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Abstract

This study investigated the levels of Pb, Hg, Cr, Cd, and As in water and sediments from the tributaries of the Mara River,
Tanzania. Pollution risk of water and sediments was investigated using seven indices and five metals. During the dry
period, the highest concentration of Pb, Hg, Cr, Cd, and As in sediments was 17.45+1.22,0.01, 1.56 +0.5, 1.3+ 0.09, and
30.81£0.02 mg/kg, respectively. During the wet period, the highest concentration of Pb, Hg, Cr, Cd, and As in sediments
was 4.37+0.28,0.012,2.58+0.57, 2.25+0.35, and 53 +0.02 mg/kg, respectively. For surface water, the respective high-
est concentrations of Pb, Hg, Cr, Cd, and As were 0.76 £0.09, 0.04, 0.68+0.09, 0.74+0.1, and 0.47 +0.06 mg/L for the
dry period. The wet period max concentrations for Pb, Hg, Cr, Cd, and As in surface water were 0.56, 0.03, 0.55+0.03,
0.48+£0.03, and 0.4 £0.03 mg/L, respectively. Principal component analysis results indicated dominant loadings for Pb
and As in sediments during the dry period. Comparison of sediment concentrations with sediment quality guidelines
revealed that As and Cd were enriched. Correlation coefficient results indicated that As had a strong negative correlation
with the rest of the elements in sediments during the dry period. In the wet period, As had a significant correlation with
Cd (r=0.92, p<0.01) in sediments. The analysis of environmental risks indicated significant enrichment of sediments
with As and Cd. It is important to put in place relevant control mechanisms targeting metals in the studied tributaries,
with a focus on As and Cd.

Keywords Heavy metals risk assessment - Mara River tributaries - Wet period concentrations - Water and sediment
quality guidelines

1 Introduction

In environmental studies, the phrase heavy metals is used to imply metals and metalloids with high atomic weight and
whose specific gravity is five times the specific gravity of water at 4 °C[1]. Heavy metals in the aquatic environment may
have their source in either natural or anthropogenic activities. Human activities that may contribute to environmental
heavy metals include but are not limited to the generation of domestic waste, mining operations, industrial activities,
agricultural expansion, and fossil fuel applications. Natural processes such as volcanic activity and the weathering of
rocks may contribute significant levels of heavy metals in the environment [2]. Heavy metals may occur in the environ-
ment in both elemental and compound forms. Some heavy metals may be found attached to fine particles, while others
may exist in a labile form. Heavy metals are persistent and toxic to ecosystems, making their assessment and subsequent
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control important. The most toxic heavy metals to organisms and environments include As, Cd, Cr, Pb, and Hg [3]. For
the present study, the heavy metals were selected based on their toxicity.

Exposure to high levels of heavy metals (e.g., As, Cd, Cr, Pb, and Hg) may cause disease, disability, and even death. In
the recent past, heavy metals pollution in sediments and surface waters has been a global environmental concern. For
instance, according to [4], Pb pollution from battery recycling in the Dominican Republic has been a significant public
health problem. Moreover [5], reported that 45% of the streams assessed in the United States were classified as polluted.
Likewise, 43% of the monitored rivers in China were found to be polluted and unsuitable for domestic use in 2011.

The Mara River, shared by Tanzania and Kenya, is a river of ecological, social, and economic importance for East Africa.
Ecologically, the Mara River ecosystem is home to multitudes of diversity including migrating herbivores and associated
wild canines of East Africa [6]. Furthermore, the Serengeti-Mara ecosystem is highly dependent on the health and flow
of the Mara River [6]. Economically, the Mara River is known to serve communities in both Tanzania and Kenya in terms
of fishing, irrigation, forestry, and as a means of transport howbeit at high environmental cost [7]. The environmental
damage caused by human activities in the Mara River basin has been reported [8]. The Mara River collects its water from
many tributaries, some of which pass through areas of intense human activities such as farming, logging, and mines.
Natural runoff and soil erosion from tributaries are likely to collect heavy metals that may impact the river’s ecological
system. Pollution caused by heavy metals in streams is undesirable and has health implications for human and aquatic
life. The present work assessed the contamination levels of As, Cd, Cr, Hg, and Pb in the Mara River tributaries using pol-
lution indices, sediment quality guidelines (SQGs), and principal component analysis (PCA). These heavy metals were
selected to be studied due to their toxicity in the environment [9].

Despite the ecological, social, and economic importance of the Mara River to more than 5 million people, its tributaries
have rarely been studied to investigate the influence of human activities on heavy metal loading. The previous concentra-
tion of heavy metals in sediments and surface water in the study area was within the permissible limit [10]. Two earlier
studies [11, 12] did not show clearly whether the heavy metals present in surface water and sediments originated from
anthropogenic or natural sources. Furthermore, none of the previous studies reported a comparison between the cur-
rent concentrations of heavy metals with preindustrial levels. The emphasis of some of the previous evaluations of heavy
metals in the Mara River system e.g., [8, 13-15] focused on cumulative pollution on Lake Victoria. Analysis of multiple
(seven) pollution indices was used in the present study to address the gaps that exist in literature. The seven indices
used in the present study were: (1) geo-accumulation index (lgeo), (2) enrichment factpr (EF), (3) contamination degree
(mCd), (4) contamination factor (CF), (5) pollution load index (PL/), (6) ecological risk (E,), and potential ecological risk (R/)
[16]. Pollution indices are an efficient and rapid tool for producing a single value, the indicator, emanating from different
parameters. Most of the indices have been employed globally to study the contamination of toxic heavy metals in river
sediments [17, 18]. Pollution indices are powerful tools for evaluating, developing, and conveying raw environmental
data into more meaningful information for politicians and decision-makers [19]. In addition, in the present study, SQG
values and PCA outputs were used to compare and elucidate possible elemental sources. The thresholds of SQGs were
applied to indicate how varying levels of elemental sediment contamination could potentially cause harmful effects on
the studied ecological system.

