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Heavy Metals in Sediments of the Gold Mining
Impacted Pra River Basin, Ghana, West Africa
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Total concentrations of Hg, Al, Fe, As, Pb, Cu, Cr, Ni, Mn, Co, V, and Zn were determined
in surface sediments collected from 21 locations within the gold mining impacted Pra
River basin in southwestern Ghana. Samples were collected during both the rainy and
dry seasons. We hypothesized that in the rural southwestern portion of Ghana, the
lack of industrial activities makes artisanal gold mining (AGM) by Hg amalgamation
the main source of water resource contamination with heavy metals. Therefore, metals
showing concentration trends similar to that of Hg in the studied system are likely
impacted by AGM. We found that total-Hg (THg) concentrations in riverine sediments
are rather low as compared to other aquatic systems that are impacted by similar
mining activities. Measured THg concentrations ranged from 0.018 to 2.917 mg/kg in
samples collected in the rainy season and from about 0.01 to 0.043 mg/kg in those
collected during the dry season. However, the determination of the enrichment factor
(EF) calculated using shale data as reference background values showed signs of severe
contamination in most of the sampled sites. In the dry season, THg concentrations
correlated positively and significantly to the concentrations of As (r = 0.864, p < 0.01),
Cu (r = 0.691, p < 0.05), and Ni (r = 0.579, p < 0.05). Based on our previously stated
hypothesis, this could then be an indication of the impact of AGM on ambient levels
of these 3 elements. However, the determined concentrations of Cu, and Ni co-varied
significantly with Al, suggesting that natural sources do account for the observed levels.
Accordingly, both AGM and metal inputs from weathered natural deposits are likely
co-responsible for the observed levels of Cu and Ni. In contrast, the lack of correlation
between As and Al tends to suggest an impact of AGM on As levels. Overall, our data
suggest that besides Hg and to some extent As, the impact of AGM on ambient levels of
investigated metals in the gold mining impacted Pra River remains negligible. Finally, the
increase in metal concentrations from the dry to the rainy season underlines the impact
of changes in hydrologic conditions on levels and fate of metals in this tropical aquatic
system.

Keywords Heavy metals, mercury, gold mining, sediment contamination, Ghana, West
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1. Introduction

Trace metals found in different environmental compartments can be derived from natural
sources and from either non-point and/or point sources associated with anthropogenic ac-
tivities (Bonzongo et al., 2002). In the developed world, metal pollution is primarily due
to fossil fuel combustion, waste incineration, historic mine wastes, etc., whereas in most
developing nations this is attributable chiefly to mining, particularly gold mining, which
uses metallic mercury (Hg0) to extract gold from crude ores coupled with the release of
mine wastes and tailings enriched with toxic heavy metals. Despite the alarming findings on
the negative impacts of Hg on human health and the environment, small-scale gold mining
by Hg amalgamation in gold-rich countries of South America, Asia, and Africa is a growing
and widespread economic activity. Therefore, the contamination of soils, sediments, water
and biota by heavy metals has become a primary concern in these new mining sites because
of their toxicity, persistence, and accumulation in food chains. These concerns arise from
prior findings obtained from studies conducted in both historic and current gold mining sites
by Hg-amalgamation (Förstner and Wittman, 1983). Nevertheless, this type of mining now
occurs in most nations in the tropics (Larceda et al., 1995; Villas Boas et al., 2001), as it is a
highly important source of income for many individuals in the nations where it is practiced
(ILO, 1999). Further, the mining of ore and placer gold deposits has been identified as one
of the most ecologically damaging aspects of the gold mining industry (Davidson, 1993;
Hangi, 1996; Amegbey et al., 1997; Tarras-Wahlberg et al., 2001; Tarras-Wahlberg, 2002).

In Ghana, artisanal gold mining (AGM) has been practiced as early as the 4th century,
and since that time, gold has been extracted by the Hg amalgamation technique from alluvial
deposits in rivers and waterways and from denuded outcrops and subsurface sediments along
the side of dried-up valleys (Dumett, 1998; Hilson, 2001). The use of Hg in gold extraction
heightened and became widespread in Ghana after May 1989 when AGM was legalized by
the local government. In Ghana, most of the gold produced by Hg-amalgamation process
comes from goldfields located in the southwestern part of the country (Adimado and Baah,
2002), which is drained by three main rivers including the Pra River, which is the focus of
this study. In these river systems, metal pollution comes primarily from the processing of
ores and disposal of tailings and wastewaters around mines, resulting in negative impacts on
both the biogeochemistry and ecology of receiving water bodies (Adriano, 1986; Grimalt
et al., 1999).

