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ABSTRACT 

Mercury (Hg) used in gold amalgamation is a global concern and a major source of contamination in Ghana. Water and 
sediment samples from artisanal gold mining (AGM) sites in Kenyasi, Wuramumuso and Nkaseim in the Asutifi district of 
the Brong Ahafo Region (Ghana) were collected during the wet and the dry seasons of 2009 and 2010. The samples were 
analysed for total-Hg (T-Hg) after acid digestion with cold vapour atomic absorption spectroscopy (CV-AAS). T-Hg 
contents in the water column for all the sites in the wet season were below detection limit (< 1.00 µg/L). However, higher 
T-Hg concentrations were observed in the dry season which was far above recommended guideline value of 1 µg/L set by 
World Health Organization (WHO). Similarly, significantly higher (p < 0.05) T-Hg concentrations were recorded in 
sediment during the dry season (1.163 mg/kg) than that of the wet season (0.030 mg/kg). The pollution status of Hg in 
sediment according to geoaccumulation index (Igeo) was uncontaminated (- 4.3) in the wet season but moderately 
contaminated (0.5) in the dry season whereas enrichment factor (EF) gave moderate to extremely high enrichment. 
Thus, there is the need for continuous monitoring of Hg contamination of the rivers in this part of Ghana as they are used 
for domestic purposes to avoid future disaster.  
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INTRODUCTION 
Heavy metal pollution from contemporary and historic mining operations is recognised as a significant 
environmental problem, with mercury (Hg) being prominent. The use of Hg in artisanal gold mining 
(AGM) or small-scale gold mining (SSM) is prevalent in developing countries especially in the tropics. This 
is believed to discharge about 650 to 1000 tones of Hg per annum, one-third of all global anthropogenic 
Hg releases into the environment. Mercury (Hg) due to its extensive use, persistence, bioaccumulation, 
toxicity to human and biodiversity has attracted global concern. Hg toxicity is well known, the most 
notable case is the epidemic of neurological disorders leading to several deaths in Minamata, Japan 
[19,34]; other reported Hg poisonings occurred in Iraq, Pakistan, Ghana and Guatemala [13].  
Despite the awareness of Hg toxicity and contamination, environmental pollution from Hg is on the 
increase at an alarming rate in South America, Africa, Asia, and North America due to the expansion of 
AGM in the last three decades [20]. Ghana is no exception and gold mining through Hg amalgamation has 
been practised since the sixth century. Gold was extracted from alluvial deposits in rivers, waterways and 
from denuded outcrops and subsurface sediments [20]. Hg amalgamation processing is preferred because 
it is cheap, simple and easier to use. However, a large proportion of these small-scale miners are ignorant 
of the environmental hazards and the potential health risk associated with this method of gold extraction 
[14]. Consequently, Hg released into the Ghanaian environment is reportedly reaching about 4-5 tonnes 
per annum [21].  
Although, several studies have reported on Hg pollution in Ghana, most of these investigations focused on 
the Southern part of Ghana [4,13,17,18,28] excluding the Northern half where AGM is rising. The findings 
from these studies confirmed that Hg emissions from AGM operations pose a serious environmental 
threat in Ghana. In the unexplored northern half of Ghana, extensive AGM with Hg is employed in Kenyasi, 
Wuramumuso, Nkaseim and its surroundings in the Asutifi District of the Brong Ahafo region. Almost 
every able-bodied youth who is not in school or in agriculture is involved in AGM with Hg. The processing 
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of the gold ore via Hg amalgamation ultimately discharges Hg into the many intermittent streams and 
perennial rivers in the area, including Suntim, Subin, Wuramumu and Aboabo streams which join the Tano 
River basin (Figure 1). The sediments of these rivers function as sinks for the released Hg. Nonetheless, 
these rivers also act as a source of drinking water and other domestic purposes for the indigenes. Hence 
the contaminated water may pose a risk to both man and the aquatic ecosy
assesses the levels and distribution of Hg in water and sediment in rivers from AGM communities in the 
Asutifi district of the Brong Ahafo region, located in the northern half of Ghana. The anthropogenic impact 
of Hg levels on the sediments in the rivers was then evaluated using index of geoaccumulation (I
enrichment factor. 
 