The objective of the present study was two-fold: (1) to investigate the levels and evaluate the possible risk associated
with Pb, Hg, Cr, Cd, and As in surface water and samples of sediments from river tributaries and (2) to hypothetically
associate the levels of pollutants to their possible primary sources in the studied area.

2 Location of the sampling areas

Samples were collected from six river tributaries. The studied tributaries lie within the Mara River Basin of East Africa. The
river basin forms a part of Lake Victoria Basin (LVB) on the Tanzanian side. The basin covers a catchment area of approx.
13,504 km? shared between the two East African states of Kenya and Tanzania [20]. On the side of Tanzania, the Mara
River consists of several small tributaries including Somoche, Tobora, Nyarusondobiro, Nyarwera, Tigithe, and Gurubi
(Fig. 1). The land-use categories of the Mara River Basin comprise of large mechanized to small subsistence farming,
natural forest, grazing lands, open savanna, and natural wetlands. The growing population within the area has led to
environmental pressure causing land use and land cover changes [21].

Generally, the study area falls into three climatic zones: the northern, the central, and the lowland zone [22]. The aver-
age rainfall within the northern zone is between 120< and 2000 mm per year spanning from September to June. The
central zone receives an average range of rainfall ranging between 900 and 1300 mm per year [22]. Although the Mara
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Fig. 1 Map of Africa (top left, labelled ‘a’) and map of Tanzania (top right, labelled ‘b’) showing the six Mara River tributaries (indicated in
the dotted region, labelled ‘c’). The general flow pattern of the studied river system is from east to west in the direction of Lake Victoria (not
shown). In inset (b), the red region denotes the Mara River basin where sampling took place

River Basin is known to experience long rains alias “Masika” (in Swahili) in the months of February to May, the basin has
recently been experiencing erratic weather and climatic changes [23]. In 2019, May was the driest month in the Tanzania
part of the basin, whereas October was the rainiest. The basin is home to more than 1 million people, sustained by the
Masai Mara Reserve (Kenya), the Serengeti National Park (Tanzania), and the high biodiversity wetlands bordering Lake
Victoria. The socio-economic importance of the Mara River Basin includes smallholder farming that supports local liveli-
hoods; tea and wheat production, safari tourism, fishing, and mining activities [24].

3 Materials and methods
3.1 Sample collection, digestion, and analyses

Water and sediment samples from six tributaries were collected in the dry and wet periods of the months of May and
October 2019, respectively. Selected tributaries for water and sediment sampling were Tobora, Somoche, Gurubi, Tigithe,
Nyarwera, and Nyarusondobiro. Locations of sample collection were geo-tagged accordingly by use of a handheld global
GPS unit (Map 62, Garmin), and relevant observations were recorded onsite (Table 1).

At each sampling station, triplicate samples of water and sediments were obtained during the dry and wet periods.
For sediment samples, wet and dry surface sediments at an approximate 0-20 cm depth grab samples were fetched and
packed into clean polyethylene containers using a stainless scoop and hand-maneuvered augers. In locations where
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the water was deep, sampling was supported by the aid of a small fishing motorboat. After collection, the samples were
labelled and packed in an ice-cooled container without any chemical pretreatment. At the end of the sampling session,
samples were transported to the Musoma Water Quality Laboratory for refrigeration at 1 °C to 4 °C and temporary stor-
age. The samples were later transported by bus to Arusha Technical College—Arusha, Tanzania, for laboratory analyses.
Sampling procedures, pretreatment, storage, and transportation protocols were followed as per standard guidelines [25].

Likewise, water samples were collected using high-density polyethylene (HDPE) bottles of 1 L each, prewashed using
10% v/v HNO;, and rinsed several times with distilled water. During sampling, each prewashed sampling bottle was
rinsed three to four times with stream water fetched at each corresponding site. Samples were collected at varying
depths from 0 to 15 cm below the water surface by submerging uncapped sampling bottles upside down into the water
stream. A calibrated portable waterproof multimeter (Hanna HI98129 pH/EC/TDS/Temperature, Hanna Instruments, Italy)
was used to record the readings of pH, electrical conductivity (EC), total dissolved solids (TDS) and sample temperature.
Immediately after the samples were collected, they were acidified to pH <2 by two drops of HNO; and capped before
being stored in an ice-cooled container. The sampling procedures, pretreatment, storage, and transportation protocols
were followed as per standard guidelines [26].

Digestion of sediment samples was carried out using the Kjeldahl equipment (Avishkar International PVT LTD, Mum-
bai). Standard digestion protocols (Method 3050B-SW-846, Method 245.5, and Method 7062) were used for sediment
digestion, whereas method 245.1 was used to digest water samples. A specialized standard protocol (Method 3050 B)
was applied for the determination of Cd, Cr, and Pb. Moreover, Methods 245.5 and 7062 were used for As and Hg analy-
ses, respectively. As and Hg determination and their instrumentation protocols were applied as per standard guidelines
[26]. Hydride-generated atomic absorption spectrophotometer (HG-AAS) Model WFX 210 was used to determine heavy
metals from the digested water and sediment samples. During sediment digestion, representative dry weight sediment
samples of 1 g were digested with repeated additions of HNO; and H,0,. The digested samples were filtered using a
filter paper (Whatman, No. 41). Residues were rinsed first with hot HCl and then hot reagent water. The filter paper and
residues were then returned to the digestion flask, refluxed with additional HCI, and refiltered. Digested samples were
diluted to a final volume of 100 mL, ready for HG-AAS analysis.