The fate of different heavy metals introduced into waterways by AGM or other an-
thropogenic activities depends on their specific characteristics including the ionic potential,
the oxidation state, the affinity for specific ligands, the ability to form oxyanions, etc. In
most natural surface waters, often characterized by circum neutral pH values, positively
charged metal ions (e.g. Pb2+, Cu2+, Ni2+, V3+, and Zn2+) tend to adsorb onto negatively
charged solid surfaces such as oxyhydroxides of Fe- and Mn-colloids and fines dominated
by silt and clay particles (<20 µm). Oxyanion forming elements (e.g. As and Se) on the
other hand have more complex adsorption behaviors, which vary with both the water pH
and the element’s oxidation state. With regard to the data presented in this paper, the main
anthropogenic disturbance in the watershed under study is gold mining. In this case, and
in addition to background Hg naturally present in soils/sediments, metallic Hg (Hg0) used
in gold amalgamation is introduced into soil, water, sediment, and the atmosphere through
the different steps of gold extraction and purification processes. In these environmental
compartments, Hg undergoes transformations which increase its bioavailability, resulting
in Hg accumulation and biomagnification in aquatic food chains. In contrast, the levels
of the other metals considered in this study are primarily from natural sources (i.e. local



D
ow

nl
oa

de
d 

By
: [

N
EI

C
O

N
 C

on
so

rti
um

] A
t: 

07
:0

7 
12

 M
ay

 2
00

7 

Heavy Metals in Sediments of the Gold Mining Impacted Pra River Basin 481

geology) and the impact of AGM in this case is expected to be the combination of exposure
of reduced minerals and mobilization of metals associated with such exposed minerals.
Overall, metal ions adsorbed onto solid surfaces will ultimately become removed from the
water column via sedimentation. Therefore, sediments behave as a sink for most metals
that are introduced into aquatic systems and can therefore be used to assess the quality and
pollution state of aquatic systems (Salomons and Förstner, 1984; Larsen and Jensen, 1989;
Baker and Harris, 1991; Andersen, 1992; Balls et al., 1997). It is worthy to note that this
accumulation of metals in sediments could be a dynamic process in that a significant frac-
tion of deposited contaminated fine sediment particles can be re-suspended and transported
downstream during high flow regimes. Finally, to assess the contamination of sediments by
metals, various geochemical approaches have been used including the use of a tracer, which
is an element that is not or only slightly impacted by anthropogenic activities. The most
common approach is the use of aluminum (Al) as a normalizer to assess the contamination
of soils/sediments by trace metals (Bruland et al., 1974; Windom et al., 1989; Daskalakis
and O’Connor, 1995; Shine et al., 1995).

In the Pra River basin, besides AGM, there are no industrial activities to serve as
point source for trace metal inputs. The river supports subsistence fishing activities and
serves as drinking water supply to communities along its course. To this effect, heavy metal
inputs and transport in the river basin as well as the ecological significance owing to the
presence of aquatic organisms and waterfowls that use the basin and its delta as feeding
grounds may have great impact. However, unlike AGM sites found in the Brazilian Amazon
(Larceda and Salomons, 1998; Roulet et al., 2000; Larceda et al., 2004) and other parts of
the world (Lin et al., 1997; Nriagu and Wong, 1997; Laperdinia, 2002; Kishe and Machiwa,
2003; Limborg et al., 2003), the severity of trace metal contamination in sediments of the
Ghanaian Pra River has not been thoroughly examined to ascertain the extent of metal
contamination of sediments, as well as the biogeochemical fate of released metals. We
hypothesized that in the rural southwestern portion of Ghana, which is drained primarily
by the Pra River and its tributaries, the lack of industrial activities makes artisanal gold
mining by mercury amalgamation the main source of water resource contamination with
heavy metals. Therefore, metals showing concentration trends similar to that of Hg in the
studied system are likely impacted by artisanal gold mining. In this paper, we report on
our findings on levels and the distribution of trace metals in the fine fraction (<64 µm)
of surface sediment samples collected from the Pra River basin in Ghana, and the use of
normalization on the obtained data to examine the extent of contamination along the studied
river system.