MATERIALS AND METHODS 
Study Area 
The Asutifi District in the Brong Ahafo Region of Ghana lies between latitudes 6
longitudes 2o15′ and 2o45′ west (Figure 1), within the wet semi
ranges between 125 cm to 200 cm [29]. There are 
district hence the indigenes depend mainly on AGM of the 
area is drained by the Tano River and its main tributaries; the Nsubin, Goa, Ntotro, Aboabo, Subin, and 
Suntim which exhibit dendritic pattern. Since there is limited access to potable water, part of the 
population in the study area relies on the rivers and streams within the AGM sites for drinking and 
domestic purposes. Accordingly, there is the possibility
contaminate water and fish, the food source for the communities alo
empty into the Tano River where commercial fishing is carried out.
 

Figure 1: Map of study area showing the towns, watersheds and sampling sites
 

Sample Collection  
Sample collection followed the method of Fitzger
collected along longitudinal transects of the rivers in the study area during the wet and dry seasons of 
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The Asutifi District in the Brong Ahafo Region of Ghana lies between latitudes 6o40
′ west (Figure 1), within the wet semi-equatorial zone. The mean annual rainfall 

ranges between 125 cm to 200 cm [29]. There are limited economic activities besides agriculture in the 
district hence the indigenes depend mainly on AGM of the streams and rivers for their sustenance.
area is drained by the Tano River and its main tributaries; the Nsubin, Goa, Ntotro, Aboabo, Subin, and 
Suntim which exhibit dendritic pattern. Since there is limited access to potable water, part of the 

ion in the study area relies on the rivers and streams within the AGM sites for drinking and 
domestic purposes. Accordingly, there is the possibility that Hg from processed waste ore could 
contaminate water and fish, the food source for the communities along the river courses. These ultimately 
empty into the Tano River where commercial fishing is carried out. 

Map of study area showing the towns, watersheds and sampling sites 

Sample collection followed the method of Fitzgerald and Watras, [15]. Water and sediments samples were 
collected along longitudinal transects of the rivers in the study area during the wet and dry seasons of 
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2009 and 2010 respectively. Surface water samples were collected directly into acid pre-cleaned high 
density polyethylene (HPDE) bottles from the headwaters upstream to downstream of mining sites. The 
surface water samples were then acidified with a drop of high purity concentrated HNO3. Sediment 
samples were collected from the same sites where the surface water was taken. Samples were manually 
taken with plastic scoops into ziplock bags, stored under ice and transported to the laboratory for 
analysis at Ghana Atomic Energy Commission, Accra. 
Sample Analysis 
Dissolved T-Hg concentrations in non-filtered water were determined after cold digesting with 
bromonochloride (BrCl) and analysed for T-Hg by cold vapour atomic absorption spectrophotometry (CV-
AAS) after SnCl2 reduction. For sediment, samples were air-dried and sieved to < 0.2 mm fraction; 0.50 g 
was then digested in 5ml with aqua regia and H2O2 mixtures in sealed Teflon pressure vessels by 
microwave heating (ETHOS 900 Microwave digester). The mixture on cooling was diluted to 50ml with 
deionised water and analysed for T-Hg after SnCl2 reduction. In all cases quality assurance and quality 
control (QA&QC) was incorporated in the analytical scheme. Reagent blanks, replicate analysis and 
certified reference material (CRM), IAEA-Soil-7 obtained from the International Atomic Energy Agency 
(IAEA) were run alongside. Recoveries on IAEA-Soil-7 averaged 95 ± 8 % for total- Hg (n=6).  
Determination of Index of Geoaccumulation (Igeo) 
The assessment of Hg contamination of the sediments from the rivers in the study area was estimated 
based on the index of geoaccumulation (Igeo) defined as: 

 1........................