Moreover, water samples were digested by heating with HNO;. The digested water samples were filtered and adjusted
to a final volume of 100 mL for AAS analysis. For individual metal concentration determinations, the respective hollow
cathode lamp was applied accordingly. An incision width of 0.4 nm was used with corresponding wavelengths of ele-
ments of 248.3, 283.3, 357.9, 253.7, 228.8, and 193.7 nm for Fe, Pb, Hg, Cr, Cd, and As, respectively. Laboratory blanks,
distilled water, field duplicates, and standard air-acetylene analytical grade reagents were used to ensure the quality of
sample analyses. A 1000 mg/dm?3 stock solution was used to prepare a working standard solution.

During the experiment, the relative standard deviation (RSD) was used to obtain repeatability and reproducibility as
described in the literature [27]. The reproducibility (showing variability between the results from different laboratories)
was assessed in a similar way as previously reported [27]. The detection limits were 0.2 mg/kg for Cd, Cr, and Pb, 0.05 mg/
kg for As, and 0.02 mg/kg for Hg. Three replicates assessed the analysis efficiency. The relative standard deviations varied
from 6 to 110% and were considered satisfactory, provided the complex nature and the differences between the sedi-
ment matrix samples.

3.2 Statistical analyses

Data were statistically analyzed using statistical packages (Origin 9 and IBM SPSS 21.0, IBM Corporation, Armonk, NY,
USA). The SQGs were used in comparison with the statistical results. The PCA was used to reduce the dimension of the
data and extract highly correlated variables into independent factors. A Pearson correlation matrix was used to measure
the strength of the linear association relationship between variables in water and sediments. In addition, Microsoft Excel
Version 2016 was used for the computation of the geochemical pollution indices.

3.3 Sediment and water quality assessment
The SQGs were used to compare Pb, Hg, Cr, Cd, and As from the investigated samples of sediments in tributaries with respect
to theirimpact on sediment quality and life of aquatic organisms. The SQGs used were as follows: (1) effects range low (ERL);

(2) minimal effect threshold (MET); (3) lowest effect level (LEL); and (4) threshold effect level (TEL) Table 3 [28]. Moreover, the
concentration of heavy metals determined from samples of surface water was compared to WHO and EPA guidelines (Table 4).
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3.4 Sediment pollution assessment

3.4.1 Geo-accumulation index, I,

helps to determine the contamination of heavy metals in sediments by comparing the current concentration with pre-
can be calculated using Eq. (1) [30].

Igeo
industrial levels [29]. I,

Cn
1860 = 10g2 ( 15Bn> (1)

",ns

where C,, is the measured concentration of metal “n”in sediment, B,, is the geochemical background value for the metal “n”
in sediments, while the 1.5 factor accounts for the possible variation in background data caused by lithology effects [31].
lgeo 1s divided into seven classes. The classes are: 0</y,, unpolluted; 0 </, <1 unpolluted to moderately polluted; 1 </,,,<2

moderately polluted; 2</_,, <3 moderately to strongly polluted; 3</_,, <4 strongly polluted; 4 < 5 strongly to extremely

geo = geo <
polluted; and Igeo >5 extremely polluted [32].

Igeo <

3.4.2 Enrichment factor, EF

The enrichment factor (EF) is an indicator used to evaluate the availability and intensity of anthropogenic contamination
in sediments or soil surface [33]. In the present study, the Fe level was used for geochemical referencing and normalization
purposes. Fe is normally selected for material reference due to its abundance in the earth'’s crust. The enrichment factor
expression is shown in Eq. (2):

_ [Metal/Fe] Sample

"~ [Metal /Fel ycc @)

where [Metal] 4, is the amount of metal in sediments and [Metal] . refers to the concentration of the same metal in the
upper continental crust (UCC). The values used for UCC in this study were correspondingly 0.056 for Hg, 0.1 for Cd, 2 for As,
17 for Pb, 35 for Cr, and 30,890 for Fe. Using EF values, the contamination can be classified as follows: EF <1 no enrichment;
1 <EF <3 minor enrichment; 3 < EF <5 moderate enrichment; 5 < EF < 10 moderately severe enrichment; 10 < EF <25 severe
enrichment; 25 < EF <50 very severe enrichment; and EF > 50 extremely severe enrichment. Additionally, when 0.5 <EF< 1.5
may signify that the contamination originates from the natural weathering processes. However, when the values are above
1.5, it may be indicative of an anthropogenic contribution [34].

3.4.3 Contamination factor, CF

The contamination factor (CF) was used to determine the overall contamination of heavy metals in water and sediment
samples [35]. The contamination factor (CF) was calculated by Eq. (3):

CF = B—C 3)

c

where M, and B, are the metals’measured concentration and background values, respectively. The con-
tamination factor is categorized into four classes for water and sediment samples. The classifications are as follows: low
contamination (CF < 1); moderate contamination (1 < CF < 3); considerable contamination (3 < CF < 6); and CF = 6 for very high
contamination [36].

3.4.4 Contamination degree, m(C,
The contamination degree (C,) is used to measure the overall contamination in the sampling sites’ surface layer [37]. It

is used in research to indicate sediment contamination in aquatic systems [38]. In the present study, the calculation of
the degree of contamination was based on Eq. (4) [39].
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mC, = Y’ CF, @)

i=1

where mC is the degree of contamination, and CF is the contamination factor. The corresponding classifications of
sediment contamination are: mC, < 6 implies a low degree of contamination; 6 <mC,< 12 means a moderate degree of
contamination; 12 <mC,< 24, which denotes a considerable degree of contamination; and mC,;> 24 a high degree of
contamination [40].

3.4.5 Pollution load index, PL/

The pollution load index (PL/) indicates the number of heavy metal concentrations in sediments, which exceeds that
of the background concentration in the study area. The concentration reflects the toxicity of heavy metals in sediment
samples [41]. The PLI is represented by the following Eq. (5):

PLI;, = {/CF, X CF,,...,x CF, (5)

where “n”is the number of metals under investigation and “CF”is a contamination factor [42]. When the value of PLI> 1,
it indicates that pollution exists, whereas the values of PL/ < 1 indicate a no-pollution status of the assessed sediments.
Likewise, when the value of PLI=1, it is an indication that the concentration of metals of concern is closer to the back-
ground level [43].