2. Materials and Methods

Ghana is located in the western portion of the African continent and lies along the Gulf of
Guinea. Most of Ghana gold mines are located in the southwestern portion of the country,
which represents an area of about 40,000 Km2. Our investigations were conducted along
the Pra River Basin, which takes its source from the Kwahu Plateau before joining by the
main tributaries rivers Offin and Birim (Figure 1) to enter the Gulf of Guinea at the south of
Ghana. Almost the entire Pra basin is known to be a very active artisanal mining area. During
the rainy season of 2002 and the dry season of 2003 in Ghana, sediments were collected
along longitudinal transects in the Pra River and its tributaries. The location of sampling
sites is marked in numerals in Figure 1. Samples were collected near sites of either past
or current AGM (sites 5–15, 17, 18, 19, and 21 upstream) and from locations remote from
mining centers (sites 1–4, downstream) such as headwaters (sites 16 and 20) to assess the



D
ow

nl
oa

de
d 

By
: [

N
EI

C
O

N
 C

on
so

rti
um

] A
t: 

07
:0

7 
12

 M
ay

 2
00

7 

482 A. K. Donkor et al.

Figure 1. Map of the gold mining impacted Southwestern Ghana showing sampling locations on the
Pra River and its tributaries—site 1 is the farthest downstream with the numbering increasing upward.

extent and levels of trace metal contamination related to this activity. Surface sediments were
collected from the top 5 to 10 cm using acid pre-cleaned polyethylene scoops. Samples were
immediately transferred into acid pre-cleaned polyethylene containers and kept in coolers
at all times during collection and transportation. Samples were frozen at the University
of Ghana, Accra, and shipped by overnight courier to our laboratory at the University of
Florida, Gainesville.

In the laboratory sediment samples were first freeze-dried and then sieved to separate
the <64 µm size fraction which normally has the higher metal content. The organic carbon
content was determined after loss on ignition (LOI) by combustion at 550◦C for 2 hours. For
total metal analysis, about 0.5 g of dry fine sample from each site was digested in duplicate
with HCl-HNO3-HF mixtures in a closed Teflon vessel overnight at 110◦C. The mixture on
cooling was diluted with saturated solution of H3BO3 to dissolve the fluorides and filtered
(0.45 µm). Samples were then analyzed for total concentrations of Al, Fe, As, Pb, Cu, Cr,
Ni, Mn, Co, V, and Zn by inductively coupled plasma-atomic emission spectrometer (ICP-
AES). The reported data are averages of duplicate digestion/analysis of a single sample. Total
Hg (THg) was determined by cold vapor atomic fluorescence spectrometry (CVAFS) after
SnCl2 reduction. Analytical QA/QC criteria were met by running, reagent blanks, standard
solutions, and certified reference materials. For the determination of total mercury, the
reference material IAEA-405 for estuarine sediments containing an average of 0.81 mg/kg
THg was used. The percent recovery on the IAEA-405 averaged 95 ± 11% (n = 10)
for THg. Finally, simple linear regressions and 95% confidence intervals were used to (i)
identify sites with metal concentrations above background values based on co-variation
with aluminum, and (ii) examine the relationship between any two of the investigated
metals.
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3. Results and Discussion

3.1. Concentrations of Hg and Other Metals in Analyzed Sediments

Concentrations of THg in samples collected during both the wet (July 2002) and dry (January
2003) seasons are given in Tables 1 and 2 and presented comparatively in Figure 2.

