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Abstract

Heavy metal pollution from both anthropogenic and natural processes can
have significant effect on environmental quality of stream and river systems.
However, in Ghana, heavy metal pollution of waterbodies is attributed mainly
to mining activities but the role of natural mechanisms in altering stream wa-
ter and sediment quality in relation to heavy metals has received little atten-
tion. Spatial and temporal variation in water quality parameters and heavy
metal concentrations in water and sediments were studied comparatively in a
river and two streams in a gold-rich watershed impacted by heavy mining ac-
tivities. Samples were collected monthly over a twelve-month period from
November 2010 to October 2011 from upstream (unmined) and downstream
(mined) sections of the studied streams. Parameters measured include tem-
perature, dissolved oxygen, conductivity, pH, turbidity, colour, mercury (Hg)
and arsenic. High spatial variability of water quality parameters was found.
Hg concentrations in water were extremely low in both upstream and down-
stream areas. Maximum geochemical background levels of Hg in unmined
pristine areas were 2.45 mg/g whilst arsenic was 29.10 mg/g. By contrast,
gold-mined downstream areas recorded Hg and arsenic concentrations of
8.75 mg/g and 82.53 mg/g in stream sediments respectively. Levels of Hg and
arsenic in sediments were several orders of magnitude greater than concen-
trations in surface water in downstream sections and this may be explained
by substances originating from mining activities, upstream transport or re-
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mobilized sedimented materials in the overlying water column. Our study
showed that both natural and human activities may contribute to heavy metal
pollution in the highly mineralized watershed of the Pra River Basin. Human
factors are however likely to amplify the natural background levels of heavy
metals.
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1. Introduction

Heavy metal pollution of aquatic systems from gold mining activities constitutes
one of the most pernicious effects on environmental quality. Heavy metal
chemical stressors are known to impair metabolic and physiological functions of
affected organisms impacting overall ecosystem health [1]. In Ghana, heavy
metal contamination of rivers and water ecosystems as a result of small scale
mining and artisanal mining operations have been studied extensively [2] [3]
[4].

Pollutants such as mercury (Hg) are introduced into the environment through
amalgamation processes associated with small scale gold-refining activities [2]
[5] [6]. Other contaminants commonly associated with such scale of mining in-
clude arsenic, cadmium and lead [7]. These heavy metals are recalcitrant,
non-degradable, toxins that have the capacity to bioaccummulate and biomag-
nify in organisms and foodwebs with potential health risks for humans [8] [9].
For Hg, [10] has indicated the possibility of two main hazards; firstly, occupa-
tional inorganic Hg poisoning by direct inhalation of Hg vapor during the
processes of burning and re-burning Hg-Au amalgam. Secondly, a part of Hg
discharged into river systems is methylated and ultimately bioaccummulated to
a significant level in fish.

Tropical soils are particularly rich in naturally occurring mercury, arsenic and
other heavy metals [11] [12]. Variability in seasonal hydrologic conditions can
also influence the transport, transformation and chemical behaviour of heavy
metals en route to bottomlands and stream beds where conditions favour bio-
geochemical Hg methylation and increased toxicity [13] [14]. Hg utilized in the
gold extraction process may be incompletely recovered for reuse allowing the
residues to escape into the environment [15] [16]. Hg toxicity has therefore be-
come a central issue in environmental management and their presence along
with other substances alters the chemistry of aquatic systems imposing acute and
chronic stress on aquatic biota [17]. Furthermore, people living along the river
and depending on riverine resources have increased health risk from exposure to
Hg and may develop toxic levels through potential repeated consumption of

contaminated fish.
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Stream sediments store heavy metal pollutants and can help remobilize stored
contaminants into the overlying water column [18]. The stored pollutants com-
monly bind particulate matter and are transported to new uncontaminated loca-
tions [19]. Sediments also archive historical records of pollution and analyses of
some palaeorecords indicate that some mining-impacted streams have revealed a
geochronological profile of heavy metal pollution in the watershed [20] [21] [22]
[23]. Therefore, continuous pollution of streams can occur under both instanta-
neous activities and sediment recycling [21]. Natural processes such as weather-
ing of source rocks (iron oxides) and subsequent transformations can discharge
substantial quantities of heavy metals leading to increased toxicity of water bod-
ies [14] [24]. Arsenic toxicity dynamics occurs across diverse chemical states, as
it is able to vary in toxicity and reactivity according to the oxidation state [12].
Arsenic oxidation states are —III, 0, +III and V, however its predominant forms
are As (III) and As (V) [12].

