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Abstract

Background: Due to fast urban expansion and increased industrial activities, large quantities of solid and lig-

uid wastes contaminated by trace metals are released into the environment of the Addis Ababa city, most often
untreated. This study was conducted to investigate spatial distribution, seasonal variations and ecological risk assess-
ment of selected trace metals (Cd, Cr, Cu, Fe, Mn, Pb, Ni and Zn) in the surface sediments from Akaki River catchment
and Aba Samuel reservoir, Central Ethiopia.

Methods: Twenty-two surface sediment samples were collected, digested using the Mehlich-3 procedure and ana-
lyzed quantitatively using inductively coupled plasma optical emission spectrometer.

Results: The trace metals occurred in varying concentrations along the course of the sampling stations. The decreas-
ing order of trace metal concentrations in the dry season was: Mn>Fe >Pb > Cr>Zn>Ni>Cu>Cd and in the rainy
season was Mn>Fe>Pb>Cr>Ni>Zn>Cu>Cd. Little Akaki River contained a higher load of trace metals than the
other regions, which is due to the existence of most of the industrial establishments and commercial activities.
Relatively lower levels of trace metals were recorded at Aba Samuel reservoir due to the lower residence time of the
sediment (reservoir rehabilitated recently). Ecological risk assessment using USEPA sediment guidelines, geo-accumu-
lation index, contamination factor and pollution load index revealed the widespread pollution by Cd and Pb. These
were followed by Mn, Niand Zn.

Conclusion: The concentrations of Pb, Cd, Mn, Ni and Zn in sediments were relatively greater and at levels that may
have adverse biological effects to the surrounding biota. Therefore, regular monitoring of these pollutants in water,
sediment and biota would be required.
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Background

Contamination of the aquatic environment by trace met-
als in excess of the natural loads has become a problem
of increasing concern. Large quantities of trace metals
are discharged into the environment due to anthropo-
genic activities such as urbanization, industrialization
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and indicate if changes were made.

and extension of irrigation and other agricultural prac-
tices. The situation is particularly alarming in develop-
ing countries, where most rivers, lakes and reservoirs are
receiving untreated wastes due to poor setup of environ-
mental sustainability (Mwanamoki et al. 2014; Awoke
et al. 2016). The most vulnerable river-reservoir systems
are those crossing large cities and densely populated
areas, as well as near the industrial establishments (Mwa-
namoki et al. 2014; Yousaf et al. 2016). Trace metals are
among the conservative pollutants that are not subject
to degradation process and are permanent additions to
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aquatic ecosystems (Igwe and Abia 2006; El Nemr et al.
2016). As a result, higher levels of trace metals are found
in soil, sediment and biota. Most of these trace metals are
persistent, toxic, bioaccumulative and that they exert a
risk for humans and ecosystems even when the exposure
is low (Gao and Chen 2012; Diop et al. 2015; Tang et al.
2016).

Monitoring of trace metals in sediment is extremely
important as it can serve as sources of information about
the long term trends in geological and ecological condi-
tions of the aquatic ecosystem and the corresponding
catchment area (Mekonnen et al. 2012; Dhanakumar
et al. 2015). The occurrence of high levels of these pol-
lutants in sediments can be a good indicator of anthro-
pogenic pollution, rather than natural enrichment of the
sediment by geological weathering.

Trace metals, originating from man-induced pollu-
tion and geological sources, have low solubility in water,
and thus they get adsorbed on suspended particles and
strongly accumulate in the sediments (Li et al. 2017).
Therefore, sediments are reservoirs for trace metal con-
taminants and help to characterize the degree of environ-
mental contamination and thus are suitable targets for
pollution studies (Igbal and Shah 2014; Liang et al. 2015).

Addis Ababa, the capital city of Ethiopia and the head-
quarters of the African Union, with approximately 5
million population, is one of the fast expanding cities
in the country. There are two major rivers draining the
city from North to South. These are Greater Akaki River
(GAR) and Little Akai River (LAR). Greater Akaki River
and Little Akai River meet at Aba Samuel reservoir,
37 km South-West of Addis Ababa. Aba Samuel reservoir
was built in 1939, for hydropower production. The reser-
voir was, however, abandoned for several years due huge
pollution issues and siltation (Gizaw et al. 2004). It was
rehabilitated recently and have come back to life in 2016.
Since Addis Ababa is the country’s commercial, manufac-
turing and cultural center, large quantities of solid, liquid
and gaseous wastes are released into the environment
of the city, primarily nearby water bodies most often
untreated (Alemayehu 2001, 2006; Awoke et al. 2016;
Aschale et al. 2017). The water bodies around Addis
Ababa receive increasing amounts of unlicensed dis-
charge of effluents from industrial and domestic wastes
and the water quality is deteriorating (Akele et al. 2016).
The primary sources of trace metals pollution in the river
system include metal finishing industries, tannery opera-
tions, textile industries, domestic sources, agrochemicals
and leachates from landfills and contaminated sites (Mel-
aku et al. 2007). The two Akaki Rivers and Aba Samuel
reservoir, which are the main focuses of this study, serve
as dumping grounds and pollutant sinks from upstream
Addis Ababa and surrounding catchment areas.
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Previous studies on trace metals in sediment are hardly
representative and sufficient in the catchment area. There
exists an information gap regarding the systematic study
of occurrence, distribution, ecological risk and seasonal
distribution of trace elements in sediment. The available
literature has focused on trace metal levels in water, soil/
sediment and vegetables on LAR and not including GAR,
Aba Samuel reservoir and downstream areas (Itanna
2002; Arficho 2009; Prasse et al. 2012; Akele et al. 2016;
Aschale et al. 2017; Woldetsadik et al. 2017). To the best
of our knowledge, no such comprehensive work has been
done on the level of trace metals in sediment from Akaki
River catchment and Aba Samuel reservoir. Moreover,
this study presented one of the earliest set of environ-
mental monitoring data for the reservoir from the feeder
Rivers following the restoration of the reservoir in 2016.