3.4.6 Potential ecological risk factor (E,i) and potential ecological risk index, R,

The E, assumes that the aquatic system'’s sensitivity depends on its productivity. Using this assumption, the aquatic pol-
lution assessment methodology becomes feasible [44]. In the aquatic system, the risk factor expresses the contaminants’
ecological risk [45]. Expressions for the evaluation of E,' and R, are given in Eq. (6):
n i
T, . O
RI = . lElr, E; —T; X C}, C} = E (6)
= n

"
I.

where Tis a toxic response factor for a given substance“i”. The toxicity response factors for the investigated metals were:
Pb=2; Cr=5; As=10; Cd=30; and Hg =40. Cf’ represents the contamination factor for the element“i”; Cs’ is the concentra-
tion of the element”i”in a sample; and C,,’ is the concentration of the element in the reference sediment“/". Consequently,
the contamination risk grades used are as follows: E,’ <40 (low risk); 40 < E,’< 80 (moderate risk); 80 < E,’< 160 (considerable
risk); 160 < E,’< 320 (high risk); and E,’é 320 for very high risk. In the present study, the R, values were also calculated and
followed their respective categories: R, < 150 for low risk; 150 <R, < 300 for moderate risk; 300 < R, < 600 for considerable

risk; and R, =600 for high risk [46].

4 Results and discussion
4.1 Physiochemical parameters

Physiochemical parameters determined for the dry and wet periods of the year 2019 in the six tributaries of the Mara
River have been provided (Table 2). Parameters that were recorded onsite included temperature, pH, EC, TDS, turbidity,
and color. In the dry period, turbidity and color were above the WHO guideline limits of 5 NTU (Nephelometric turbidity
units) and TCU (True color units) < 15, respectively (Table 2). The minimum and maximum turbidity levels in tributaries
were 31.67 +0.58 NTU and 1693.67 £0.58 NTU at Tobora and Gurubi, respectively (Table 2). High turbidity and colora-
tion in these tributaries were probably associated with plankton, phytogrowth, industrial wastes, humus, peat materials,
and metallic elements. The maximum temperature and EC in the dry period were in accordance with the World Health
Organization (WHO) recommended range of 20-35 °C and 100-2000 uS/cm, respectively. However, in the dry period,
the pH values were slightly above those recommended by WHO, ranging from 6.5 to 8.5. According to [47], water with
pH <4 and pH > 9 increased the toxicity and bioavailability of heavy metals and ammonium ions. Water temperature in
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Table 2 Mean physico-chemical parameters of water samples collected from the Mara River tributaries

Site name Temp (°C) pH EC (uS/cm) TDS (mg/L) Turbidity (NTU) Color (H)

Dry period (May 2019)
Tobora 32.0+0.52 8.9+0.10 958.33+0.58 478.33+0.58 31.67+0.58 277.00+1.00
Somoche 27.8+£0.20 8.7+0.50 186.67 +£0.58 93.00+1.00 1159.33+£0.58 2332.33+£0.58
Gurubi 28.2+0.50 8.6+0.10 398.00+0.00 199.00+0.00 1693.67 £0.58 10,953.33+£0.58
Tigithe 24.7+0.20 8.7+0.00 576.67+0.58 288.3+1.50 98.00+1.00 804.33+0.58
Nyarwera 27.8+0.60 8.6+0.10 278.67+0.58 138.7£1.20 1170.33£2.08 9384.33+£0.58
Nyarusondobiro 32.5+£0.60 8.7+0.00 791.33+£0.58 395.67+0.58 1046.67 £2.89 6880.0+1.00
Mini 24.7£0.20 8.6+0.10 186.67 +£0.58 93.00+1.00 31.67+0.58 277.00£1.00
Max 32.5+£0.60 8.9+0.10 958.33£0.58 478.33+£0.58 1693.67+0.58 10,953.33£0.58

Wet period (October 2019)
Tobora 29.40+0.40 9.00+0.00 684.00+0.00 343.00+0.00 44.00+0.00 404.00+0.00
Somoche 27.00+0.40 7.60£0.10 164.00+0.00 82.00+0.00 528.67+0.58 4245.33+£1.00
Gurubi 27.50+0.50 8.60+0.00 594.33+£0.58 297.30£0.58 225.33+£0.58 1565.33+0.58
Tigithe 27.00+0.00 9.00+0.00 706.00£0.58 352.00+£0.00 41.00+0.00 268.00+1.00
Nyarwera 27.10+0.00 8.60+0.00 488.00+0.00 291.00£0.00 512.00£0.00 3944.00+0.00
Nyarusondobiro 26.50+0.00 8.90+0.00 2103.00+0.00 1052.00+0.00 322.00+£0.00 2640.00+0.00
Mini 26.50+0.00 7.60+0.10 164.00+0.00 82.00+0.00 41.00+0.00 268.00+1.00
Max 29.40x0.10 9.00+£0.00 2103.00+0.00 1052.00+0.00 528.67+0.58 4245.33+£1.00

WHO 20-35 6.5-8.5 100-2000 1000 5 15

WHO World Health Organization

aquatic systems acts as a master for abiotic systems. It influences the life process of aquatic poikilothermic organisms.
Warm water does not hold enough oxygen for some aquatic organisms to survive. At elevated temperatures, oxygen
solubility in water decreases, reducing its concentration and availability to aquatic organisms [48].