In Ghana, heavy metal pollution of water and sediments of streams and rivers
have mainly been attributed to gold mining activities. In highly mineralized wa-
tersheds that are common throughout the country, we expect high background
geochemical concentrations of heavy metals in pristine, unmined areas. We also
hypothesized that gold-mined areas would have amplified levels of heavy metals
above the natural background levels. Our aim therefore was to assess the spatial
and temporal variations in the relative concentrations of heavy metals in streams
connected to mined and unmined areas within the same watershed. Our re-
search sought to provide information on the relative importance of natural and

anthropogenic factors in shaping environmental quality of stream ecosystems.

2. Materials and Methods
2.1. Study Area

The study was conducted in three flowing water bodies located in the East Akim
Municipal Assembly of the Eastern Region of Ghana with a total land area of
approximately 725 km’ (Figure 1).

The aquatic systems consisted of one large river (Birim) and two relatively
small streams, Abohyensuo and Ankobirim which are interconnected within the
same drainage network. The Birim River is one of the major tributaries of the
Pra River. Sampling locations for the Birim, Abohyensuo and Ankobirim were at
Kibi, Apapam and Asikam respectively. The area is located within the rainforest
zone of Ghana where mean annual rainfall of 1650 mm is comparatively higher
[25]. The annual climatic cycle is characterized by a major rainfall peak in
May/June and a secondary peak in September/October with air temperatures
ranging between 21°C and 32°C [26]. Climatic seasons are marked by hydro-
logical changes resulting from wet and dry periods over the annual cycle. The
period of the dry season starts from November and terminates in late March by

the annual rains which extend to late October.
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Figure 1. Map of the study area showing sampling locations.

Two sites on each stream corresponding to upstream (unmined) and down-
stream (mined) conditions were selected. The study locations contain rich gold
deposits produced from the underlying Birimian rock formation and constitute
some of the most active alluvial gold mining areas in Ghana [27]. Mining activi-
ties are commonly carried out along stream banks and within stream channels.
Other mineral resources include diamond, bauxite and kaolin [27]. The munici-
pality is drained by many rivers and streams including the Birim, Abohyensuo
and Ankobirim which forms part of the Pra River Basin. The watershed also
overlaps with the Atewa and Apedwa forest ranges. The drainage network is
dendritic flowing in the north-south direction [28]. Field sampling was done
from November 2010 to October 2011. Sampling points were marked using a
Global Positioning System (GPS) Garmin 60 CSX (Table 1).

2.2. Sample Collection

Monthly samples for water quality analysis were collected from upstream and
downstream sites of each stream over an annual period from November 2010 to
October 2011. Water and sediment samples were collected simultaneously at ten
(10) randomly selected sites from each of the upstream and downstream areas of
the studied streams located at Kibi, Asikam and Apapam. Stream morphometry
namely channel width and water depths were measured in meters. Sampling
techniques based on United States Environmental Protection Agency Method
1669 [29] [30] were adopted for sampling in this study. Sampling bottles were
pretreated by sterilizing in 10% nitric acid, rinsed with deionised water and

openly dried for 24 hours. Prior to onsite sampling, sample bottles were flushed
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Table 1. GPS location of water and sediment sampling points of studied rivers.

Sampling Point Code GPS location
Birim upstream BR1 06°08'732 00°35'892
Birim downstream BR2 06°10'432 00°32'357
Abohyensuo upstream AB1 06°09'302 00°36'154
Abohyensuo downstream AB2 06°09'271 00°36'55
Ankobirim upstream AK1 06°11'947 00°31'998
Ankobirim downstream AK2 06°11'923 00°31'98