Therefore, the objective of this work was to determine
the occurrence, distribution, ecological risk and seasonal
variation of trace metals (Cd, Cr, Cu, Fe, Mn, Ni, Pb and
Zn) in surface sediments from Akaki River catchment
and Aba Samuel reservoir.

Materials and methods

Study area

The Akaki catchment is located in central Ethiopia along
the western margin of the main Ethiopian Rift Val-
ley. The catchment is geographically bounded between
846'-914'N and 3834’-3904’E, covering an area of
about 1500 km? (Demlie and Wohnlich 2006). Addis
Ababa, which lies within Akaki catchment, has a fast
population growth, uncontrolled urbanization and indus-
trialization, poor sanitation, uncontrolled waste disposal,
which results in a serious deterioration of surface and
ground water quality. As it is the country’s commer-
cial, manufacturing and cultural center, large quantities
of solid, liquid and gaseous wastes are generated and
released into the environment of the city, most often
untreated (Alemayehu 2006). There are two major riv-
ers draining into the city from North to South, namely
Greater Akaki River (GAR) (locally known as Tiliku
Akaki River) and Little Akai River (LAR) (locally known
as Tinishu Akaki River). GAR and LAR meet at Aba
Samuel reservoir, 37 km South-West of Addis Ababa.
Aba Samuel reservoir was built in 1939. It was the first
hydropower station in Ethiopia, but it was abandoned
in 1970s, because of many years of lack of maintenance,
siltation and pollution issues (Gizaw et al. 2004). It was
rebuilt and revived in 2016. The local people in the
Akaki River catchment and Aba Samuel reservoir use
the water for irrigation, drinking water for cattle, wash-
ing clothes, waste disposal site and other domestic needs
without information on the level of water quality param-
eters (Melaku et al. 2007). Therefore, this study has been
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conducted in some parts of GAR, LAR, Aba Samuel res-
ervoir and downstream to the reservoir (Fig. 1).

Sampling sites and sample collection

Twenty-two (22) sediment samples were collected in
August, 2016 and January, 2017 representing the rainy
and dry seasons respectively. Composite samples were
collected at the following sampling stations: GAR at
Entoto Kidanemihiret Monastery (S1, control site 1),
GAR at Tirunesh Beijing hospital (52), GAR below Akaki
town (S3), LAR above Geferesa reservoir (S4, control
site 2), LAR at Lafto bridge (S5), LAR at Jugan Kebele,
boundary between Addis Ababa and Oromia Special
zone (S6), Aba Samuel reservoir below the confluence
point of GAR and LAR (S7), Aba Samuel reservoir at the
midpoint (S8), Aba Samuel reservoir above the Dam (S9),
downstream about 50 m from the reservoir (S10) and
downstream about 1000 m from the reservoir (S11). The
distribution of the sampling points was chosen based on
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topography, the purpose of the study and anthropogenic
interference. Approximately 500 g of the top few centim-
eters of the sediment were collected using a stainless steel
Ekman bottom Grab sampler. Each sample was obtained
by mixing four randomly collected sediment samples.
Samples were placed in clean polyethylene bags, labeled,
stored in cooler box and transported into the laboratory.
In the laboratory, coarse particles, leaves or large mate-
rial was removed. Subsequently, sediment samples were
air dried at ambient temperature and powdered using
ceramic coated grinder. The dried and powdered samples
were then sub-sampled and passed through a stainless
steel sieve (45 um mesh size) and transferred to labeled
double-cap polyethylene bottles until further treatment.

Sample digestion and instrumental analysis

For determination of trace metals, 2 g sediment sam-
ples (<45 pum) were digested using 20 ml of Mehlich
3 extractant [0.2 M CH;COOH, 0.25 M ammonium
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Fig. 1 Map of the study area showing the sampling sites
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nitrate (NH,NO,), 0.015 M ammonium fluoride (NH,F),
0.013 M HNOs;, and 0.001 M ethylene diamminetet-
raacetic acid (EDTA)] (Mehlich 1978). An inductively
coupled plasma optical emission spectrometer, ICP-OES,
(Arcos FHS2, Germany) was used for the determina-
tion of trace metal concentrations in sediment samples.
Argon gas (99.99%) was used as a plasma with a flow rate
of 81 I/min. Calibration curves were prepared using 10,
20, 30, 40 and 50 mg/! of Fe and Mn; 0.04, 0.08, 0.12, 0.20,
0.40, 0.80, 1.20, 1.60, and 2.00 for Cu and Zn; 0.5, 1, 2,
3,4, 5 for Cd, Ni and Pb and 1, 2, 4, 6, 8, 10 for Cr. In
all cases, standard purity was>99.8%. Quantification of
the elements were recorded at 214.438, 267.716, 324.757,
262.567, 220.353, 257.611, 231.604 and 213.856 nm,
which correspond to the most sensitive emission wave-
lengths of Cd, Cr, Cu, Fe, Pb, Mn, Ni, and Zn respectively.
The calibration curve showed linearity (r>0.995) by the
detector response for the quantified elements. This indi-
cates good correlation between concentration and emis-
sion intensities of the detected elements and thus proper
calibration of the instrument.

