni might have the same anthropogenic sources. These two heavy metals also showed high levels of enrichment at similar sites (sites 33–37). This might point out that the two elements mainly originated from agricultural inputs like fertilizers and pesticides. In the same manner, Zn–TOC, Pb–TOC, and As–TOC exhibited significant positive correlations. This also indicates that the circulations of these metallic elements were partly influenced by TOC. On the other hand, Cr and Hg did not show any positive correlation, indicating different distribution patterns and/or possible sources of pollution.




3.4. Factor Analysis


The details of PCA values for heavy metals and total organic matter are displayed in Table 5. In this study, three main principal components (PCs) with eigenvalues greater than 1 were used to specify the significance. These three components of analysis (PC 1, 2, and 3) described 74.93% of the data variations. The first component (PC1) contributed 33.28% of the total variations. In this component, Ni and Cu showed the two highest loading values (0.958 and 0.944, respectively). Therefore, this component showed the strong association between Cu and Ni and their dominance over other tested parameters. The highest correlation between Cu and Ni also coincided with this result. High concentrations of these two heavy metals appeared mainly at 6 sites (sites 33–38), revealing anthropogenic sources which were identified as agrochemicals (pesticides and artificial fertilizers) from the nearby intensive agricultural fields, effluents from textile and sugar factories, and deposition of wastes from the nearby towns (Adama and Wonji). The study by [52] also reported that Cu could be released by sanitary sewages.


Table 5. Total variance and component matrices for the heavy metals in the surface sediment from the Awash River Basin.





	
Parameters

	
Varimax Rotation




	
PC1

	
PC2

	
PC3






	
As

	
0.014

	
0.774

	
−0.062




	
Cd

	
0.612

	
−0.002

	
0.621




	
Cr

	
−0.252

	
−0.701

	
0.340




	
Cu

	
0.944

	
0.048

	
0.058




	
Pb

	
−0.729

	
0.043

	
0.296




	
Hg

	
0.052

	
−0.066

	
−0.865




	
Ni

	
0.958

	
−0.043

	
0.159




	
Zn

	
−0.038

	
0.830

	
0.254




	
TOC

	
−0.410

	
0.703

	
0.254




	
Eigenvalues

	
2.995

	
2.298

	
1.450




	
% of total variance

	
33.28

	
25.54

	
16.11




	
% of cumulative total variance

	
33.28

	
58.82

	
74.93










In the second factor (PC2), Zn, As, and TOC exhibited the three highest loading values (0.830, 0.77, and 0.703, respectively) and were thus considered as major contributors for PC2. The correlation matrix also revealed that Zn, As, and TOC were significantly positively correlated. Agriculture could be the major anthropogenic source for these groups. Fertilizers and pesticides with arsenic-containing compounds are two major sources of As and increase its accumulation in the sediment [53], while animal manure is a potential source of Zn.



In the third factor, only Cd showed a high loading value, indicating its dominant contribution in this component. High concentration and enrichment values were observed in most sampling sites, whereas extremely high enrichments were observed around the Wonji area. This might indicate that both natural and artificial sources were major contributors for Cd accumulation in the sediment. Pb, Cr, and Hg did not show high loading values in any component, indicating that these heavy metals had different sources of pollution.




3.5. Cluster Analysis


A hierarchal dendrogram of single-linkage Euclidean distances is displayed in Figure 3. Figure 3a reveals that metallic elements and TOC were grouped into four major clusters. Grouping was supported by the Pearson’s correlation analysis which revealed that Zn and Cr were negatively correlated. The principal component analysis also showed that Cr influenced PC2 negatively, whereas Zn was among the major determinants in this component of analysis. This displayed a clear cluster difference between the two elements. Cluster 1 consisted of Hg, TOC, Cd, As, and Pb; Cluster 2 consisted of Cu and Ni, while Clusters 3 and 4 were represented by Cr and Zn, respectively.