Hg
1.5B

Hg
C

2
logI geo   

where, 
HgC

 represents the measured total concentration of Hg and 
HgB

is the geochemical background 
value of mercury (mg/kg) [16,31]. The factor 1.5 is used to compensate for possible disparity with 
respect to background due to lithological variation. The index of geoaccumulation is assessed following 
the seven classes, interpreted in Table 1 [28]:   
 

Table 1: Classes of Geoaccumulation Index 

Class Value Soil or sediment quality 

0 
1 
2 
3 
4 
5 
6 

Igeo ≤ 0 
0 < Igeo < 1 
1 < Igeo < 2 
2 < Igeo < 3 
3 < Igeo < 4 
4 <  Igeo < 5 

Igeo ≥ 5 

practically uncontaminated 
uncontaminated to moderately 

contaminated 
Moderately contaminated 

Moderately to heavily contaminated 
Heavily contaminated 

Heavily to extremely contaminated 
Extremely contaminated 

 
Determination of Enrichment Factor (EF) 
The enrichment factor (EF) is a useful indicator that reflects the condition of environmental 
contamination. In this study, Hg concentrations are normalized as ratios to another constituent of the 
sediments, to evaluate the possible anthropogenic input of Hg.  
The constituent chosen for this purpose shall be associated with finer particles and its concentration shall 
not be anthropogenically altered (Ackerman 1980). In order to compensate for grain size effect which has 
considerable bearing on the concentration of contaminants (i.e. Hg) in sediments/ soil normalizing with 
conservative element such as aluminium (Al), iron (Fe), scandium (Sc), rubidium (Rb), and lithium (Li) 
measured in the same sample is often adopted []. In normalisation approach, used background 
concentrations are usually values reported for shale or the earth’s upper crust. However, the use of local 
background values, when available, seems more appropriate, particularly when the latter is orders of 
magnitude lower than the shale or the crust reference values [13]. 
In this study, aluminium is used as a grain-size proxy to normalize Hg because it is a conservative 
element. Major constituent of clay minerals has been used successfully by several authors [9,13,32]. The 
enrichment factor (EF) is calculated as: 
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ratio based on background values or shale reference data. The results are interpreted as follows:  
EF- values lower than and around 1.0 indicate that the element in the sediment originates predominantly 
from the crustal material and / or weathering processes (Zhang & Lui 2002), 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 [13,25]. 
 
RESULTS AND DISCUSSIONS 
Mercury in Water  
Total  mercury (T-Hg)  concentrations  in  both  water  and sediment  samples  collected  in  the  wet  and  
dry  seasons  are  shown in Table 2. The T-Hg concentrations of water samples in the wet season were all 
below detection limit (<1.00 µg/L) whereas the concentration in the dry season ranged from <1.00 to 
11.22 µg/L. The low Hg concentrations in the wet season could be attributed to dilution from high 
rainfalls and run-off from the catchment area typical of tropical regions. Thus, the rivers tend to have high 
volume of water with concomitant decrease in Hg concentration in the water. Moreover, mining activities 
generally decline in this season. 
The high T-Hg measured in the dry season compared to the wet season implied changes in hydrologic 
conditions impacted on Hg fluxes and fate in the rivers. Within the study area, most of the rivers are 
shallow resulting in the observation of similar trends with exception of sites A2 – A3.  Thus, there was 
loss of water through evaporation due to intense solar radiation, concentrating the dissolved Hg. 
Therefore, metallic Hg or Hg2+ resting on the surface of sediments could undergo aquatic redox cyclic 
reactions between oxidized Hg (Hg2+) and elemental Hg (Hg0) [33,35] or could enter the water column. 
Ultimately, the almost dried up water column of the rivers is enriched with dissolved Hg, accounting for 
the close levels of T-Hg found in all the various sites. Moreover, the large T-Hg concentrations at sites S3, 
S5, A1 and A5 (mining sites) in the dry season corresponded mainly to points of Hg inputs by active 
mining. 
 

Table 2: T-Hg in surface water and sediment samples collected during both wet and dry seasons. 