Quality control and quality assurance

All the glassware used were thoroughly washed with
detergent, soaked in 10% HNO; for 24 h and rinsed
with de-ionized water. All reagents used were analytical
grade. In order to validate and evaluate the accuracy of
the method used, certified reference material (ISE-952)
obtained from Woageningen University Environmen-
tal Sciences section, Netherlands, was employed. Blank
analyses were carried out to check interference from the
laboratory. Mean recovery rates of the 4 metals were:
Zn, 100.52%; Fe, 106.69%; Mn, 118.52%; Cu, 74.14%. The
limit of detection (LOD) based on three times the stand-
ard deviation (30) of the blank and the limit of quantifi-
cation (LOQ) based on ten times the standard deviation
(100) of the blank for the ICP-OES were calculated for
each analyte ions. The results are summarized in Table 1.
The LOD was found to be in the range of 0.07-1.06 mg/
kg, whereas LOQ ranged between 0.23 and 3.52 mg/kg.
These ranges were found satisfactory for the determina-
tion of analyte ions in sediment samples.

Assessment of sediment contamination
The excessive accumulation of trace metals in sediments
posed a potential ecological risk to freshwater ecosystems

Table 1 LOD and LOQ values of elements analyzed by ICP-OES
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(Olivares-Rieumont et al. 2005; Chen et al. 2007). Differ-
ent pollution assessment methods of trace metals were
applied to evaluate the pollution degree and poten-
tial ecological risk posed by trace metals in sediment of
Akaki River catchment and Aba Samuel reservoir. To
this end, USEPA sediment guidelines, geo-accumulation
index (Igeo), contamination factor and pollution load
index were used (Wang et al. 2014).

Geo-accumulation index (Igeo): the geo-accumulation
index (Igeo) is a geochemical criterion used to assess
heavy metal accumulation in surface sediment stud-
ies (Muller 1981; Singh 2001; Aschale et al. 2017). It is
expressed as

Igeo =log, [Cn/1.5B,].

where C, is the measured total concentration of the ele-
ment n in the sediment and B, is the average concen-
tration of element n in shale (background) value. The
constant 1.5 is introduced to include possible varia-
tions of the background values due to lithogenic effects
in sediments (Loska et al. 2004). Thus, the background
concentrations (mg/kg) of 0.3 for Cd, 90.0 for Cr, 45.0
for Cu, 46,700.0 for Fe, 20.0 for Pb, 850.0 for Mn, 68.0
for Ni and 95.0 for Zn are used in this study (Turekian
and Wedepohl 1961). The background values were used
to assess the degree of contamination and to understand
the distribution of elements of anthropogenic origin in
the study areas. According to Muller (1981), the corre-
sponding relationships between Igeo and the pollution
level are given as follows: unpolluted (Igeo <0), unpol-
luted to moderately polluted (0<Igeo<1), moderately
polluted (1<Igeo<2), moderately to heavily polluted
(2<Igeo<3), heavily polluted (3<Igeo<4), heavily to
extremely polluted (4 <Igeo <5) and extremely polluted
(Igeo>5).

Contamination factor

The assessment of sediment contamination was also car-
ried using the contamination factor (CF). The CF is the
single element index and is represented by the following
equation

CE = Co/Cn

where C_ is the mean content of metals from at least five
sampling sites and C, is the background value of the indi-
vidual metal. The CF may indicate low contamination

Element cd Cr Cu Fe Pb Mn Ni Zn
LOD 0.1 0.30 0.07 0.78 0.23 1.06 0.55 0.08
LOQ 0.35 1.00 0.23 2.60 0.77 352 1.83 0.27
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(CF<1), moderate contamination (1<CF<3), consider-
able contamination (3 < CF <6) and very high contamina-
tion (CF >6) (Hakanson 1980).

Pollution load index (PLI)

Pollution load index (PLI) was examined to assess the
overall pollution status of a sampling site. The index was
determined by calculating the geometrical mean of the
concentrations of all the trace elements in the particular
sampling site (Usero et al. 1997; Chakravarty and Patgiri
2009).

The PLI is computed by the formula:

PLI = (CF; x CFy x CF3 x - -- x CFy)Y/™, where n is
the number of metals investigated and CF is the contami-
nation factor. The PLI value>1 is polluted whereas PLI
value<1 indicates no pollution (Chakravarty and Patgiri
2009).

Statistical analysis

Analysis of variance (ANOVA) was applied to assess sig-
nificant differences in trace element concentrations at
the various sampling sites. Multivariate analysis of the
element concentration was performed through cluster
analysis technique. It was performed to classify elements
of different sources on the basis of their concentration
similarities using dendrograms, and identify relatively
homogeneous groups of variables with similar proper-
ties. Pearson’s correlation coefficient was used to deter-
mine the association and possible sources of trace metals.
Statistical analyses of the results were carried out using
Origin Pro (version 9.4, 2017) and Microsoft Excel 2007.