thrice with the stream water to be sampled. The bottles were capped immediate-
ly to prevent exposure to air and cross contamination. For temperature, pH,
dissolved oxygen (DO) and electrical conductivity (EC), measurements were
conducted in situ using water quality multiparameter HORIBA U-51 series.
Confirmatory analyses of DO in the various water samples were determined by
the Azide modification of the Winkler method [31] [32]. Colour was measured
with HACH DR/2010 portable data logging spectrophotometer. Mercury and
arsenic concentrations were measured using the Atomic Absorption Spectrome-
ter [33]. Turbidity was measured with turbidimeter (2100Q Portable Turbidi-
meter HACH, USA). All field instrumentations were pre-calibrated to standard
requirements prior to use. The samples were kept in ice coolers at a temperature
of 4°C and transported to the laboratory for analysis. Samples were analyzed
within 24 hours. Sediment samples were collected using grab samplers. The
samples were placed on polythene sheet to prevent contact with other natural
ground surface contaminants. All debris were hand-picked and removed from
the samples. 5g of each sample were collected using a soil scoop and placed in
100 mm by 140 mm polythene sample bag and ziplocked. Samples were assigned
similar ID’s in correspondence to the locations where water samples were col-
lected. The samples were kept in ice cooler to maintain temperature at 4°C and

transported to laboratory for analysis.

2.3. Statistical Analysis

Data were analyzed with SYSTAT 10 (Systat Software Inc.) and statistical differ-
ences examined at the 5% probability level (p < 0.05) using one-way Analysis of
Variance (ANOVA) to compare variations in monthly means of environmental
parameters between water column and sediments at the same site (upstream or
downstream) and between water column and sediments at different sites (up-

stream vrs downstream).

3. Results

3.1. River and Stream Morphometry

Morphometric features of the streams and river regarding mean width and
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depth are as follows; Abohyensuo (2.6 m and 0.53 m), Ankobirim (1.3 m and

0.22 m) and Birim respectively.

3.2. Spatial Variation in Water Quality of Rivers

Mean monthly values of environmental parameters are shown in Table 2. Gen-
erally, temperature, pH, dissolved oxygen and Hg showed restricted range in
concentrations among sites. By contrast relatively large differences were ob-
served for the concentration in colour, arsenic and conductivity. Distinct pat-
terns between upstream and downstream water quality conditions were not de-
tected (Table 2).

Only pH and DO varied significantly between upstream and downstream sites
of the Birim River at p < 0.05 (Table 3) but variation in other streams was not
significant. Water quality differences were not significant in Abohyensuo and
Ankobirim streams at p < 0.05 (Table 3). Hg concentrations in stream water
were extremely low in all upstream and downstream sites. Arsenic concentra-
tions were higher in upstream than downstream areas in all rivers. General
trends of higher upstream concentrations to lower concentrations were apparent
in all rivers (Table 2).

Table 2. Monthly mean and standard deviation of stream water quality parameters in upstream and downstream sites. Sample size

(n) = 120.
Site Temp. pH Colour Turbidity Conductivity DO Mercury Arsenic
Q) (HU) (NTU) (uS/cm) (mg/L) (mg/L) (mg/L)
BR1 243 +0.9 7.62+0.1 61.4 + 60.4 47.6 £ 31.9 136.8 £12.9 7.6+14 <0.001 0.017 £ 0.008
BR2 239+1.3 7.25+0.2 108.6 £ 98.8 2329 +318.3 142.3 £29.3 58+1.6 <0.001 0.008 + 0.001
AB1 259+1.7 7.42 +0.1 253+04 6.14 £ 3.9 143.8+7.8 6.7+1.2 <0.001 0.138 +£0.226
AB2 249+14 7.58 £ 0.1 42.7+£25.2 36.4 +24.7 131.3+9.2 7.5+0.9 <0.001 0.127 £ 0.151
AK1 239+1.3 7.03 £ 0.6 145.8 +236.3 76.3 £ 130.5 66.9 + 16.6 7.5+09 <0.001 0.012 +0.008
AK2 253+ 1.1 6.45 £ 0.5 158 £8.6 8.14 £ 5.80 56.67 £9.9 79+1.8 <0.001 0.065 + 0.043

Table 3. Variation in mean monthly water and sediment quality parameters between upstream and downstream sites at p < 0.05

significant level and n = 12. Significant levels indicated with asterisk (*) Units of measurement for sediment quality is mg/g.