Overall, THg concentrations were higher in samples collected during the rainy season
as compared to the dry season. Elevated concentrations of Hg were observed in samples
collected from sites downstream of active mining centers, located a few or several miles
away from mining centers (sites 1 through 4 and 6). THg peaks observed primarily near
mining areas (Figures 1 and 2) reveal the impact of AGM activity on sediment quality. The
highest value in the rainy season was recorded at site number 3 (2.917 mg/kg). As one
moves away from the heightened AGM area either upstream or downstream to a lesser one,
Hg concentration diminishes, suggesting that Hg contaminated particles are preferentially
deposited close to the source of contamination (Figure 2). A case in point compares site 8
and sites 7 and 9 in the rainy period (Figure 2). The non-mining centers also show a similar
pattern. Therefore increased run-off during the rainy season may accelerate the transport
of Hg contaminated particles into the stream bed, resulting in the observed higher values
downstream (sites 1–3). In the dry season, sediments are less enriched with fines. This
is likely due to the intense re-suspension and downstream transport of fines that follow
tropical rains. As a consequence, much lower THg values are observed in samples collected
during the dry season. When compared with well known contaminated historic mining
sites (e.g. the Carson River in Nevada with a reported range of 2.0 to 156 mg/kg in riverine
sediments) and current AGM areas (e.g. the Philippines, with an average THg value of 21.03
mg/kg), the obtained average values of 0.02 mg/kg in dry season and 0.27 mg/kg in wet
season in the Ghanaian Pra River system are lower. Nevertheless, these Ghanaian average

Figure 2. Longitudinal distribution of total-Hg concentrations (ppm) in surface sediments collected
from the Pra River Basin during wet and dry seasons.
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Figure 3. Hg: Al scatter plot for sediments of the Pra River basin: 3a = dry season and 3b = rainy
season. The dotted lines represent the 95% confidence interval.

values are comparable to the values reported for the Maidera River (average 0.04 mg/kg) and
the Tapajós River (average 0.29 mg/kg) in the Brazilian Amazon (Malm et al., 1990; Malm
et al., 1995; Malm, 1998; Lodenius and Malm, 1998; Roulet et al., 2001). Factors affecting
the THg concentration may include the magnitude of AGM activities, season, location of
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Figure 4. As: Al scatter plot for sediments of the Pra River basin: 4a = dry season and 4b = rainy
season. The dotted lines represent the 95% confidence interval.

sampling site from mining centers, volume and flux of waterways, sediment grain size, etc.
(Larceda and Salmons, 1998). THg concentrations in most of the sampled sites in the Pra
River basin in both seasons were lower than the 0.2 ppm guideline of US-EPA (1985) with
the exception of sites 3, 12 and 18 in the wet season (see Table 1).
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490 A. K. Donkor et al.

Figure 5. Pb: Al scatter plot for sediments of the Pra River basin: rainy season. The dotted lines
represent the 95% confidence interval.

Seasonal variations of the total concentrations of the other metals are summarized in
Tables 1 (wet season) and 2 (dry season). Al, Fe, and Mn show higher concentrations than
the rest of the elements. Zn, Cu, Co, Ni, V and Cr exhibited their highest concentrations
in the sediment during the high flow regime, while levels of Co and Pb were below the
instrument detection limit (see Table 2) in all samples collected during the dry season. The
correlation coefficients amongst sediment parameters are shown in Tables 3a and 3b. These
tables point to: (i) the lack of relationship between organic matter (%OM) and all analyzed
metals in both the dry and wet seasons; (ii) strong and significant correlations between Al
and Fe, Cu, Ni, V, Cr, and Zn in the dry season; (iii) weaker but significant relationships
between Al and Fe, Cu, Mn, Co, Ni, and Cr in the rainy season; and (iv) As, Cu and Ni
show positive and significant relationships with Hg, but only during the dry season. The
lack of strong correlation between OM and any of the analyzed metals is an indication
that a significant fraction of analyzed metals in these sediments is rather associated with
fine inorganic particles. This observation supports the use of Al as a normalizer for the
determination of the contamination state of the Pra River sediments as discussed below.

3.2. Assessing the Contamination Level of the Pra River Sediments

To assess the impact of AGM on levels of heavy metals investigated in this study, we used
a combination of two approaches. First, we used the co-variation of metals of interest with
Al to determine for each of these metals the level of sediment contamination, or the con-
centration above what would naturally occur. Second, we calculated the enrichment factor
(EF) for each of the elelements using Al as a tracer and the reported metal concentrations
in shales (Turekian and Widepohl, 1961) as reference background levels.