In the wet period, a maximum pH of 9, EC of 2103 pS/cm, TDS of 1052 mg/L, turbidity of 528.67 +0.58 NTU and color
of 4245.33 + 1.00°H were all above the WHO guidelines (Table 2). These elevated levels of the measured physicochemi-
cal parameters in the wet period were probably due to rainfall. Rainfall may cause the dissolution of chemical elements
from upstream mining areas due to natural water runoff, causing abrupt changes in pH and associated physicochemical
properties of water [49].

4.2 Heavy metals in sediments

Heavy metal concentrations in sediments collected from the Mara River’s tributaries during the dry and wet periods
are hereby presented (Table 3). The concentration of As in sediments in the dry period of May 2019 was higher than Pb,
Hg, Cr, and Cd, a typical trend in tropical sediments [50]. During both the dry and wet period, As levels exceeded the
consensus-based TEC, MET, LEL, and TEL values of 9.79, 7, 6, and 5.9 mg/kg DW (Table 3), meaning that adverse effects on
the majority of sediment-dwelling organisms could be expected. However, in the dry period, all six sampling sites had As
levels below the ERL value of 33 mg/kg, indicating that adverse effects could occur only rarely. On the other hand, in the
wet period, As levels at Somoche, Gurubi, and Nyarwera sites were above the ERL—chronic or acute effects on benthic
organisms may occur (Table 3) [51].

During the dry period, Cd levels at Somoche exceeded the SQGs except ERL. This may indicate that Somoche area was
more enriched with Cd in the dry period than other sampling sites. This trend changed dramatically in the wet period.
In the wet period, Cd levels at all sites were nearly equal to or exceeded the SQGs except ERL. Heavy metals in soils and
sediments are known to mobilize and increase availability during rainy seasons [52-54]. Although the concentrations
of Cr at all sites were higher during the wet period compared to the dry period of the year 2019, none of the sites had Cr
levels above the SQGs in both sampling periods. This would mean that the sediments were of good quality regarding Cr
at all sampling sites during the dry and wet periods. It was interesting to find that Hg and Pb levels were relatively low
during both the wet and dry period, with concentrations well below the SQGs.
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Table 3 Concentrations of

- Sampling site Concentrations +SD (mg/kg DW)

heavy metals in samples of

sediments collected from the As cd Cr Hg Pb

tributaries of the Mara River

accounting for periods of Dry period (May 2019)

drought and rains of 2019 Tobora 14.51+0.18 0.18+0.70 1.18+0.70 0 17.45+1.22
Somoche 19.63+£0.20 1.30+£0.90 0.97+£0.49 0 12.82+0.89
Gurubi 29.99+0.02 0.27+£0.05 1.25+0.44 0 14.09+£0.65
Tigithe 17.97+0.11 0.23+£0.02 1.36+0.37 0 1435+0.28
Nyarwera 30.81+£0.02 0.32+0.05 1.18+0.18 0.011 8.36+0.51
Nyarusondobiro 11.77+£0.02 0.17+0.02 1.56+0.50 0 10.92+0.31
Mean 20.78+0.15 0.41+0.29 1.25+0.45 0 13.00+£0.64
Mini 11.77+£0.02 0.17+0.02 0.97+0.49 0 8.36+0.51
Max 30.81+0.02 1.30+£0.09 1.56+£0.50 0.01 17.45+1.22

Wet period (October 2019)

Tobora 27.20+0.18 0.95+0.20 1.54+0.40 0.004 2.45+0.05
Somoche 40.52+0.20 1.53+£0.56 1.21+£0.55 0 4.37+0.28
Gurubi 41.44+0.02 1.45+0.22 1.78+0.20 0.004 2.64+0.17
Tigithe 32.19+£0.11 1.34+0.22 1.21+£0.46 0 2.65+0.10
Nyarwera 53.11+£0.02 2.25+0.35 1.94+0.35 0.012 2.98+0.26
Nyarusondobiro 24.25+0.02 1.21+0.06 2.58+0.57 0.007 2.81+0.13
Mean 36.45+0.09 1.46+0.27 1.71+£0.42 0.01 298+0.17
Min 24.25+0.02 0.95+0.20 1.21+£0.46 0 2.45+0.05
Max 53.11+0.02 2.25+0.35 2.58+0.57 0.012 4.37+0.28
TEL? 5.9 0.6 373 0.174 35
LEL® 6 0.6 26 0.2 31
MET? 7 0.9 55 0.2 42
ERL?® 33 5 80 0.15 46.7
Consensus-based TEC? 9.79 0.99 435 0.18 35.8
Bckgr. 0.08 0.186 18.79 39.8 53.71

SD Standard deviation, DW dry weight, Bckgr. background levels
#Respecive definitions of the abbreviated terms were given under Sect. 3.3

In this study, elemental concentrations were also compared to background values (Table 3). The results revealed that
the levels of As and Cd exceeded the background values in both sampling periods, suggesting that there was probably
some anthropogenic input for the aforementioned two elements. Previous sedimentological research has associated high
levels of heavy metals e.g., Cd, Pb, and Cr in sediment samples to anthropogenic sources such as landfills [55]. However,
in the current study the Cr, Hg, and Pb concentrations were less than the background values at all sites, meaning that
they were probably originated from natural sources.