  Water Sediment 

Community        River/stream 
Sample 
sites 

T-Hg (µg/L) 
Wet season 

T-Hg (µg/L) 
Dry season 

THg(mg/kg) 
Wet season 

THg(mg/kg) 
Dry season 

Kenyasi                Akantansu  S1 <1.00 1.01 
0.026 0.427 

  S2 < 1.00 1.03 
0.013 0.523 

                                    Suntim  S3 < 1.00 9.56 
0.050 2.648 

  S4 < 1.00 8.11 
0.039 1.145 

  S5 < 1.00 10.73 
< 0.001 0.899 

  S6 < 1.00 4.12 
0.014 0.706 

  S7 < 1.00 < 1.00 
0.027 1.183 

  S8 < 1.00 < 1.00 
0.040 0.622 

Wuramumuso      Wuramumu W1 < 1.00 2.02 
0.053 0.543 

  W2 < 1.00 2.05 
0.012 0.667 

  W3 <1.00 3.96 
0.053 0.589 

  W4 < 1.00 4.02 
0.013 0.536 

  W5 < 1.00 5.71 
0.027 0.261 

Nkaseim                    Subin      A1 < 1.00 11.22 
0.013 8.564 

  A2 < 1.00 ND 
0.035 0.817 
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                                 Aboabo A3 < 1.00 ND 
< 0.001 0.689 

  A4 < 1.00 7.89 
0.026 0.909 

  A5 < 1.00 10.00 
0.026 1.349 

  A6 < 1.00 6.67 
0.027 0.558 

  A7 < 1.00 6.43 
0.039 0.549 

  A8 < 1.00 6.11 
0.030 0.233 

Mean  < 1.00 5.30 
0.030 1.163 

Standard deviation   3.70 
0.013 1.771 

  ND = Not determined (dried up water bodies); Detection limit = 1.00 µg/L (Water); 0.001 mg/kg 
(sediment) 
Sites S7 – S8, W5 and A6 – A8 were non-mining sites, however, the measured T-Hg in dry season 
suggested Hg remains at the point source or is washed and transported downstream of the Tano River. 
Sites S1 and S2, the headwaters of the studied system though recorded a low values (1.01 and 1.03) µg/L 
respectively the presence of Hg in sediment implicated these locations as past mining sites, Fig. 1. 
Additionally, Hg concentration in the studied rivers peaked in the dry season whereas the wet season is 
the time most miners engage in agricultural activities with little mining. The miners in these areas tend to 
work in the rivers unlike other river systems (e.g. Pra) where miners carry out their operations both 
inland and on the river. Hence, Hg droplets could be found on the land likewise along the banks of the 
rivers and their sediments [13].  
The T-Hg levels in the dry season when compared with international safe guideline values for water, the 
mean T-Hg (5.30 µg/L) is 3.0 orders of magnitude greater than that estimated for pristine fresh water 
ecosystems (0.005 µg/L) (ATSDR, 1997) and also exceeds the 1 µg/L or the 2 µg/L levels for drinking 
water set by the World Health Organisation (WHO 2004) and the United States Environmental Protection 
Agency (US EPA) respectively.  
Comparing this study with previous studies within South-Western Ghana [11,13], the mean T-Hg 
concentrations (dry season) of the current study are again several orders of magnitude higher than the 
recorded values of 0.019 µg/L (wet season) and 0.082 µg/L (dry season). Likewise, the mean T-Hg 
recorded for the different rivers in the study area were also far greater than the mean T-Hg values 
reported for some tropical river systems impacted by artisanal gold mining activities (0.68 µg/L) in 
Tanzania, East Africa, and some Indonesian sites (0.006 µg/L) [7]. On the other hand, the mean T-Hg 
value recorded in this study was similar to 7.54 µg/L reported for artisanal gold mining impacted sites in 
the Mindanao Island in the Philippines [6]. The observed differences in T-Hg levels between this current 
artisanal gold mining site in Ghana and other AGM sites could be attributed to the period of sampling, 
sites of Hg introduction and methodology of sampling and analysis. 