Variability in trace metal concentrations in sediments could be driven by natural and/or
anthropogenic sources, and in sediment matrices metals are usually associated chiefly with
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the fine-grained sediment fractions. There is no generally accepted protocol for selecting
a sediment constituent to be used for normalization, and several approaches/elements have
been used. Prominent among them are aluminum, iron, lithium, total organic carbon and
grain size (e.g. Windom et al., 1989; Loring, 1990; Loring and Rantala, 1992; Daskalakis and
O’Connor, 1995; Aloupi and Angelidis, 2001a, 2001b). Based on published information,
it is apparent that Al has been the most commonly used tracer element in normalization
calculations/models. Several reasons explain the choice of Al over others. Al is a major
component of fine-grained aluminosilicate minerals. As an essential component of these
smallest sized particles, Al is a good surrogate for clay particles (Windom et al., 1989;
Daskalakis and O’Connor, 1995), which constitute the bulk of adsorption sites for metals
on sediment particles. In contrast, the use of organic carbon content as a normalizer has
been proved to show weaker correlations than Al (Windom et al., 1989; Horowitz, 1991).
Iron is not as good a matrix element as Al because it is chemically active in both oxic and
anoxic environments, hence it is always associated with surfaces (Daskalakis and O’Connor,
1995). Based on these observations, Al was chosen as normalizer in this study. Scatter
plots of metals versus normalizer were used to decipher signs of anthropogenic impacts
on concentrations of metals of interest. The regression of each metal on Al in the natural

Table 4a
Calculated enrichment factors∗ (EF) for analyzed elements in sediment samples collected
in the rainy season. Shale reference values were taken from Turekian and Wedepohl (1961)

River
section Site # Hg Fe As Pb Cu Mn Co Ni V Cr Zn

Lower Pra 1 47 2 9 3 2 2 1 2 2 3 4
2 57 2 9 1 2 3 2 2 2 3 5
3 2463 1 6 3 2 1 2 1 2 3 6
4 25 2 8 2 2 2 2 2 2 3 4
5 53 2 13 2 2 4 5 2 3 4 6
6 106 1 12 1 1 2 2 2 2 3 3
7 20 2 13 0 2 3 3 2 2 3 4
8 178 2 12 1 2 2 3 2 2 3 3

Offin 9 37 2 4 1 2 1 8 3 2 3 29
10 79 3 43 5 5 3 5 5 4 6 25
11 111 1 19 0 2 0 4 2 2 3 15
12 207 2 84 0 5 0 4 2 2 4 15
13 36 1 3 3 2 0 1 2 2 3 8
14 92 1 5 1 1 1 3 1 2 3 8
15 40 3 8 1 6 1 6 4 6 9 13
16 69 2 1 0 1 1 1 1 1 2 1

Upper Pra 17 70 3 5 1 3 2 2 2 9 5 6
18 858 2 3 5 2 2 1 2 2 3 4
19 52 2 3 0 2 2 4 2 3 4 4
20 49 3 1 1 2 1 3 1 1 3 2
21 59 2 4 41 2 1 2 2 2 4 5

∗EF defined as: EF < 2 deficient to minimal enrichment; EF = 2–5 moderate enrichment; EF = 5–
20 significant enrichment; EF = 20–40 very high enrichment, and EF > 40 extremely high enrichment
(Loska et al., 2004).
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492 A. K. Donkor et al.

sediment was calculated using the data from Table 1 and 2, and possible contaminated
sites were identified using previously published procedures (see Loring, 1991; Loring and
Rantala, 1992; Aloupi and Angelidis, 2001a,b). All points within the 95% confidence band
were classified as natural or background levels, while points out of the 95% confidence
interval were considered enriched due to AGM activities and/or inputs from weathering
of natural deposits. The graphs produced using this approach are presented in Figures 3
through 13 and are discussed below.