4.3 Heavy metals in surface water

Water samples from the Mara River’s tributaries were analyzed for As, Cd, Cr, Hg, and Pb, and the results were tabulated
accordingly (Table 4). Levels of arsenic in the dry period samples were higher than their wet period counterparts. This was
the case for all sampling sites. Probably during the dry period, there was an evaporation effect, making As concentrated.
In contrast, in the wet period, a dilution effect came into play, making the water less concentrated with As. Although As
ranged only from 0.09 to 0.47 mg/L, when these values are compared to the USEPA and WHO guidelines (0.01 mg/L),
the surface water in the study area was highly enriched with As in both periods. For example, at Tobora site, As was 47x
and 40x higher than the WHO guideline in the dry and wet period, respectively. Therefore, the water at all sampling
sites was not suitable for human consumption. For cadmium, similar trends as those of arsenic were observed. The dry
period samples were more enriched than the wet ones. A comparison with the USEPA and WHO guidelines (0.005 mg/L)
revealed that the minimum Cd concentration at Somoche site was 48x higher than the value recommended by the
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Table 4 Concentration of

- Elemental concentrations +SD (mg/L)
heavy metals in surface

water collected from theriver ~ Sampling site As (@] Cr Hg Pb

tributaries in the dry and wet

periods of 2019 Dry period (May 2019)
Tobora 0.47+£0.06 0.56+0.60 0.53+0.06 0.01 0.59+0.06
Somoche 0.37+0.05 0.52+0.07 0.46+0.05 0.03+0.01 0.42+0.07
Gurubi 0.32+0.05 0.74+0.10 0.55+0.06 0.01 0.76+0.09
Tigithe 0.23+0.08 0.62+0.06 0.47+0.03 0.01 0.66+0.05
Nyarwera 0.09+0.03 0.66+0.10 0.57+0.06 0.03+0.01 0.40+0.05
Nyarusondobiro 0.22 0.63+0.05 0.68+0.09 0.04 0.75+0.06
Min 0.09+£0.03 0.52+0.07 0.46+0.05 0.01 0.40+0.05
Max 0.47 £0.06 0.74+0.10 0.68+0.09 0.04 0.76+0.09

Wet period (October 2019)

Tobora 0.40+0.03 0.24+0.03 0.42+0.03 0 0.30+0.04
Somoche 0.34+£0.07 0.42+0.00 0.35+0.03 0.02 0.41+0.04
Gurubi 0.29+£0.02 0.40+0.03 0.53+0.06 0 0.34+0.04
Tigithe 0.20+0.04 0.31+£0.04 0.20+0.05 0 0.28+0.04
Nyarwera 0.09+0.03 0.48+0.03 0.55+0.03 0.02 0.56
Nyarusondobiro 0.22+0.00 0.28+0.03 0.55+0.03 0.03 0.39+0.03
Min 0.09+0.03 0.24+0.03 0.20+0.05 0 0.28+0.04
Max 0.40+0.03 0.48+0.03 0.55+0.03 0.03 0.56
USEPA 0.01 0.005 0.1 0.002 0.015
WHO 0.01 0.005 0.05 0.006 0.01

USEPA United States Environmental Protection Agency, WHO World Health Organization, SD Standard
deviation

USEPA/WHO. The maximum Cd value was 112x more elevated than the USEPA and WHO recommended values. For these
two elements, an anthropogenic influence on their respective levels cannot be ruled out.

Although not as enriched as arsenic and cadmium, nevertheless, Cr followed a similar trend—with high concentra-
tions in the dry period and low concentrations in the wet period. For Hg, the dry period samples at all sites had higher
concentrations than their wet period counterparts, with most of the wet period values close to zero. The highest Hg
concentration was found to be 20x and 15x than the USEPA Hg guideline (0.02 mg/L) in the dry and wet period, respec-
tively. Similarly, Pb was more enriched at all sites in the dry period than it was in the wet period. However, Pb values when
compared to both the USEPA and WHO guidelines were extensively higher. Pb in the dry and wet period was higher than
the USEPA guideline value by a factor of 50 and 37, respectively. Additionally, Pb exceeded the WHO guideline by a factor
of 76 and 56 in the dry and wet period, respectively. The message to the government, researchers, and water authorities
is that there need to be concerted efforts to monitor and regulate toxic elements in surface water in the studied area.
Alternative sources of water for farming, livestock watering, drinking, and other domestic uses should be availed to com-
munities in the study area, especially during the dry period—to avoid health risks associated with consuming water with
elevated levels of toxic substances.

4.4 Correlation analysis

From the Pearson correlation matrix (Table 5a), the results showed that there was a positive correlation between As and
Hg (r=0.66, p>0.01) in sediments in the dry period. Sediment arsenic and mercury correlated strongly and positively in
the dry period, implying that the two elements had similar input sources [56]. Furthermore, strong negative correlations
were found for As—Cr (r=-0.54, p>0.05), As—Pb (r=-0.63, p>0.05), Cd-Cr (r=-0.74, p>0.05), and Hg-Pb (r=-0.72,
p>0.05 in the dry period. These strong negative correlations among heavy metals may mean that they compete for
binding sites in the sediments or have diversity in input sources or differ in interaction mechanisms with the tributary
sediments in the dry period of the year [57]. In the wet period, As was significantly and strongly correlated with Cd
(r=0.92, p<0.01) (Table 5b). This may imply that during the wet period Cd and As loaded in the sediments through similar
pathways, their sedimentation behavior followed a similar pattern [57].
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Tablg 5 Pearson correla.tion As cd Cr Hg Pb
matrix of heavy metals in
sediments collected from the As 1.0
o e butaiesintheca
period (b) Cr -0.54° -0.74° 1.0
Hg 0.66* -0.33 0.06 1.0
Pb -0.63° -0.09 -0.14 -0.72° 1.0
As 1.0
Cd 0.92" 1.0 (b)
Cr -0.17 0.07 1.0
Hg 0.39 0.60° 0.65% 1.0
Pb 0.33 0.29 -0.34 -0.40 1.0

“Correlation is significant at p <0.01 (2-tailed)
Strong correlation (r () >0.5)

A strong positive correlation was found for Hg—Cd (r=0.6, p >0.01) and Hg—Cr (r=0.65, p >0.01) in tributary sediments
in the wet period. During the fieldwork for this study, small and large-scale mining, small-scale industrial activities, and
intensive agricultural activities were observed at the location of the study. These human activities may have contributed
to Hg, Cd, and Cr in the sediments during the wet period.

