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Abstract

Artisanal gold mining (AGM) with metallic mercury has a long history in Ghana. It is believed to be over 2000 years old.

Today, AGM has escalated in a new dimension consuming about half of the country where gold lode deposits exist along

riverbanks or rivers are alluvial-gold rich. The Pra River in southwestern Ghana is a site of on going application of metallic

mercury in prospecting gold, and this paper examines mercury (Hg) contamination in the different environmental compartments in

its watershed. Samples of water, sediment, soil and biota (i.e., human hair and fish) were collected from locations along the course

of the river during the rainy and dry seasons of 2002 and 2003, respectively. Besides the obvious Hg point sources along the Pra

and its tributaries, the obtained results show that Hg levels and speciation in the studied aquatic system are controlled by

precipitation, which drives the hydrology and differences in flow regimes versus seasons. The seasonal difference in Hg speciation

suggests that methyl mercury (MeHg) found in the aqueous phase and riverine sediments is likely of terrestrial origin where its

production is favored during the rainy season by high soil water and organic matter content. The use of the enrichment factor (EF)

for the assessment of sediment quality indicated moderate to severe contamination of surface sediments in the rainy season, while

in the dry season, the EF index indicates nearly no pollution of surface sediments. Accordingly, most of the Hg introduced into this

river system is likely transported to depositional downstream terminal basins (e.g. the river delta and the Gulf of Guinea). With

regard to biota, Hg measured in hair in the dry period was higher than data obtained on samples collected during the wet period.

This could be explained at least in part by the shift in diet as a result of abundance of fish in the local markets and the concurrent

increase and more active fishing during the dry season. Mercury data obtained on a very limited number of fish samples collected

during the dry period only are also presented.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The mining of gold by mercury (Hg) amalgamation

technology has been known since ancient times. The

inexpensive nature of this amalgamation technique
0048-9697/$ - see front matter D 2005 Elsevier B.V. All rights reserved.
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yoked with the easier to use and quite efficient gold

recovery makes it to be the method of choice for

current small-scale gold mining nations in the devel-

oping world. And the socio-economic merits of gold

production by this methodology is obvious today;

nevertheless, artisanal gold mining (AGM) with Hg

faces strong opposition by the international communi-

ty. This is primarily due to the toxicity of alkyl-Hg
ent 368 (2006) 164–176
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compounds, namely MeHg, which bio-accumulates

and results in deleterious effects on biota and ecosys-

tem functions. Past Hg incidents are the Hg disaster in

Minamata, Japan in the 1950s (Klein and Goldberg,

1970; D’Itri and D’Itri, 1977) and Hg food poisoning

reported in Iraq, Pakistan, Ghana and Guatemala

(Bakir et al., 1973; Derban, 1974; Ehrlich, 2002),

which resulted in numerous deaths. Following these

fatal incidents, developed countries outlawed and

moved on to phase out the use of Hg in both mining

and several non-mining industrial activities. However

since the advent of the new gold rush in the 1980s,

thanks to socio-economic predicaments common to

most developing nations, the use of Hg to mine gold

has rebound and heightened in spite of the inception of

cyanidation technology. This is the situation in Ghana

presently; AGM with Hg has escalated in a new

dimension consuming about half of the country

where riverine sediments and riverbank materials are

rich in gold.

In Ghana, gold mining by Hg amalgamation was

given a booster in 1989 following its legalization by

the government (Addy, 1998; Bonzongo et al., 2004;

Donkor et al., in press). This type of mining is be-

lieved to be over 2000 years old; with Ghana earning

the name bGold CoastQ when the Europeans arrived

witnessing the land’s vast wealth of gold and the

indigenous gold industry being manned by Ghanaians

in their own simple way (Kesse, 1985). Currently, the

bulk of the gold production in Ghana comes from

goldfields in the southwestern part of Ghana, which

is drained by three main rivers comprising of the

Tano, the Ankobra, and the Pra. Inevitably, Hg from

process wastes is released to rivers and accumulated in

mine tailings along riverbanks. Unfortunately, in

Ghana, high annual precipitation and the resulting

active fluvial processes are likely to exacerbate the

widespread contamination of aquatic systems by Hg.

Accordingly, one would expect Hg to be transported

from mining sites from river upstream reaches to

downstream depositional areas including the river

delta and the Gulf of Guinea, which are economically

important fishing areas.