3.2.1. Mercury (Hg), Arsenic (As), Lead (Pb) and Zinc (Zn). Based on the above described
approach, Hg and As (in both the wet and dry seasons), and Pb and Zn (in the dry season
only) give a rather similar distribution when plotted against Al concentrations (Figures 3,
4, 5, and 13b). Although most data points in these graphs fall within the 95% confidence
interval, the observed lack of relationships is a likely indication of anthropogenic impact
on initially very low concentrations. This observation is validated by the determination of
the enrichment factor (EF) calculated as:

EF =
(

Me
Al

)
sample(

Me
Al

)
background

,

Table 4b
Calculated enrichment factors (EF) for analyzed elements in sediment samples collected
during the dry season. Shale reference values were taken from Turekian and Wedepohl

(1961). ∗ND = not detected

River
section Site # Hg Fe As Pb Cu Mn Co Ni V Cr Zn

Lower Pra 1 7 3 15 ∗ND 0 3 ND 3 1 2 5
2 5 1 3 ND 1 1 ND 2 1 2 1
3 1 1 4 ND 1 1 ND 1 1 2 2
4 6 1 4 ND 1 1 ND 1 1 2 3
5 9 1 11 ND 0 1 ND 3 1 2 5
6 43 2 11 ND 2 4 ND 3 2 3 5
7 6 1 3 ND 1 1 ND 1 1 2 2
8 2 2 12 ND 1 3 ND 3 1 2 3

Offin 9 5 1 4 ND 1 1 ND 2 1 3 3
10 4 1 3 ND 1 2 ND 2 1 1 3
11 36 1 47 ND 3 1 ND 2 1 2 2
12 16 1 18 ND 1 1 ND 2 1 2 3
13 3 1 10 ND 1 1 ND 1 1 2 1
14 2 1 3 ND 1 0 ND 1 2 3 1
15 10 3 2 ND 1 1 ND 2 3 4 2
16 5 1 2 ND 1 1 ND 1 1 2 2

Upper Pra 17 1 2 2 ND 1 1 ND 1 1 2 2
18 1 1 2 ND 0 1 ND 2 1 1 2
19 2 1 1 ND 1 2 ND 1 1 2 2
20 21 2 2 ND 2 1 ND 2 3 5 2
21 35 2 9 ND 0 1 ND 3 1 1 3
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Figure 6. Fe: Al scatter plot for sediments of the Pra River basin: 6a = dry season and 6b = rainy
season. The dotted lines represent the 95% confidence interval.

where Me and Al are the concentrations of the metal of interest and Al in the sample and in
shale used for background determination. In this study, shale reference values were taken
from Turekian and Wedepohl (1961), and the calculated EF values for each of the analyzed
metals are presented in Table 4a (wet season) and 4b (dry season). It appears that Hg, As,
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Figure 7. Mn: Al scatter plot for sediments of the Pra River basin: 7a = dry season and 7b = rainy
season. The dotted lines represent the 95% confidence interval.

and to some extent Zn are the only elements to show high enrichment above background. In
addition to the strong relationship between Hg and As mentioned earlier, these data support
the suggestion that the increase in Hg and As concentrations above background values
in this river system is likely driven by AGM activities. However, the lack of correlation
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Figure 8. Cu: Al scatter plot for sediments of the Pra River basin: 8a = dry season and 8b = rainy
season. The dotted lines represent the 95% confidence interval.

between Hg and As, Cu, and Ni in the rainy season shows the importance of changes in
hydrologic conditions on levels and the fate of metals in this tropical aquatic system. Overall,
our data (Tables 1 and 2) suggest that the levels of all examined metals increase from the
dry to the rainy season. This is probably due to increased inputs of metal-contaminated
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496 A. K. Donkor et al.

Figure 9. Ni: Al scatter plot for sediments of the Pra River basin: 9a = dry season and 9b = rainy
season. The dotted lines represent the 95% confidence interval.

particles eroded from soils and mine tailings, which are carried into waterways by storm
water runoffs. Despite this common increasing trend from dry to wet seasons, the lack of
correlation between Hg and the other metals (except for As, Cu, and Ni in the dry season)
can be explained by the fact that the fate of metallic Hg manually added to soil/sediments
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Figure 10. Cr: Al scatter plot for sediments of the Pra River basin: 10a = dry season and 10b =
rainy season. The dotted lines represent the 95% confidence interval.

during gold extraction processes does not necessarily follow that of the elements already
present in geological matrices and which become mobilized with soil/sediment dredging
and digging activities. This is supported by the observed strong and significant correlations
between Al (structural element of the fine clay particles) and most of the non-added elements
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Figure 11. Co: Al scatter plot for sediments of the Pra River basin: rainy season. The dotted lines
represent the 95% confidence interval.