Results and discussion

Concentrations of trace metals in sediment samples

The average concentrations along with standard devia-
tions of 8 selected trace metals in sediment samples from
the Akaki River catchment and Aba Samuel reservoir,
Ethiopia in two seasons are presented in Table 2. Based
on the elemental concentrations, the pattern in sediment
was: Mn>Fe>Pb>Cr>Zn>Ni>Cu>Cd in the dry sea-
son and Mn>Fe>Pb>Cr>Ni>Zn>Cu>Cd in the rainy
season. In both seasons, a similar pattern was observed.
The concentration (mg/kg) ranges of trace metals in
the dry season were 2.1-2.9 for Cd, 16.2-43.7 for Cr,
1.6-15.3 for Cu, 406.4—844.8 for Fe, 124.4—256.4 for Pb,
335.5-1319.2 for Mn, 15.6-36.2 for Ni and 4-110 for Zn.
Similarly, in the rainy season the concentrations (mg/kg)
were in the range of 2.5-3.1 for Cd, 18.3-29.4 for Cr, 2.1-
6.2 for Cu, 415.2-1442 for Fe, 101.4-133.7 for Pb, 385.1—
1833.4 for Mn, 14.6-24 for Ni and 4.8-38.2 for Zn. In
both seasons, the minimum concentration was observed
for the known toxic elements (such as Cd and Cu) while
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the highest concentration is observed for Mn and Fe. Iron
and manganese pollution of the catchment area, possibly
arises from effluents from iron and steel manufactur-
ing industries established within the catchment area of
Akaki River (Melaku et al. 2007). The highest concentra-
tions of Mn and Fe observed could also be related to the
geological sources in addition to anthropogenic inputs
(Alemayehu 2006). The geology of Addis the Ababa area
is characterized by basaltic volcanic rocks with minor
amounts of Quaternary alluvial sediments (Demlie et al.
2008). The rocks underlying the city and its environs were
altered by intensive hydrothermal activity resulting in the
characteristics reddish color of the residual soils (Gizaw
2002). Kaolin deposits found in many parts of the city are
particularly good evidence of hydrothermal activity on
lava flows. Alemayehu (2006) indicated that rock and soil
outcrops of the Addis Ababa area are anomalously rich
in trace metals derived from hydrothermal activity, which
are related to geologic sources. From the hydrogeological
point of view, the major rock types forming a reservoir of
groundwater in the Addis Ababa area are considered to
be the volcanic rocks consisting of basalts, trachytes, rhy-
olites, scoriaes and trachy-basalts. Studies indicated that
the main aquifers in the Addis Ababa area include: shal-
low aquifers, deep aquifers and thermal aquifers (located
at depths greater than 300 m) (Alemayehu 2006; Demlie
et al. 2007).

Table 3 compares the results obtained from Akaki
River Catchment and Aba Samuel reservoir and those
from other freshwater ecosystems to understand the
extent of trace metal pollution of the study area. A com-
parison between a study in LAR (Aschale et al. 2016) and
this study indicates that samples from the latter showed
higher concentrations of Cd and Pb and lower average
concentrations of Cr, Cu, Fe, Mn and Zn. The Pb con-
tamination in the sediments of this study was relatively
higher than values from all the other studies. The con-
centrations of Cd, Cr, and Ni were within the ranges
observed in the other polluted sediments. The levels of
Cu and Zn were generally lower than values for other
sediments. Overall, this comparison indicated that there
was high accumulation of trace metals in the sediments
of Akaki River and Aba Samuel reservoir and that it
requires special care and management interventions such
as proper waste collection, treatment and disposal.

Spatial distribution and seasonal variations of Trace metals
in sediment

The spatial distribution of trace elements in the river
and reservoir sediment depends on many factors includ-
ing distance of the element sources to the reservoir, the
chemical characteristics of the element and the hydro-
logical conditions of the river and reservoir system
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Table 2 Mean concentrations of trace metals (mean + SD, mg/kg dry weight) in sediment samples

No. Area Cd Cr Cu Fe
Dry season
S1 GAR at Entoto Kidanemihiret Monastery 254012 2204111 574003 4364+037
S2 GAR at Tirunesh Beijing Hospital 26+£0.16 2844+1.19 3.6£001 844.8+£293
S3 GAR below Akaki town 26+0.14 231+£1.23 324001 5570+£1.21
S4 LAR above Gefersa reservoir 2940.16 16.2+£1.38 1.61+0.01 4064+ 2.66
S5 LAR at Lafto Bridge 2.740.16 269+1.24 153+£0.09 5793£1.19
S6 LAR at Jugan kebele 214017 43.7+1.66 224003 539.1+257
S7 Below the confluence point of GAR and LAR 26+0.12 263+129 5.74+0.05 4785+£4.22
S8 Aba Samuel reservoir at the midpoint 264017 27.7+145 524001 492.1+£248
S9 Aba Samuel reservoir above the Dam 2.740.15 21.04+1.20 264001 4373+£3.26
S10 Aba Samuel reservoir below the Dam 254017 314+£135 4040.19 81844359
SN Aba Samuel reservoir 1000 m downstream 284013 3214123 744002 53994383
Pb Mn Ni Zn
S1 GAR at Entoto Kidanemihiret Monastery 14564034 4235+£0.68 184+£1.15 17.6£0.12
S2 GAR at Tirunesh Beijing Hospital 134.14£534 1103.94855 26.34+0.90 186+£0.10
S3 GAR below Akaki town 13334468 5769+247 20.7+0.98 291+0.17
S4 LAR above Gefersa reservoir 12444357 3733£2.79 15.6+1.64 7.0£0.05
S5 LAR at Lafto Bridge 170.8£5.04 669.6 £ 3.66 2624+1.18 59440.25
S6 LAR at Jugan kebele 2564+733 1319.2+£10.51 3624137 52+0.04
S7 Below the confluence point of GAR and LAR 152.7+3.50 464.84+0.90 21.7+£0.97 13.740.08
S8 Aba Samuel reservoir at the midpoint 128.54£2.80 591.7+£3.17 229+1.62 4.0+0.02
S9 Aba Samuel reservoir above the Dam 129.1+£4.48 3355+1.62 2044145 6.240.02
S10 Aba Samuel reservoir below the Dam 1454141 1061.5+0.90 2544120 12.5+£0.06
SN Aba Samuel reservoir 1000 m downstream 1712+1.31 5220£3.11 263£140 110.0£0.55
No. Area Cd Cr Cu Fe