In this paper we report on Hg levels, speciation, and

distribution along longitudinal transect in the Pra River

system. Hg was determined on water, sediment, soil,

and biota samples collected during both the wet or rainy

and dry seasons. Our findings suggest that for a river

system impacted by gold mining by Hg amalgamation

for several centuries, Hg levels in different environmen-

tal compartment are rather low, although there is a clear

evidence of Hg contamination.
2. Materials and methods

2.1. Study area

Ghana is located in the western portion of the African

continent, which lies along the Gulf of Guinea. Ghana is

bounded in the east by the Republic of Togo, on the west,

is Ivory Coast and on the north, is Republic of Burkina

Faso. The climate is tropical and humid with tempera-

tures varying between 24 to 28 8C in the south. The study

area is the southwestern part of Ghana where most of the

gold mines are located, representing an area of 40,000

km2. In this region, the geology is dominated by the

Birimian and Tarkwaian formations (Kesse, 1985;

Dumett, 1998). Most of the rocks in this part of Ghana

have been formed through re-deposition as placer gold

deposits (also known as balluvial goldQ), due to a series of
erosional events. These are found in many of the rivers

draining the Birimian rocks or the gold belt particularly

the three major rivers: Pra and its tributaries, Ankobra,

and Tano (Kesse, 1985; Dzigbodi-Adjimah and

Bansah, 1995; Oberthur et al., 1997). Accordingly,

small-scale gold mining is restricted to these areas.

Gold output from this region, according to Addy

(1998) accounts for 81% of Ghana’s production and

AGM contributes only 10% of the annual tonnage of

gold in Ghana with the rest coming from commercial

ventures (Adimado and Baah, 2002).

Our investigations were conducted along the Pra

River, which takes its source from Kwahu Plateau

before joining by the main tributaries rivers Offin and

Birim to enter the Gulf of Guinea (Fig. 1). Nearly the

entire Pra Basin is spotted with active AGM sites.

2.2. Sampling

During the rainy season of 2002 and the dry season

of 2003 in Ghana, water, sediments, soils, and human

hair were collected along longitudinal transects in the

Pra River and its watershed. Samples were collected

from a total of 21 sites including locations near past and

current AGM sites and locations far up or downstream

of current and active mining centers. The 21 sampling

sites were selected on the Offin, the Upper Pra, and the

Lower Pra (see Fig. 1). From these sites, surface water

samples were collected from headwaters upstream of

known present and historic mining sites to near the

river delta. Sampling sites also included points of con-

nection between streams and canals connecting mining

sites/ponds to the Pra. Water samples were collected

directly into acid pre-cleaned TeflonR bottles, using the

bultra-clean free-metal samplingQ protocol as described
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Fig. 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. Sites 1, 2, 3, 4, 6, 16 and 20 have no known direct Hg input sources while sites 5, 7, 8,

9, 10, 11, 12, 13, 14, 15, 17, 18, 19 and 21 are directly impacted by either current or past artisanal mining activities.
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in our previous publications on Hg pollution in Ghana

(Bonzongo et al., 2003, 2004). Additional water sam-

ples were also collected in pre-cleaned polyethylene

bottles for the determination of dissolved organic car-

bon (DOC). In addition, surface sediment samples (0 to

~10 cm) were taken from sites of water collection into

acid pre-cleaned polyethylene containers by manual

scooping employing Teflon spoon. Soil samples were

also taken from some mining and amalgamation sites,

amalgam roasting points, and from sites away from

mining centers along the river.

Two types of biological samples were collected.

First, hair samples were cut close to the rear of the

scalp of each individual who volunteered at some

sites (Tables 6 and 7). Samples were obtained from

53 people including 2 females during the rainy season,

and only 7 in the dry period from one site. The

majority of the samples were from the miners whereas

the remaining live in riverine villages, having little or

no direct contact with gold mining activities. It was

extremely difficult to obtain hair samples because of

superstition especially in the dry season. Details of age,

occupation, and location of residence were also com-
piled during sampling resulting in easier assessment of

occupational and residential exposure. Additional in-

formation concerning dietary habits of the volunteers

was also collected employing an interview-adminis-

tered questionnaire. The questions covered fish con-

sumption, stressing on the most frequently consumed

fish during high and low flow regimes in the course of

the year. Secondly, dry fish samples were purchased

directly from local fishermen during the dry season.

The choice for dry fish sample was driven by two

main reasons. First, in the region under study, fish is

commonly consumed after being smoked using wood-

fire. This process allows the villagers to store large

amount of fish provisions, to be consumed mostly

during the long rainy season. Second, it was much

easier to transport to the USA. The selected species

were the most important in the local population’s diet.