Figure 3. Dendrogram of the rescaled distance cluster combination of the variables (a) and the sampling sites based on similarity (b) using the Ward method.
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Figure 3b summarizes the dendrogram of sites of the study area. Two major clusters were identified (Cluster A and Cluster B) and displayed in this figure. Cluster A (Site 34–38) represented highly contaminated sites. These sites were located after major possible sources of pollution such as large scale crop farms, textile factories, sugar factories, and urban sewage discharges. Therefore, these sites need to receive first priority during remediation activities. Cluster B represented sites with comparatively moderate levels of contamination. Because of visible differences between the sites, Cluster B was subdivided into b1 and b2, where b1 represented sites with relatively more polluted sites.




3.6. Potential Ecological Risk Index (ERI) of the Heavy Metals


The mean ERI value for the study area was 355.54, indicating high ecological risk due to sediment pollution with heavy metals (Table 6). Cd also showed very high mean potential ecological risk (Eri = 254.64) while other heavy metals were in the range of low to moderate risks (Eri < 50). Eri values decreased in the order of Cd > Hg > Pb > Cu > Ni > As > Cr > Zn. Cd showed very high contamination factor and ecological risk at 34 (73.91%) sampling sites. This might indicate that Cd was the most important element in the study area, posing very high ecological toxicity. Hg showed the second highest Eri value (49.34) mainly because of its toxicity response (Tif = 40) and heavy contamination at site 41. Even though its concentrations across all sampling sites were high, Zn showed the least Eri value due to its low toxicity response.


Table 6. Potential ecological risk indices of elements in sediments.





	
Heavy Metals

	
Eri




	
Min

	
Mean

	
Max






	
As

	
N.D.

	
7.41

	
51.86




	
Cd

	
N.D.

	
254.64

	
835.49




	
Cr

	
0.22

	
5.73

	
20.32




	
Cu

	
1.51

	
17.16

	
104.36




	
Pb

	
0.30

	
4.65

	
18.90




	
Hg

	
N.D.

	
49.43

	
901.98




	
Ni

	
2.38

	
11.87

	
68.30




	
Zn

	
1.5

	
4.65

	
12.74




	
ERI

	
23.26

	
355.54

	
992.67




	
* low

	
* high

	
* very high








Note: Eri is the index of environmental risk indices for each metal. ERI is the potential ecological risk index for sediment heavy metals in the study area. * = potential ecological risk, N.D. = not detected.








The ERI values for all sampling sites are displayed in Figure 4. Out of 46 sampling sites, 2 sites (4.35%), 16 sites (45.65%), 23 sites (50%), and 5 sites (10.87%) were grouped into low, medium, high, and very high ecological risk, correspondingly. Almost all sites with very high ecological risk (ERI value > 600) were from the main course of the Awash River where large-scale agricultural fields and sugar factories are located. These sites were situated in rural areas with gentle slopes, slow flow rates, and high sedimentation. Thus, waste discharged to the streams in upper major cities such as Addis Ababa, Adama, and Mojo can have the chance to sink down in these areas and increase sediment contamination with heavy metals.


Figure 4. Summary of potential ecological risk index (ERI) values of Awash River Basin.
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4. Conclusions


The mean, min–max, enrichment factor, and mean ERI values showed that surficial sediments of the Awash River Basin are contaminated with heavy metals. Heavily contaminated sites were located in rural areas below the major towns. Based on the calculated enrichment factor and comparisons with average shale values, Cd was found to be the most contaminating metal. The accumulation of Cu and Cr is also a threat to aquatic life in this particular water ecosystem. High accumulation of Cr in sediments of the Mojo River is primary evidence of the poor waste treatment practices of the nearby tanneries and weak controlling mechanisms. Increased urban and agricultural runoff and less-treated effluents from point sources like tanneries and sugar and textile factories were the main sources of heavy metal enrichment. The study also indicated that sediment pollution with heavy metals is posing high ecological risks in the Basin. Thus, controlling of waste at the source and remediation of contaminated sites are required to minimize adverse effects on the aquatic organisms and related food webs.
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