 
Table 3: Total Hg concentrations and EF in both wet and dry seasons 

  Wet season   Dry season   

Sample sites Hg  (mg/kg) Al (mg/kg) 
EF 

Hg (mg/kg) 
Al 
(mg/kg) 

EF 

S1 0.026 1797.59 3 0.427 1810.32 47 

S2 0.013 1203.35 2 0.523 1515.9 69 

S3 0.050 1018.83 10 2.648 1542.49 343 

S4 0.039 978.17 8 1.145 1235.37 185 

S5 <0.001 825.19 ND 0.899 1234.89 146 

S6 0.014 1018.05 3 0.706 3953.63 36 

S7 0.027 3184.04 2 1.183 2514.18 94 

S8 0.04 2701.04 3 0.622 2822.1 44 

W1 0.053 1122.25 9 0.543 1013.79 107 

W2 0.012 1002.07 3 0.667 1102.5 121 

W3 0.053 2586.99 4 0.589 989.9 119 

W4 0.013 2000.07 1 0.536 794.1 135 

W5 0.027 489.04 11 0.261 478.11 109 

A1 0.013 94.43 28 8.564 1935.21 885 
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A2 0.035 1115.05 6 0.817 1075.0 152 

A3 <0.001 1440 ND 0.689 1106.18 125 

A4 0.026 842.62 6 0.909 775.78 234 

A5 0.026 1990.65 3 1.349 1553.08 174 

A6 0.027 114.76 47 0.558 1967.49 57 

A7 0.039 820.31 10 0.549 634.03 173 

A8 0.03 743.86 8 0.233 4315.14 11 

Mean 0.030 1289.92 7.95 1.163 
1664.7
1     153.05 

Average shale 
(worldwide)* 0.4 80000         

 
Total Mercury in Sediments 
The overall mean T-Hg in sediment samples collected in the dry season (1.163 mg/kg) was higher than 
that of the wet season (0.030 mg/kg) as indicated in Table 2. Higher Hg values were observed in sediment 
samples collected during the dry season at sites S3, S4 and S7 (active mining sites). Site S8 (confluence) 
where the river Suntim joins the Tano basin recorded a lower value of 0.622 mg/kg because of increased 
dilution from the Tano River. The higher concentrations seen at the mining sites suggested that Hg 
contaminated particles are preferentially deposited close to the source; showing the impact of artisanal 
gold mining activity on sediment quality. During the dry season, there is increased mining activity with 
decreasing Hg mobility in the river systems due to reduced water levels and flow rate, thereby causing Hg 
contaminated particles to settle at the bottom of the rivers. 
The historic-mining centres S1 and S2 had low T-Hg values. Site A1, a historic mining site however 
recorded a high level of 8.564 mg/kg even greater than A5, an active mining site (1.349 mg/kg). 
Meanwhile, site A8 the confluence of the Tano river recorded the lowest value indicating greater dilution 
of the river water at this site resulting in lesser Hg particles settling onto the sediment surface.  
Comparatively, in the wet season much lower T-Hg values were observed in samples collected in all the 
rivers in the various communities. This implied increased transportation of Hg particles from the stream 
bed-sediments towards the confluence where the various rivers join the Tano basin; confirming the low 
observed values at these sites due to high flow regimes characteristics of the wet season resulting in the 
dilution and dispersal of Hg particles. 
Findings from this study are similar to an earlier study on the Ankobra basin in the Western part of 
Ghana. High Hg concentrations were reported in the dry season when contrasted with the wet season. All 
the Hg levels reported for the wet season were below the detection limit [10]. On the contrary, relating T-
Hg levels in sediments with previously studied Pra river basin in Ghana [13], different trends were 
observed. While higher values were recorded in the wet season for the Pra River, the reverse was true for 
the rivers in this study. This difference could be attributed to receipt of Hg contaminated particles from 
run-offs from inland into the Pra basins in the wet season whereas in this study Hg is rather deposited in 
river and transported downstream when the heavy rains come. 
The following observations were made when the T-Hg concentrations in sediments were compared with 
sediment quality criteria for protection of aquatic life. With the exception of sediment samples collected 
in the wet season, all sediment samples in the dry season from the three communities exceeded 0.2 
mg/kg level of the US EPA sediment quality criteria as well as the 0.2 mg/kg Minimal effects threshold of 
Environmental Canada [6]. Such high concentrations of Hg may constitute a long term source of 
contamination of the river systems, which will become widely dispersed during high flow periods. 
Moreover, comparing the sediment T-Hg data of the rivers in this study with those obtained from well-
studied AGM impacted sites and well known contaminated historic mining sites (for example Carson 
River, USA), the average T-Hg concentrations of 0.030 and 1.163 mg/kg for wet and dry seasons 
respectively in the rivers were far lower than the reported 21.03 mg/kg for the Philippines sites [6], 0.5 – 
6.0 mg/kg for Lake Victoria gold fields, Tanzania [22] and the range of 2.0 – 156 mg/kg for Carson River 
[24]. All the same, the mean values for these Ghanaian rivers compared well with some of the numbers 
reported for AGM impacted sites for the Madeira River (average: 0.04 mg/kg) and the Topajόs River 
(average: 0.29 mg/kg) in the Brazilian Amazon [26,27]. 
Furthermore, the range of EF values obtained during the dry season indicated Hg contamination, with 
severe contamination at site A1, whereas EF values for the wet season showed much cleaner sediments. It 
is presumed that high EF values indicate an anthropogenic source of Hg mainly from activities such as 
industrialisation, urbanisation, deposition of industrial wastes and others.  
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However, since the study area is remote from all industrial activities except artisanal gold mining (AGM), 
it is inferred that Hg in sediment is mainly the consequence of the artisanal gold mining activities. Further 
relating these systems to the Pra basin, one could also conclude that the river sediments from the studied 
rivers/streams in the Asutifi district receive high loads of Hg on a cyclic basis, and these inputs 
temporarily increase T-Hg levels above background concentrations in the dry season. In the wet season, 
Hg contamination is reduced and lower EF values are obtained. Thus, Hg contaminated particles are 
transported downstream into the Tano river as a result of increase flow rate of the rivers, a 
characteristics of the wet season. Hence, an investigation of the Tano River as well as its estuary is 
paramount as the sediment could act as a sink and source of Hg contamination to the river (water 
column) since AGM has come to stay in these communities.  
 