Obtained fish samples were weighed, and identified

(e.g., scientific name) in the biology Department at the

University of Ghana. All collected samples were

shipped by express courier to our laboratory at the

University of Florida, Gainesville where all analyses

were conducted.
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Table 1

Concentrations of total-Hg (THg), methyl-Hg (MeHg), and dissolved

organic carbon (DOC) in water samples collected during both the

rainy and dry periods

Pra River

system

Total-Hg Methyl-Hg DOC

River

sections

Sites

#

Rainy

ng L�1

Dry

ng L�1

Rainy

ng L�1

Dry

ng L�1

Rainy

mg L�1

Dry

mg L�1

Lower Pra 1 295.7 171.3 2.59 b0.028 10.48 3.26

2 233.6 99.0 19.64 0.80 13.39 6.39

3 52.0 71.7 2.29 b0.028 21.62 6.87

4 29.1 104.4 1.15 b0.028 11.65 6.70

5 403.0 100.4 0.69 0.40 5.18 6.79

6 28.7 92.8 0.95 0.40 13.67 6.50

7 34.4 nd 1.86 nd 11.45 nd

8 36.1 57.2 2.65 0.60 11.07 6.67

Offin 9 420.3 169.1 1.57 b0.028 12.58 7.84

10 91.8 225.6 1.59 0.68 16.79 7.23

11 348.6 373.3 1.20 b0.028 14.46 7.65

12 230.1 308.5 3.08 0.71 5.71 6.65

13 84.6 249.6 1.97 0.82 13.82 7.50

14 41.6 182.4 1.79 0.49 7.12 7.64

15 220.5 462.1 1.87 0.51 10.88 3.14

16 148.9 79.8 1.23 0.47 15.31 6.74

Upper

Pra/Birim

17 41.5 188.0 0.88 b0.028 10.08 6.78

18 69.3 52.7 b0.028 0.59 9.37 6.91

19 136 45.8 0.93 0.45 4.46 11.61

20 293.5 118.2 0.99 0.78 10.11 6.74

21 210.7 84.7 1.03 0.70 8.33 6.17

Average – 164.28 161.83 2.378 0.420 11.31 6.79

Median – 136.00 111.30 1.570 0.480 11.07 6.76

Maximum – 420.30 462.10 19.640 0.820 21.62 11.61

Minimum – 28.70 45.80 0.000 0.000 4.46 3.14

nd = not determined and detection limit = 0.028 ng L�1 .
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2.3. Sample analysis

Before analysis, sediment and soil samples were

sieved and the b63 Am fraction was used for digestion

with a HCl /HNO3 /HF acid mixture (Hossner, 1996;

Bertsch and Bloom, 1996; Donkor et al., in press).

Following dilution with DI water, aliquots of the diges-

tate were analyzed for total aluminum using ICP-AES,

and total Hg by CV-AFS. Total and methyl Hg in water,

sediment, soil, and fish samples were determined fol-

lowing analytical procedures already described in our

previous publications (e.g., Warner et al., 2003; Bon-

zongo and Lyons, 2004; Bonzongo et al., 2004). In

addition to reagent blanks and standards, QA/QC crite-

ria were met by the use of certified reference materials

(IAEA-405 and DORM-2 for sediment/soil and fish

tissues, respectively). The percent recoveries on

IAEA-405 averaged 98%F7% for total-Hg (n =7)

and 91%F4% for methyl Hg (n =8). For DORM-2

with certified values of 4.64F0.26 mg/kg for THg

and 4.47F0.32 mg MeHg as Hg/kg, recovered aver-
aged values were 4.55F0.16 mg/kg (n =6) and

4.38F0.09 mg/kg (n =6), respectively.

Hair samples were first washed thoroughly with DI-

water and air-dried in a class 100 HEPA hood. For THg

determinations, about 50 mg were then digested over-

night at 80–90 8C using HNO3 (Akagi et al., 1995). For

MeHg, about 100 mg of hair was added to 2 ml of 5M

HNO3 in a Teflon-bomb and heated at 100 8C for

200 min (Diez and Bayona, 2002; Monturi et al.,

2004). An aliquot of cooled digestate was transferred

to a Teflon bubbler with 60 ml nanopureR water. The

mixture was buffered with an acetate buffer solution

(pH=4.5) and ethylated using sodium tetraethylborate

(Bloom, 1989). MeHg was determined after GC-sepa-

ration and thermo-decomposition by atomic fluores-

cence spectrometer. For hair samples, a human hair

certified reference material (IAEA-086) with a THg

concentration of 0.573 mg/kg and MeHg average con-

centration of 0.258 mg/kg was analyzed in conjunction

with the samples. Average recoveries were 98%F8%

and 93%F3% for THg and MeHg, respectively.