Rainy season

S1 GAR at Entoto Kidanemihiret Monastery 26+0.20 183+1.02 2.1£001 47204238
S2 GAR at Tirunesh Beijing Hospital 284013 294+1.17 2440.02 109494299
S3 GAR below Akaki town 28+£0.15 21.940.80 33+£0.03 53694152
S4 LAR above Gefersa reservoir 314017 28.7+139 45+001 1442.0+10.23
S5 LAR at Lafto Bridge 2640.15 2261091 534001 41524335
S6 LAR at ugan kebele 25+£0.14 2284138 6.2+£0.03 4425+£3.12
S7 Below the confluence point of GAR and LAR 29+0.16 234+£1.22 224001 52424144
S8 Aba Samuel reservoir at the midpoint 26+0.18 260+1.18 254002 551.8+1.63
S9 Aba Samuel reservoir above the Dam 274013 2294096 254002 4812+£393
S10 Aba Samuel reservoir below the Dam 274014 23841.07 364001 499.1+£1.16
SN Aba Samuel reservoir 1000 m downstream 254013 2914+1.14 244002 54124181
Pb Mn Ni Zn
S1 GAR at Entoto Kidanemihiret Monastery 111.54+1.09 5524+£1.94 1464098 10.3£0.02
S2 GAR at Tirunesh Beijing Hospital 1144+1.77 153144377 240+£1.16 19.8+0.02
S3 GAR below Akaki town 12254129 467.1 +£344 20.7+£1.34 222+0.18
S4 LAR above Gefersa reservoir 101.4+3.10 18334+11.63 23.1£1.09 257+£0.11
S5 LAR at Lafto Bridge 12594296 385.14+2.84 199+1.84 20.1+0.09
S6 LAR at Jugan kebele 133.7£0.17 422541.58 1994154 31.14+0.05
S7 Below the confluence point of GAR and LAR 132.6+3.05 392.14+1.56 2124163 48+£0.04
S8 Aba Samuel reservoir at the midpoint 12744210 5414+£2.20 209+£1.13 38.2+0.21
S9 Aba Samuel reservoir above the Dam 133.0+2.10 39344213 19.7+£1.19 172+0.03
S10 Aba Samuel reservoir below the Dam 132.7+£333 431.8+£142 21.74+1.02 182+£0.02

ST1 Aba Samuel reservoir 1000 m downstream 131.0£4.75 54644237 20640.92 144+0.04
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Table 3 Average trace metals contents (mg/kg) in sediment from Akaki River catchment and Aba Samuel reservoir
compared with aquatic environments from Ethiopia and other parts of the world

Location Cd Cr Cu Fe Pb Mn Ni Zn References

Aba Samuel reservoir, Ethiopia® 26 25 45 469.3 136.8 464 20.6 10 This study

GAR, Ethiopia® 26 24.5 4.2 612.7 137.7 7014 19.8 218 This study

LAR, Ethiopia® 26 289 64 508.3 183.9 7874 21 239 This study

LAR, Ethiopia 0.2 262.1 320 304752 454 1089.1 312 108.6 Aschale et al. (2016)

Lake Awassa, Ethiopia 0.2 83 8.7 - 15.7 - 20.2 93.8 Yohannes et al. (2013)
Lake Ziway, Ethiopia - 328 311 - 399 - 14.2 303 Mekonnen et al. (2015)
Awash River Basin, Ethiopia 26 1206 794 - 135 - 89.5 382.7 Dirbaba et al. (2018)

Lake Victoria, Tanzania 25 11.0 216 - 296 - - 364 Kishe and Machiwa (2003)
Buriganga River, Bangladesh 1.5 1734 3442 - 314 - 1533 481.8 Mohiuddin et al. (2015)
Tembi River, Iran 14.5 42 515 232 182 409 878 350 Shanbehzadeh et al. (2014)
Lijiang River, China 1.72 564 38.1 - 515 - - 142.2 Xuetal. (2016)

Ergene River, Turkey - 160.0 65.0 26,935 99.0 356.0 64.0 177.0 Halli et al. (2014)

2 Average of three sampling stations in the dry season was taken

(Zhang et al. 2013). The level of trace elements in sur-
face sediments of Akaki River catchment and Aba Sam-
uel reservoir is shown in Figs. 2 and 3. In order to better
understand the distribution and seasonal variation of
trace metals, the study area was divided into four regions:
GAR, LAR, reservoir and Downstream to the reservoir.
Overall, LAR is more contaminated than GAR (Melaku
et al. 2007; Akele et al. 2016). Statistical analyses of the
results (p <0.05) indicated that there were no significant
spatial variations of the trace metal among the sampling
stations in both seasons except Pb. The concentration
of Pb varied significantly from upstream to downstream
area in both seasons (p=0.02). Dry season trace metal
concentrations were slightly higher than the rainy season
for Pb, Cr, Zn, Ni, and Cu. This might be attributed to
the lower dilution process in the dry season than in the
rainy season. During the dry season, the highest concen-
trations of Cr, Pb, Mn, and Ni were observed at S6 and
Cu at S5 (Figs. 2 and 3). Both sampling sites lie along the
Little Akaki River (LAR), which is in agreement with the
previous results (Melaku et al. 2007; Akele et al. 2016).
The average levels of Mn and Fe were higher in the rainy
than in the dry season, which might be attributed to the
anthropogenic and geologic inputs (Alemayehu 2006). It
is presumed that pollutants from GAR and LAR finally
ended up at the Aba Samuel reservoir. However, the lev-
els of most trace metals investigated were lower at the
Aba Samuel reservoir (S7, S8 and S9) than the upstream
areas (Figs. 2 and 3). The relatively lower concentration of
sediment-bound trace metals in the reservoir might have
been due to less accumulated metals in the sediment
because reservoir was rehabilitated in 2016. Further-
more, the natural processes that can attenuate the con-
centration of the chemicals/pollutants on their pathway

(mixing, dilution, volatilization and biological degrada-
tion) might have contributed to the attenuation.