For water samples, the results indicated a moderate positive correlation for Cd-Cr (r=0.40, p>0.05) and a strong
positive correlation for Cd-Pb (r=0.52, p>0.05), and Cr-Hg (r=0.56, p > 0.05) in tributary waters during the dry period
(Table 6a). However, a moderately negative correlation was found for As—Cd (r=-0.47, p>0.05), As—Cr (r=—0.37, p>0.05),
and As-Hg (r=-0.46, p> 0.05) during the same period. The negative correlations among these elements exhibited in
the dry period may be indicative of the inexistence of heavy mineral residues that have other metals in their structure
[58]. In wet period, there was a strong positive correlation for Cd-Pb (r=0.76, p > 0.05), Cr-Hg (r=0.45, p>0.05), Cr-Pb
(r=0.57, p>0.05), and Hg—Pb (r=0.68, p >0.05) (Table 6b). These positive relationships among elements may suggest a
similarity in input sources for Cd, Cr, Hg, and Pb in the surface water of the studied area [59]. Moreover, in the wet period,
a moderately negative correlation existed for As—Cd (r=—0.49, p >0.05), As-Hg (r=—0.38, p>0.05), and As-Pb (r=—0.63,
p>0.05) in water during the wet period (Table 5b). This may suggest that, in the wet period, As had a different origin and
its loading in the surface water of the studied sites was influenced by different factors.

4.5 Elemental composition relationships

The PCA was used to identify and explain the variations of the sedimentological and surface water datasets for the
present study. The PCA technique can reduce the dimension of data and extract highly correlated variables that have
meaningful associations. The biplot of PC1 and PC2 in Fig. 2a with eigenvalues greater than one accounted for 87.6% of
the cumulative variance. PC1 was, to a larger extent, loaded with As and Pb that explained 48.17% of the total variance.

Tablg 6 Pearson correlgtion As cd cr Hg Pb
matrix of heavy metals in
water c.ollect.ed from the As 1.0
ol e G o
period (b) Cr -0.37 0.40 1.0
Hg —-0.46 -0.19 0.56% 1.0
Pb 0.14 0.522 0.43 -0.27 1.0
As 1.0
cd -049 1.0 (b)
Cr -0.21 0.26 1.0
Hg -0.38 0.25 0.45 1.0
Pb —-0.63° 0.76% 0.57% 0.68% 1.0

2Strong correlation (r () >0.5)
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This was probably because As and Pb were the most highly concentrated elements in the sediments in both the wet and
dry periods [60]. The fact that As and Pb are located on the opposite ends of PC1 may imply that these two elements
came from different sources—confirmed by a negative correlation coefficient (Table 5a) [60].

Similarly, in the dry period, sediment samples, PC2 was loaded with Cr and Cd that explained 38.89% of the overall
variations. In the present study, sediments from the sampling sites were moderately enriched with Cr and Cd. Moreover,
Cd and Cr were negatively correlated (Table 5a).

Samples collected from Nyarwera and Tobora sites during the dry period had the highest levels of As and Pb, respec-
tively (Table 3), and accounted for the total variation in PC1 (Fig. 2a). Likewise, Cd and Cr (located in PC2, Fig. 2a) were
found to be in the highest concentration at Somoche and Nyarusondobiro sites, respectively. From these results, it is
possible to conclude that As and Cr could be associated with mining activities, whereas Pb and Cd were probably associ-
ated with from agro-industrial activities [61, 62].

In the wet period, all elements were located in the positive region of PC1 that accounted for 47.28% of all variations
(Fig. 2b). Elements that dominated PC1 of the wet period samples were As and Cd. These two elements were also highly
correlated during the wet period (Table 5b). In the present study, the eigenvalues for PC1 and PC2 of PCA during the
wet period could account for 85.25% of the total variation. PC2 of the sediment samples collected in the wet period
was dominated by Pb and Cr. It is possible that whereas As and Cd were attributed to mining and small-scale industrial
activities during the wet period, Pb and Cr were probably linked to forest fires and wood-burning reported in the study
area. Pb and Cr could as well be linked to bedrock and mine waste weathering [63, 64].

For surface water samples, in the dry period, PC1 and PC2 accounted for a total variation of 76.2% (Fig. 3a). The first
principal component was loaded with As, Cd, and Cr, which accounted for 42.93% of the total variance. However, Pb
and Hg were responsible for 33.27% of the total variance loaded in PC2. There was an indication of a positive correlation
between Cd and Crin PC1; however, these two elements were negatively correlated with As. In PC2 (dry period samples),
Hg and Pb confirmed a negative correlation that was indicated earlier in Table 6a.

For the surface water data collected during the wet period, both PCs accounted for 77.01 of the cumulative variance
(Fig. 3b). PC1, which accounted for 58.39% of the total variance, was highly loaded with Pb, Hg, and Cd, whereas PC2
(18.62%) was dominated by As and Cr. A strong positive correlation of Pb—Hg and Pb-Cd (Table 6b) may have been
responsible for grouping the three elements in PC1. However, in the present study, it was not clear why As and Cr domi-
nated PC2 for the wet period data.

4.6 Pollution load index

A total of seven pollution indices and respective interpretations were given in Sect. 3. Hereunder, the computation results
of the indices from the present study and the respective discussion are presented.
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Fig.2 PCA biplots of metals in sediments from the tributaries of the studied river system for the dry period (a) and the wet period (b)
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4.6.1 Geo-accumulation index, I,

The sediment /g, values of Cd in the dry period indicated that almost all sites were unpolluted for almost all metals
(Fig. 4a). The exception was at Somoche site, where the I, value for Cd fell in the unpolluted-to-moderately pol-
luted range.