 

S1 S2 S3 S4 S5 S6 S7 S8 W1 W2 W3 W4 W5 A1 A2 A3 A4 A5 A6 A7 A8

-6
-5
-4
-3
-2
-1
0
1
2
3
4

Wet Dry

Sample sites

Igeo values

 
Figure 2: Igeo values for T-Hg in sediment samples for wet and dry seasons 

 
Finally, the geoaccumulation index was further used to assess the degree of T-Hg contamination in 
sediment samples. The world average shale data (i.e. T-Hg = 0.40 mg/kg) from Turekian and Wedepohl 
(1991) was used as the background value, since no background data is available for Ghana. From the 
chosen background, the calculated index of geoaccumulation (Igeo) of T-Hg in sediments from the study 
area is illustrated as Figure 2. The values of Igeo for T-Hg evaluated in the wet season for all samples 
exhibited a zero class, indicating unpolluted sediment quality. On the other hand, in the dry season 57% 
of the samples had Igeo values exhibiting class 1 - 4, indicating moderately to heavily polluted sediment 
quality. The enrichment factors compared favorably with the Igeo values in that in both cases, sediment 
samples collected in the wet season were not polluted with mercury, whilst sediments samples collected 
in the dry season were generally polluted.  

 
CONCLUSION 
The study reveals an anthropogenic impact of Hg in water and sediments from rivers in the area especially 
in the dry season. High T-Hg concentrations were recorded in Kenyasi, Wuramumuso and Nkaseim in the 
dry season compared to the wet season. The levels measured exceeded W.H.O drinking water guideline 
value (1µg/L) and the US EPA water quality criteria for the protection of aquatic life (2µg/L). T-Hg levels 
found in water and sediment media could be associated to current and past mining activities along these 
rivers.  
The mean Igeo value indicated surface sediments in the wet season were not practically contaminated 
whereas that of the dry season denoted uncontaminated to moderately contaminated. EF values also 
showed extremely high enrichment in the dry season. Thus, continuous monitoring of mercury in the 
watersheds of these rivers is vital as they are the source of drinking water for the indigenes in this part of 
Ghana. In addition, an investigation into the Hg load in the biota that thrives in these rivers, the Tano 
basin and their human health impact are very necessary.  
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