Correlation analysis

Pearson’s correlation coefficients were computed to see if
the elements were interrelated with each other in the sed-
iment samples from the different sampling sites in both
dry and rainy seasons. Examination of correlations also
provides clues on the source(s) of pollution, distribution
and similarity of behaviors of trace metals (Zhang et al.
2013; Diop et al. 2015). Table 4 shows the correlation
matrix of the determined elements. A significant posi-
tive correlation was observed for Pb with Cr (r=0.85),
Mn with Cr (r=0.81), Mn with Fe (r=0.73), Mn with
Pb (r=0.60), Ni with Cr (r=0.97), Ni with Pb (r=0.85)
and Ni with Mn (r=0.83) in the dry season. Similarly, a
significant positive correlation was observed between
Fe with Cd (r=0.75), Fe with Cr (r=0.67), Mn with Cd
(r=0.66), Mn with Cr (r=0.66), Mn with Fe (r=0.99),
Ni with Cr (0.81), Ni with Fe (r=0.61) in the rainy sea-
son. This significant positive correlation suggests that
the elements might have a common origin. Concentra-
tion of Zn was not significantly correlated with any of
the studied trace metals. Significant negative correlations
were also found between Cd with Cr (r=-0.75), Cd
with Pb (r=—0.72), Cd with Mn (r=—0.72), Cd with Ni
(r=—0.71) in the dry season and Pb with Fe (r=—0.78),
Mn with Pb (r=— 0.82) in the rainy season.

Cluster analysis

The hierarchical clustering by applying group average
method and Euclidean distances for similarities in the
variables was performed on the dataset. Altogether,
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8 variables (Cd, Cr, Cu, Fe, Pb, Mn, Ni and Zn) from
11 sampling sites in dry and rainy seasons were sub-
jected to the cluster analysis. The dendrogram derived
from the cluster analysis is shown in Fig. 4. In both
seasons, similar types of clusters of the elements were
observed. When we cut the dendrogram at an imagi-
nary distance between 1000 and 2000 cm, it leaves
two major clusters. Cluster 1 (Cd, Cu, Cr, Ni, Zn and
Pb) and cluster 2 (Fe and Mn). From the dendrogram,
there are two distinct source factors; one that relates
to the soil/geologic inputs (which may introduce Fe
and Mn) and another that relates to a variety of activi-
ties in the catchment including anthropogenic sources,
which collectively contributed to the remaining metals

in the sediment. Elements belonging to the same clus-
ters or groups are likely to have originated from com-
mon sources (Faisal et al. 2014). The source factors
for the cluster analysis of some of the trace metals
are presented as follows. Chromium (Cr) contamina-
tion of the study area might have originated from one
or some of the industries including electroplating and
tannery industries, paints and inks, wood preserva-
tives, textile and refractoriness. The highest concen-
tration of Cr was observed at S6 where the majority of
Tannery industries were located on the bank of Little
Akaki River. The reason for the elevated concentration
of Cr at S4 (control site), is not clear. Ni pollution in
the study area might arise from sources like domestic
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wastes, municipal sewage, electroplating coal, oil com-
bustion, pigments and batteries (Aschale et al. 2017).
Zn pollution in the study area might arise from the
expected sources such as textile and metal works/iron
and steel works. In addition to the geological sources,
anthropogenic Pb pollution in the study area may arise
as a result of activities such as industrial discharge
from smelters, paints and ceramics, through vehicular
emissions, runoff from contaminated land areas and
sewage effluent.

Assessment of trace metals pollution

Assessment of sediment pollution using sediment
contamination guidelines

After generating reliable data on the level of trace met-
als in sediment, interpretive tools are required to relate
sediment chemistry information to the risk. To this end,
numerical sediment quality guidelines (SQGs) estab-
lished based on biological tests can be used (Macdonald
et al. 1996). Most recent SQGs are derived from matching
chemistry and toxicity data. The average concentration of
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Table 4 Correlation matrix among the different trace metals in sediment from Akaki River catchment and Aba Samuel

reservoir in dry and rainy seasons

Cd Cr Cu Fe Pb Mn Ni Zn

Dry season

cd 1

Cr —0.75% 1

Cu 0.22 0.04 1

Fe —021 0.39 0.04 1

Pb —0.72% 0.85*% 0.1 0.01 1

Mn —0.72* 0.81* —0.12 0.73* 0.60* 1

Ni —0.71*% 0.97*% 0.13 043 0.85* 0.83* 1

Zn 0.38 0.15 0.59 0.06 0.15 —0.15 0.17 1
Rainy season

Cd 1

Cr 0.28 1

Cu —0.09% —0.08 1

Fe 0.75% 0.67% 0.02 1

Pb —057 —0.19 0.03 —0.78* 1

Mn 0.66* 0.66* 0.02 0.99* —082% 1

Ni 0.52 0.81* 0.12 0.61* —0.06 0.55 1

Zn —0.15 0.26 046 0.17 —0.05 0.17 0.28 1

*Correlation is significant at p < 0.05 level (two-tailed)

trace metals in surface sediments and guideline values
is presented in Table 5. Based on the guideline, the river
system and reservoir were non-polluted with Cd and Cu,
but non-to moderately polluted with Cr, Ni and Zn. All
sampling sites were heavily polluted with Pb.