In the wet period, dramatic changes were observed in the /geo values (Fig. 4b). At Tobora site, /geo values for Cd
indicated a moderately polluted status. At Somoche, Gurubi, and Tigithe sites, lgeo values for As indicated polluted
to moderate level while Cd fell in the moderately to heavily polluted range. At Nyarwera site, the /,,, value for Cd
indicated a heavily polluted level, whereas the I ., value for As was in the unpolluted to moderately polluted range.
Overall, as far as the lgeo values are concerned, As and Cd pose an environmental risk in sediments of the studied
tributaries, especially in the wet period.

—_
Q
~
—_

b)

w
1

2 As

Geo-accumulation index (May-2019)
h b b L A e =
1 1 L 1 1 1 1 L
L

Geo-accumulation index (October-2019)
&
1

v ) M 13 v ) M ) v )
p . : p ! ) T & & S & £ <
& s S & & s & & & & & &
< & & < R S o <& S
& o §e° o &
X
River tributary name < River tributary name

Fig.4 Iy, values of the studied tributaries for the: a dry period and b wet period
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4.6.2 Enrichment factor, EF

Normally, the EF values below 2 indicate minimal enrichment with respect to a particular element and may be associ-
ated with natural pollution. When EF values exceed 20, sediments are considered significantly enriched with metals.
Such high EF values are usually associated with anthropogenic inputs [65]. The computed EF values in the present study
indicate that the sediments were very highly to extremely enriched with respect to As and Cd regardless of sampling
site and sampling period (Fig. 5a, b).

4.6.3 Contamination factor, CF

The calculated CF values applied in the present study were based on the four categories described in Sect. 3. CF values
less than unity (low degree of contamination); CF values starting from 1 but less than 3 (moderate degree of contamina-
tion); CF values ranging from 3 but less than 6 (considerable degree of contamination); and CF values greater than 6 (very
high degree of contamination). In the present study, the highest CF values for As in the dry period were determined at
Nyarwera (CF=2.05) and Gurubi (CF=2) tributaries (Fig. 6a). The CF value for Cd was highest at Somoche (CF=1.3), with
a moderate degree of contamination. The only exception in CF trends for sediment samples collected during the dry
and wet periods was observed at Nyarwera site. The CF value indicated a considerable degree of contamination in the
wet period (Fig. 6b). These trends for As and Cd indices may be indicative of human influence in elemental loadings in
the Mara system [66, 67].

4.6.4 Pollution load index, PLI

The definitions of PL/ classes are as follows: PLI < 1 means that sediments are in perfect condition; PL/=1 means that sedi-
ments are at a baseline level of quality; and PLI> 1 means that there is progressive site deterioration [68]. In the present
study, wet period data had higher PL/ levels than dry period ones (Fig. 7a). Furthermore, neither the dry nor the wet

period had PLI> 1, meaning that PL/ values were indicative of sites in good ecological health [69].

4.6.5 Contamination degree, mCd

The six classes of mCd values and their respective interpretations were presented in Sect. 3. In summary, an mCd
value < 1.5 indicates none to very low contamination, while an mCd value > 32 indicates ultrahigh contamination
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Fig.5 The EF values calculated from the analytical results of tributary sediment samples of the studied river course in the dry period (a) and
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Fig.7 Pictorial representation of the indices of pollution load and respective contamination degree: a PLI and b mCd of samples collected
from the tributaries of the studied river course in the dry and wet periods of 2019

[70]. In the present study, all sites had exceptionally low contamination status irrespective of the data collection
period, i.e., no site had an mCd value greater than 1.5 (Fig. 7b).

4.6.6 Potential ecological risk of individual metal, E:'

The assumption of E’r is based on the fact that the sensitivity of the aquatic system depends on its productivity. In
Sect. 3, Eq. (6) categorizes E’r values into five distinct categories. Computation results indicated that, during the dry
period, all elements had E' lower than 40—indicating low potential ecological risk (Fig. 8a). It is noteworthy, how-
ever, thatin the dry period, arsenic and cadmium had the highest E’r values for all sites. In the wet period (Fig. 8b),
almost all sampling sites had E’r values for Cd close to or above 40—posing a moderate ecological risk [71].
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4.6.7 Potential ecological risk index, R/

The Rl classes are as follows: usually, Rl values < 150 indicate a low ecological risk potential; Rl values greater than 150
but less than 300 present a moderate potential ecological risk; values of RI greater than 300 but less than 600 indicate
considerable ecological risk; and R/ > 600 indicate sediment quality with a significant environmental health risk. Results
from the present study suggest that all sites had R/ < 150 (Fig. 9), meaning that the studied sites were at the low potential
of ecological risk [72]. Moreover, for all tributaries, the wet period samples had higher Rl values than the dry period ones.

5 Conclusions

Most African river systems are understudied. There is not much research related to water and sediment quality related to
riverine ecosystems of sub-Saharan Africa. The present study investigated water and sediments collected from the Mara
River's tributaries, a river that serves the two East African countries of Kenya and Tanzania. The reason for investigating
the tributaries was a foreknowledge (based on previous studies elsewhere) that most tributaries transport contaminants
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into rivers. By assessing the sediment and water quality in tributaries, meaningful assertations can be deduced about
the river’s condition.

The present study gauged the influence of rain and drought on the geochemistry, levels of heavy metals and envi-
ronmental pollution risks in sediments and surface water. Dry weather conditions resulted in high turbidity, high sedi-
ment Pb, and high content of heavy metals in surface water. Levels of heavy metals in surface water were far above the
stipulated USEPA and WHO guidelines. Comparing the present study results with the SQGs, it was found that As and Cd
levels in sediments exceeded most of the SQGs regardless of the sampling period. Likewise, As and Cd were found to
pose the highest environmental risk in the dry and wet periods. Furthermore, As and Pb loading occupied PC1 of the
PCA, implying their high contribution to sediment pollution in the dry period. From the Pearson correlation, PCA, and
pollution indices, the present study concludes that elemental loadings in sediments and surface water with respect to
As, Cd, and Pb were probably associated with anthropogenic inputs.
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