In addition to major ions (not presented in this

paper), water samples were also analyzed for the dis-

solved organic carbon (DOC), measured by high tem-

perature catalytic combustion using a Tekmar-

Dohrmann Apollo 9000 HS Combustion TOC Analyz-

er. Finally, the total organic carbon content of soil and

sediment samples was measured as loss on ignition

(LOI) by ashing at 550 8C for 2 h.

3. Results and discussion

3.1. Mercury in the aqueous phase

Concentrations of THg and MeHg determined on

samples collected during both the rainy and dry seasons

are presented in Table 1. In both seasons, trends in THg

concentrations show peak values corresponding primar-

ily to points of Hg inputs by active and past mining

activities. Based on the lack of signs of either current or

past mining activities in the headwaters of the studied

system, we anticipated a background low value from site

16 on the Offin River (Fig. 1). Surprisingly, in both the

rainy and dry seasons, THg data obtained from this

specific site were among the highest measured values,

a clear evidence of contamination that is likely attribut-

able to historic mining. In our previous investigation of

the wider southwestern Ghana (Bonzongo et al., 2004),

water samples collected from a control site (i.e. not

directly impacted by mining activities) had a THg con-

centration of 3.22 ng L�1, which is within the range of

most reported baseline values from different non-con-
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Table 2

Total and methyl-Hg concentrations in mg kg�1 in sediments samples collected during the rainy and dry periods

Pra River system Total-Hg Methyl-Hg Organic matter as LOI

River sections Sites # Rainy

mg kg�1

Dry

mg kg�1

Rainy

mg kg�1

Dry

mg kg�1

Rainy

%

Dry

%

Lower Pra 1 0.076 0.003 0.040 b0.001 2.08 0.46

2 0.076 0.008 0.046 b0.001 5.55 3.15

3 2.917 0.002 0.023 b0.001 9.98 1.68

4 0.018 0.017 0.007 b0.001 11.50 4.74

5 0.046 0.005 0.018 b0.001 1.30 0.25

6 0.103 0.043 0.010 0.001 4.92 0.96

7 0.022 0.009 0.015 nd 1.67 nd

8 0.310 0.002 0.015 0.001 7.61 3.01

Offin 9 0.032 0.008 0.002 0.001 0.59 0.46

10 0.022 0.007 0.003 b0.001 0.28 0.40

11 0.132 0.118 0.048 b0.001 1.50 0.47

12 0.329 0.026 0.009 b0.001 2.62 2.48

13 0.032 0.007 0.015 b0.001 0.62 0.53

14 0.121 0.018 0.040 b0.001 1.79 0.47

15 0.072 0.036 0.009 b0.001 6.53 2.79

16 0.189 0.010 0.075 b0.001 6.85 4.39

Upper Pra/Birim 17 0.079 0.002 0.018 b0.001 1.91 1.74

18 0.678 0.002 0.028 b0.001 2.89 0.52

19 0.071 0.005 0.007 b0.001 1.56 0.39

20 0.180 0.030 0.003 0.005 7.91 0.84

21 0.070 0.043 0.005 0.005 3.47 2.91

Average – 0.265 0.019 0.021 0.001 3.96 1.63

Median – 0.077 0.008 0.015 0.000 2.62 0.84

Maximum – 2.917 0.118 0.075 0.005 11.50 4.74

Minimum – 0.018 0.002 0.002 0.000 0.280 0.25

Detection limit = 0.001 mg kg�1, nd = not determined and BDL = below detection limit.
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taminated aquatic systems (e.g., Gill and Bruland, 1990;

Bonzongo et al., 1996; Lyons et al., 1999). In fact, all

sampled sections of the Pra River system in this study

are obviously contaminated with Hg and the mean THg

concentrations in this river system are 1 to 2 orders of

magnitude higher than those found in most uncontam-

inated rivers. Measured THg concentrations in the Pra

River waters ranged from 28.7 to 420.3 ng L�1 in the

rainy season and from 45.2 xto 462.1 ng L�1 in the dry

season (Table 1). When sites are considered individual-

ly, THg values decrease or increase with the shift from

rainy to dry season. Without total suspended solid (TSS)

data (not measured), we can only speculate that peak

values in the rainy season are likely due to inputs of Hg-

contaminated particles as reflected by the observed

highly turbid surface waters, while during the dry sea-

son, high THg levels are sustained by the increase in

mining activities, that are usually less intensive in the

rainy season due to frequent flooding.