(e.g. Cu, Ni, V, Cr, Zn, Co) in addition to a few strong and significant relationships amongst
some of these metals (e.g. Ni with V, Cr, or Zn; V with Cr or Zn, Cu with Ni, V, Cr or Zn,
etc.) (see Tables 3a and 3b). If THg alone may not be used as strong tracer of environmental
perturbation in the Pra River system based on simple linear regressions between Hg and the
other metals, the combination of approaches used in this study allows us to conclude that
besides the addition of Hg in the investigated river system, the impact of AGM on ambient
levels of the other trace metals varies from none (e.g. V, Co, Pb, Cr, Fe and Mn ) to very
limited (e.g. As).

3.2.2. Iron (Fe) and Manganese (Mn). The naturally abundant metals Fe and Mn whose
concentrations in the sediments are normally not greatly affected by AGM co-varied with
Al (Figures 6 and 7), with Fe showing stronger relationships with Al, regardless of the
season. Mn shows much weaker relationships with Al and signs of anthropogenic impacts
are illustrated by a much higher number of outliers in Figure 7a and 7b as compared to Fe,
which shows a positive and significant relationship with Al in both the rainy and dry seasons
(Table 3). One possibility could be the introduction of Mn into waterways by erosion/runoff
following exposure and oxidation of reduced minerals.

3.2.3. Copper (Cu), Nickel (Ni), Chromium (Cr), Cobalt (Co), and Vanadium (V). These
elements (Figures 8–12) give good and often significant relationships with aluminum
(Table 3), suggesting that with the exception of a very few outliers, the determined lev-
els correspond to values at or near background concentrations. Overall, the relationship
between any of the metals and Al is stronger during the dry season and tends to be less so
in the wet season. Also, most of these elements show positive and significant relationships
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Figure 12. V: Al scatter plot for sediments of the Pra River basin: 12a = dry season and 12b = rainy
season. The dotted lines represent the 95% confidence interval.

with Zn (Table 3), but no relationship with Hg. It is likely that some of these elements are
associated primarily with sulfide minerals of Zn and are of natural origin. Based on our
hypothesis stated in the introduction, the levels of these metals are likely not impacted by
AGM.
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Figure 13. Zn: Al scatter plot for sediments of the Pra River basin: 13a = dry season and 13b =
rainy season. The dotted lines represent the 95% confidence interval.

4. Conclusion

The widespread and intensive AGM activities are quite recent in Ghana, after its legalization
in 1989. Yet this activity is believed to have occurred earlier in the 19th century before being
made illegal in 1933 by the British. However its legalization in 1989 by the government
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gave birth to the new gold rush with increased use of Hg in gold extraction. The major
conclusions of our study are threefold. First, despite the long-term use of Hg in gold
mining in the studied Ghanaian river system, sediment Hg levels remain low and often
below most safe guidelines for sediment contamination. Though these Hg values may seem
low, especially when compared with other well-known gold mining sites, the Hg transfer
to the food chain could still be a problem since the extent of Hg bioaccumulation and
biomagnification seems to depend primarily on the amount of Hg occurring as methyl-Hg
(Pickhardt et al., 2005). Second, the use of a normalizer and calculation of enrichment factors
suggest none to moderate enrichment of the sediment for most of the metals investigated
in this study. However, Hg, with EF > 40 in most sampled sites in the rainy season seems
to be highly enriched. Third, seasonal variability in total concentrations of metals with
lows in the dry season and highs in the rainy season is suggestive of metal export to
depositional downstream reaches, namely the river delta and ultimately the estuary. If true,
the collection of sediment cores in non-dredged lower portions of the river/estuary could
help track down Hg pulses associated with seasons. In fact, AGM in Ghana tends to expand
with droughts as farmers switch from the “rain-fed” agriculture to gold mining. Since AGM
activities in Ghana take place primarily in the river banks and flood plains and not directly
within the river itself, the accumulation of Hg-contaminated tailings/soils during the dry
seasons is always followed by rain-driven erosion and export of Hg-contaminated particles.
Such climate driven shifts in land use types could provide an opportunity to assess the
impact of climate change on land use and the resulting impacts on water quality and human
health.
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