Site pH Conductivity DO Turbidity Mercury Arsenic

(uS/cm) (mg/L) (NTU) (mg/L) (mg/L)
Water Quality
BR1 vrs BR2 0.020* 0.560 0.007* 0.295 0.638 0.225
AB1 vrs AB2 0.174 0.138 0.230 0.060 0.398 0.963
AK1 vrs AK2 0.504 0.340 0.670 0.384 0.504 0.179
Sediment Quality
BR1 vrs BR2 0.090 0.624 - - 0.060 0.709
ABI vrs AB2 0.330 0.145 - - 0.060 0.332
AK1 vrs AK2 0.740 0.890 - - 0.123 0.004*
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3.3. Spatial Variation in Sediment Quality of Rivers

For Birim and Ankobirim, mean sediment pH was higher in downstream sites
(Table 5). The range in pH was low but conductivity was highly variable among
rivers. A similar pattern in the spatial variation in conductivity, Hg and arsenic
concentrations were observed (Table 4). The spatial trend in sediment conduc-
tivity and pH were similar to the pattern of changes observed for heavy metals.
Higher levels of Hg and arsenic were recorded in downstream sites of Birim and
Ankobirim but the reverse occurred in Abohyensuo where concentrations were
higher in upstream sections. Differences in mean Hg concentration between up-
stream and downstream sections of Birim and Ankobirim were 81% and 50%
respectively. Arsenic concentration was highest at downstream of Ankobirim
where levels were 82.530 + 3.48 mg/L. Highest Hg concentrations were 8.75 +
5.53 mg/L recorded at downstream of Birim. The largest difference in arsenic
concentrations were found in Ankobirim where sediment concentrations be-
tween upstream and downstream sections differed by 65%. The range in Hg and
arsenic among sites were extremely large with arsenic showing a greater range of
variability than Hg (Table 4). Variation in mean monthly concentrations in ar-
senic was significant only in Ankobirim at p < 0.05 (Table 4).

Differences in conductivity between water and sediment layers were only sig-
nificant at the upstream locations of Birim and Abohyensuo but not Ankobirim
(Table 4). Sediment pH was significant at upstream and downstream locations

of Birim (Table 5). Comparison of site-specific heavy metal concentrations

Table 4. Monthly mean and standard deviation of stream sediment quality parameters in
upstream and downstream sites. Sample size (12) = 120.

Site pH Conductivity Mercury Arsenic
(uS/cm) (mg/g) (mg/g)
BR1 6.46 £ 0.17 57.95 +23.84 1.70 £ 0.82 10.12 + 4.34
BR2 6.82 +0.21 78.67 £ 61.91 8.75+ 5.53 11.51 £ 4.35
AB1 6.90 £ 0.46 53.90 +32.22 2.45+0.73 11.84 +2.77
AB2 6.53 £ 0.59 159.57 + 136.55 1.16 £ 0.32 10.36 + 0.42
AK1 6.18 £ 0.53 42.48 +15.39 0.78 £ 0.51 29.10 £10.12
AK2 6.29 +0.14 41.17 £15.12 1.49 £ 0.35 82.53 +3.47

Table 5. Comparison of mean monthly water and sediment quality parameters at up-
stream and downstream sites at p < 0.05 significance level. Units for Mercury and Arsenic
in water and sediment are mg/L and mg/g respectively. Sample size (n) = 12.

Site pH Conductivity (uS/cm) Mercury Arsenic
BR1 0.005 0.006 0.026 0.019
BR2 0.029 0.191 0.050 0.013
AB1 0.214 0.011 0.007 0.003
AB2 0.052 0.697 0.006 0.001
AK1 0.117 0.134 0.050 0.010
AK2 0.502 0.035 0.004 0.001
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between water and sediment compartments of the studied streams showed that
Hg and arsenic had significant variations at all sites at p < 0.05 with high con-

centrations recorded in the sediments (Table 5).