The concentration of Ni in the analyzed samples were
within the same range or slightly higher than the back-
ground values for sediment quality guidelines. Only one
site, S11 in the dry season is moderately polluted with
Zn. In both seasons, all the sampling stations were heav-
ily polluted with Pb. The Federal Democratic Republic of
Ethiopia (FDRE) has formulated three proclamations that
are directly and/or indirectly related to the environment
and pollution (Mekonnen et al. 2015). However, based on
the results obtained in this study, the proclamations seem
to have not properly implemented. The river system and
reservoir need immediate attention of those trace metals
having higher concentrations. Unless control measures
are made possible, the situation could be worsened and
affect biota in Akaki River system and Aba Samuel res-
ervoir and downstream Awash River, which is the most
productive inland river in Ethiopia.

“Effects range low” (ERL) and “effects range median”
(ERM) developed by the National Oceanic and Atmos-
pheric Administration are another sediment toxicity
guidelines for trace metals and other contaminants (Long
et al. 1995; Macdonald et al. 1996). ERL and ERM values
identify threshold concentrations that, if exceeded, are

expected to have adverse ecological or biological effects
(Mekonnen et al. 2015). Based on the ERL- ERM range
the level of Pb at S6 in LAR in the dry season could be
toxic to bottom dwelling aquatic organisms (Table 6),
while for Cr, Cu and Ni are less than the ERL range. Some
of the results from the sampling sites lie between ERL-
ERM range for Cd, Pb and Ni.

Geo-accumulation index, contamination factor

and pollution load index

Geo-accumulation index

In this study, the calculated value of the geo-accumula-
tion index (Igeo) is presented in Table 7. According to
the Muller scale, the calculated results of Igeo values
(Table 7) indicated that the sediments from the 11 sam-
pling sites were found to be in class 0, thus are uncon-
taminated with Cr, Cu, Fe, Ni, and Zn. Mn concentrations
represent unpolluted conditions at all stations except S6
(Igeo=0.05) in the dry season and S2 (Igeo=0.26) and
S4 (Igeo=0.52) in the rainy seasons. However, all the
sediment samples were moderately to strongly contami-
nated with Cd. Similarly, sediment samples were moder-
ately to strongly contaminated with Pb.

Contamination factor (CF) and pollution load index (PLI)

Pollution severity and its variation along the sites were
determined with the use of pollution load index (PLI).
This index is a quick tool to compare the pollution
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status of different sampling locations. The contamina-
tion factor values (Table 8) for Cr, Cu, Fe and Ni were
(<1) at all the sampling sites in both seasons indicat-
ing low contamination. The CF of Zn represents low
contamination at all the sampling sites except S11
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(CF=1.16) in the dry season. CF values for Cd in both
dry and rainy seasons were > 6 at all the sampling sites,
indicating very high contamination. Cadmium is one
of the highly toxic, non-essential elements. Therefore,
even at low concentrations, Cd could be harmful to liv-
ing organisms. This amount of Cd from the study area
may be attributed to the release of chemicals from sew-
age and industrial wastes from the nearby Addis Ababa
city. The CF value of Pb>6 in all the sampling sites
except S1 (CF=5.58), S2 (CF=5.72) and S4 (CF =5.07)
in the rainy season, indicating very high contamination.
The study area might be exposed to Pb pollution from
various activities such as industrial discharge from
smelters, paints and ceramics, through vehicular emis-
sions, runoff from contaminated land areas and sewage
effluent. CF values for Mn at S2 (CF=1.30) and S10
(CF=1.25) in the dry season and S2 (CF=1.80) and
S4 (CF=2.16) in the rainy season suggesting moderate
contamination, while values of CF<1 in all other sites
indicate low contamination. The relatively higher CF
value of Mn in the rainy season is in agreement with
the cluster analysis result that may in turn suggest soil
runoff/geologic inputs as the potential source of the
trace metal. The values of PLI (Table 7) were found to
be generally low (<1) in all the studied stations. The
higher value of PLI (0.59 at S5 and 0.58 at S11 in the
dry season) implies appreciable input of trace metals
from anthropogenic sources (Table 8).

Conclusions

This study was targeted at generating up-to-date data
on the spatial and seasonal variation and contamina-
tion levels of trace metals in surface sediments from
Akaki River catchment and Aba Samuel reservoir,
Central Ethiopia. The decreasing order of trace metal
concentrations in the dry season was: Mn>Fe>Pb>C
r>Zn>Ni>Cu>Cd and in the rainy season was Mn>
Fe>Pb>Cr>Ni>Zn>Cu>Cd. When comparing the
sampling regions in Akaki River Catchment and Aba

Table 5 Concentration of trace metals in sediments and its comparison with sediment quality guidelines (SQGs) in mg/kg

dry wt
Element This study mean This study range SQG non SQG moderately  SQG
polluted polluted heavily
Dry season Rainy season Dry season Rainy season polluted

Cd 26 2.7 2.1-29 2.5-3.1 - - >6

Cr 27.2 24.4 16.2-43.7 18.3-294 <25 25-75 >75

Cu 5.1 34 1.6-15.3 2.1-6.2 <25 25-50 >50

Pb 153.8 124.2 124.4-256.4 101.4-133.7 <40 40-60 >60

Ni 23.6 206 15.6-36.2 14.6-24 <20 20-50 >50
n 258 20.2 4.0-110.0 4.8-38.2 <90 90-200 >200
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Table 6 Concentrations of trace metals in River and reservoir sediment and its comparison with ERL-ERM ranges of SQGs
(mg/kg, dry wt)

Element ERL-ERM range This study range Percentage of sampling sites
<ERL-ERM range Between ERL-ERM range >ERL-
ERM
range