3.4. Seasonal Variation in Mercury and Arsenic Concentrations in
Water and Sediments

Generally, low concentrations of heavy metals were recorded in the dry season
and higher concentrations in the wet seasons. Arsenic and mercury were more
concentrated in sediments than water columns at all times across the various
upstream and downstream areas of all sampled streams and river. Higher sea-
sonal variation of heavy metals in sediments was observed with less fluctuations
in water columns (Figure 2 and Figure 3). The temporal patterns and variation
in the spatial concentrations of both heavy metals in upstream and downstream
areas during dry and wet seasons were remarkably similar (Figure 2 and Figure
3). Arsenic concentrations showed high seasonal variation in water and sedi-
ment compartments in upstream and downstream sections (Figure 2). Similar
patterns were observed in the spatial and temporal distribution of mercury in
mined and unmined sites with elevated concentration of pollutants in sediments
at all sites and corresponding lower concentrations in water columns (Figure 3).
However downstream sediments were characterized by higher arsenic and mer-
cury concentrations relative to upstream areas and overlying water columns.
Concentrations of both heavy metals were more diluted in both water and sedi-
ment environments during the dry season which extended from November to
March. Peak concentrations of arsenic and mercury in water and sediments were
found in the wet seasons from April to June and secondary peak during the mi-
nor rainy season from September to October. The highest concentration of arse-

nic was recorded downstream at AK2.

4. Discussion

Data obtained from the study showed reduced spatial and temporal variability in
water quality parameters namely temperature, dissolved oxygen, conductivity,
turbidity and pH at all sites sampled, which indicates a uniform physicochemical
environment least affected by seasonal changes in stream hydrology. By contrast,
there were clear spatial patterns and variation in the distribution of Hg and ar-
senic in mined and unmined areas. Heavy metals in rivers originate from multi-
ple sources such as geological weathering, industrial effluents and domestic ef-
fluents [34]. Risk to rivers due to large contamination from mining operations
and activities potentially vary considerably in different reaches as toxicant or
chemical pollutants depending on their properties are progressively broken
down, changed from one state to the other or immobilized after discharge into a
river [35].

Hg concentrations in water was low in both upstream and downstream areas
in comparison with Ghana EPA standard limit of 0.1 ppb and WHO 0.001 [3].
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Figure 2. Seasonal variation in arsenic concentrations in water and sediments of upstream (unmined) and downstream (mined)
stream and river sections.
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stream and river sections.
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This could possibly be due to the high flushing rates of the rivers from the
high precipitation experienced in the tropical rainforest zone. Low Hg levels
might also be attributed to higher ingestion rate of organisms, resuspension of
sediments and absorption onto particulates as monitoring periods coinciding
with the onset of the dry season can account for reduced transport and suspen-
sion from hydrological influences. According to [36], Hg dispersion is generally
low under conditions of limited river discharge which can affect its transporta-
tion in large elemental, metallic form from upstream to downstream areas. Sam-
pling distances may also contribute to reductions in Hg levels as noted by [37].
Iron oxide rich laterites and swamps also act as natural barriers for the disper-
sion of Hg in rivers [37]. Risk to rivers due to large contamination from mining
operations and activities potentially vary considerably in different reaches as
toxicant or chemical pollutants depending on their properties are progressively
broken down, changed from one state to the other or immobilized after dis-
charge into a river [35].

Arsenic concentrations were relatively high in upstream areas that were not
associated with mining activities in comparison to USEPA reference limit for
soil 0.4 ug/g. This suggests that arsenic may be released into surface waters by
natural processes of erosion, dissolution and weathering of rocks which do con-
tribute significantly to heavy metal contamination of environmental systems
[14] [24]. Pedogensis can also explain the high levels of Arsenic observed [38].
Sediment pH measured in this study indicated a lower 6.18 to a maximum 6.90
indicating a high acidic state of soils in the study area which can increase arsenic
content by increasing mobilization and availability [39] [40]. Arsenic tends to
concentrate in the surface horizons because of atmospheric deposition, vegeta-
tion recycling, and the presence of oxides and organic matter which reduce mo-
bility [41]. According to [42], arsenic may be found in water which has flowed
through arsenic-rich rocks. The presence of arsenic may impact significantly on
aquatic life. Environments contaminated with arsenic may affect aquatic biodi-
versity by limiting species abundance and diversity [27]. Naturally, arsenic exhi-
bits fairly complex chemistry and can be present in several oxidation states (-III,
0, III, V) [43] which can increase its persistence in the environment. As noted by
[44] and observed in this study, the high concentrations of arsenic in unmined
areas suggest that heavy metal contamination from natural processes may be
substantial in the gold-rich geology of the area.

Arsenic concentration was much lower in downstream of rivers in compari-
son to WHO reference limit of 10 pg/g ([45]; Table 6) despite high mining ac-
tivity. The low levels of arsenic in downstream areas of river water column sug-
gest physical processes may lead to rapid sedimentation and storage in the river
sediments. The sediments may thus act as a reservoir that may later remobilize
arsenic and increase concentrations in the water column. The differential con-
centrations of arsenic in water and sediment may create a potential for conta-

mination in the overlying water column when no mining activity has occurred.
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Table 6. Summary guideline values for mercury (Hg) and arsenic (As).

Medium Mercury (Hg) Arsenic (As)

Soil 0.0001 mg/g THg (US EPA, 2011 & Buchman, 2008)  0.0004 mg/g (USEPA, 2011)
Plant 0.0005 mg/g MeHg (FAO, 2013/WHO) 0.0001 mg/g (FAO, 2013)
Sediment 0.00018 mg/g THg (USEPA, 2006) 0.0098 mg/g (USEPA, 2006)
Water 0.006 mg/L Inorg. Hg (WHO, 2011) 0.0010 mg/g (WHO, 2011)

0.0003 mg/g MeHg (USEPA, 2011)
Fish
0.0005 mg/g MeHg (FAO, 2013)

Tailings  0.0001 mg/g THg (US EPA, 2011 & Buchman, 2008)

Source: [8].

This sediment accumulation of arsenic may be toxic to plant and animal life and
consequently affect aquatic health particularly sediment-dwelling organisms.
The presence of arsenic may be detrimental to aquatic organisms as they lead to
inhibition of several functional physiological and biochemical activities [9].

Sediment concentrations of Hg were several orders of magnitude higher than
in the overlying river water column. Downstream sediments however had higher
concentrations than upstream areas. The generally high sediment concentrations
may be due to mining activities in downstream sections amplified by natural
background concentrations of Hg in lithogenic soils. Natural lithogenic Hg has
been found in very high concentrations in areas which have not been exposed to
mining [7] [43], suggesting that the sediments in the studied rivers may have
high natural geochemical background levels of Hg. These may be elevated by
downstream mining activities that contribute significant quantities into water-
bodies and may be stored in the sediment in relatively high concentrations. The
increases in Hg concentrations in downstream sediments relative to upstream
zones have been found to be determined principally by mining activities [11].
The maximum geological background concentrations of Hg and arsenic in up-
stream pristine areas are comparable to levels in non-gold mined streams re-
ported by [11].

The research showed strong evidence for elevated concentrations of mercury
and arsenic in sediments coinciding with seasonal maximum rainfall periods
which is potentially responsible for increased transmission and deposition of
heavy metals with increased stream discharge. The findings are further evidence
for the important role that the hydrological seasonality of tropical streams play
in the spatial distribution of heavy metals in highly mineralized watersheds ex-
posed to the intensity of seasonal rainfall. High metal concentrations in streams
have been found in periods of increased precipitation and stream discharge ac-
celerating the delivery of heavy metals to downstream sediments through ad-
sorption to soil particulates and their suspension in water [3] [12]. The high
storage capacity of sediments for heavy metals can also lead to subsequent re-

mobilization into stream water during periods when transmission and deposi-
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tion has been drastically curtailed by low stream flows immediately following the
rainy season [20]. On the contrary, significant reductions off heavy metals in
sediments have been associated with dry seasons without the noted hydrological
influences on stream discharge that increase mobility of chemicals in water and

sediments [1].

5. Conclusion

In conclusion, there was high spatial and temporal variation in heavy metal
concentrations and environmental quality of the river and streams. Sediments
had higher concentrations of Hg and As than surface water because of their high
adsorptive and storage capacity. Surface water concentrations were low because
of the rapid flushing rate. Natural contamination of water bodies with heavy
metals may be apparent because of the highly rich mineral deposits and the high
rainfall available to facilitate weathering, dissolution, transmission and sedi-
mentation of heavy metals in the sediment. Natural and anthropogenic factors
may play a role in pollution processes but evidence indicates that natural factors

may play an equally important role.
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