Dry season

Cd 1.2-9.6 2.1-29 - 100 -

Cr 81-370 16.2-43.7 100 - -

Cu 34-270 1.6-153 100 - -

Pb 46.7-218 124.4-256.4 - 91 9

Ni 20.9-51.6 15.6-36.2 36 64 -

Zn 150-410 4.0-110.0 100 - -
Rainy season

Cd 1.2-9.6 25-3.1 - 100 -

Cr 81-370 18.3-294 100 - -

Cu 34-270 2.1-6.2 100 - -

Pb 46.7-218 101.4-133.7 - 100 -

Ni 209-51.6 14.6-24.0 55 45 -

Zn 150-410 4.8-38.2 100 - -
Table 7 Geoaccumulation index (Igeo) values of trace elements in the sediment
Dry season Rainy season
Sites Cd  Cr Cu Fe Pb  Mn Ni Zn CGd Cr Cu Fe Pb  Mn Ni Zn
S1 247 =262 —357 —733 228 —159 -—247 —302 253 —288 —501 —722 189 —121 —280 —379
S2 253 =225 —423 —-638 216 —-021 =196 —294 264 —220 —481 —600 193 026 —209 —285
S3 253 =255 —440 -—-698 215 —114 -—230 —229 264 —262 —435 -—702 203 —145 —-230 —268
S4 269 —-306 —540 =743 205 =177 =271 =435 278 =223 =391 =731 176 052 =214 =247
S5 258 —233 -—-214 —-691 251 —-093 —-19% —126 253 —-258 -—-367 —740 207 —-173 =236 —283
S6 222 —163 —494 —-702 309 005 —149 —478 247 =257 —344 —731 216 —159 =236 —220
S7 253 =236 =357 =720 235 —146 —223 —338 269 —253 —494 -—-706 214 =170 =227 —489
S8 253 —-228 —-370 —-716 210 —111 =216 —515 253 —238 —476 —-698 209 —124 —229 —190
S9 258 —268 —470 =733 211 =193 =233 —452 258 =256 —476 —=718 215 =169 =237 =305
S10 247 =210 —406 —638 228 —-026 —201 —351 258 —-250 —-406 —-714 214 —156 —223 =297
St 264 —207 =319 =702 251 =129 =19 =037 247 =221 4.81 —-702 213 =122 =231 =331

Samuel reservoir, Little Akaki River contained a higher
trace metal load than the other regions. From the

guideline, Igeo, CF and PLI revealed the widespread
pollution by Cd and Pb. These were followed by Mn, Ni

result, it can be concluded that the catchment area have
high influx of trace metals as a result of uncontrolled
urbanization, industrialization, poor sanitation and
uncontrolled waste disposal from municipal, indus-
trial and agricultural sources in the upstream Addis
Ababa city. However, relatively lower concentration of
sediment-bound trace metals were recorded in the res-
ervoir which might be due to less accumulated metals
in the sediment because the reservoir was rehabilitated
in 2016. Ecological risk assessment using the USEPA

and Zn. Hence, high level of trace metals in sediments
probably have adverse effects to the bottom dwelling
aquatic organisms as well as to the health of the people
who depend on the water for various activities. There-
fore, strict policy measures are required to decrease the
degree of contamination since some of the elements are
known to be toxic to biota. Furthermore, regular moni-
toring of these pollutants in water, sediment and biota
is recommended.
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Table 8 Contamination factor (CF) and pollution load index (PLI) for trace elements in sediments

Sites Contamination factor (CF) PLI
Cd Cr Cu Fe Pb Mn Ni Zn

Dry season
St 833 0.24 0.13 0.01 7.28 0.50 0.27 0.19 039
S2 8.67 0.32 0.08 0.02 6.71 1.30 0.39 0.20 048
S3 8.67 0.26 0.07 0.01 6.67 0.68 0.30 0.31 040
S4 9.67 0.18 0.04 0.01 6.22 044 0.23 0.07 0.27
S5 9.00 0.30 034 0.01 8.54 0.79 038 0.63 0.59
S6 7.00 049 0.05 0.01 12.82 1.55 0.53 0.05 041
S7 8.67 0.29 0.13 0.01 7.64 0.55 0.32 0.14 040
S8 8.67 0.31 0.12 0.01 643 0.70 0.34 0.04 0.34
S9 9.00 0.23 0.06 0.01 6.46 0.39 0.30 0.06 0.29
S10 833 0.35 0.09 0.02 7.27 1.25 037 0.13 047
ST 933 036 0.16 0.01 8.56 061 039 1.16 0.58

Rainy season
St 8.67 0.20 0.05 0.01 5.58 061 0.21 0.11 0.30
S2 933 033 0.05 0.02 572 1.80 0.35 0.21 047
S3 933 0.24 0.07 0.01 6.13 0.55 0.30 0.23 037
S4 1033 032 0.10 0.03 507 2.16 034 0.27 0.56
S5 8.67 0.25 0.12 0.01 6.29 045 0.29 0.21 0.38
S6 833 0.25 0.14 0.01 6.69 0.50 0.29 0.33 042
S7 9.67 0.26 0.05 0.01 6.63 046 0.31 0.05 0.30
S8 8.67 0.29 0.06 0.01 6.37 0.64 0.31 040 041
S9 9.00 0.25 0.06 0.01 6.65 046 0.29 0.18 035
S10 9.00 0.26 0.08 0.01 6.64 0.51 032 0.19 037
ST 833 032 0.05 0.01 6.55 0.64 0.30 0.15 034

Abbreviations

ANOVA: analysis of variance; CF: contamination factor; CRM: certified reference
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