Unlike the THg values discussed above, MeHg con-

centrations show a clear decline from the rainy to the dry

season, and during the dry season a few samples had

MeHg levels below our analytical detection limit of

~0.028 ng L�1. We believe that MeHg measured in
surface waters during the rainy season is predominantly

from terrestrial sources, and introduced into surface

river waters via soil erosion and runoffs. However in

the dry season, the terrestrial source either ceases or

minimizes and measured MeHg probably originates

predominantly from in-river production, supplemented

by any other potential sources such as groundwater

inputs. This observation is supported in part by our

DOC data (Table 1). During the rainy season, DOC

concentrations are higher than in the dry season presum-

ably due to terrestrial organic matter inputs from the

heavily vegetated watershed of the studied river system.

The latter then translates into high DOC in the aqueous

phase despite the high dilution effect caused by torren-

tial rains characteristics of Southern Ghana. Overall,

DOC values decrease at nearly all sites during the dry

season, supporting the above-stated hypothetical expla-

nation. It is worthy to note that MeHg determined on our

water samples is not the total extractable MeHg. Since

neither distillation nor a chemical extraction was con-

ducted prior to sample ethylation, measured MeHg is

operationally defined here as labile MeHg. This avoids

the recently reported analytical artifacts associated with

MeHg separation from the sample matrix with high inor-
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Table 3

Total aluminum (Al) and total mercury (THg) data used in the

determination of the enrichment factora (EF) for sediment collected

in the rainy and dry seasons

Site # Rainy season Dry season

THg

mg kg�1

Al

mg kg�1

EF THg

mg kg�1

Al

mg kg�1

EF

1 0.076 278.10 55 0.003 90.0 7

2 0.076 267.50 57 0.008 308.0 5

3 2.917 236.90 2463 0.002 406.0 1

4 0.018 146.20 25 0.017 570.0 6

5 0.046 174.70 53 0.005 117.0 9

6 0.103 195.10 106 0.043 198.0 43

7 0.022 223.60 20 0.009 287.0 6

8 0.310 348.90 178 0.002 245.0 2

9 0.032 172.20 37 0.008 315.0 5

10 0.022 55.90 79 0.007 320.0 4

11 0.132 236.80 111 0.118 660.0 36

12 0.329 317.60 207 0.026 323.0 16

13 0.032 178.00 36 0.007 462.0 3

14 0.121 262.90 92 0.018 1449.0 2

15 0.072 361.40 40 0.036 699.0 10

16 0.189 544.80 69 0.010 420.0 5

17 0.079 226.80 70 0.002 407.0 1

18 0.678 158.10 858 0.002 318.0 1

19 0.071 273.70 52 0.005 509.0 2

20 0.180 736.90 49 0.030 288.0 21

21 0.070 236.80 59 0.043 247.0 35

Reported shale values for Al and THg were used as reference back

ground concentrations (see text).
aEFb2 deficient to minimal enrichment; EF=2–5 moderate enrich

ment; EF=5–20 significant enrichment; EF=20–40 very high en

richment; and EFN40 extremely high enrichment (Loska et al.

2004).
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ganic Hg and organic matter concentrations (e.g. Bloom

et al., 1997). Therefore, values listed as BDL in Table 1

could simply correspond to the lack of labile MeHg.

Further, our Hg when compared with available safe

guidelines for water consumption on one hand and THg

levels in tropical river systems impacted by similar

AGM activities on the other hand, the following trends

are observed: first, THg levels in waters of the Pra

River system do not exceed the 1000 ng L�1 or the

2000 ng L�1 levels for drinking water set by the World

Health Organization (WHO, 1976) and the USEPA,

respectively. However, all obtained values exceed the

12 ng L�1 standard set by the USEPA for the protection

against chronic effects to aquatic wildlife (USEPA,

1985). Second, THg concentrations determined in the

Pra River waters are higher than values reported for

most Hg-contaminated sites in the Brazilian Amazon

and Indonesia. For instance, while THg values in the

Pra River system average 164.28 and 161.83 ng L�1

for the wet and dry seasons, respectively, far lower

values have been reported for the Madeira and the

Tapajos rivers in Brazil, averaging 9.51 and 3.4 ng

L�1, respectively (Cleary and Thornton, 1994; Malm

et al., 1990; Lechler et al., 2000; Bonzongo et al.,

2002). A similar trend is observed with data reported

for some Indonesian sites, averaging 6.03 ng L�1

(Aspinall, 2001). In contrast, THg values reported

from AGM-impacted sites in the Mindanao Island, in

the Philippines are several orders of magnitude higher

than numbers obtained from any of the above-men-

tioned sites and average 75,400 ng L�1 (Appleton et

al., 1999; Akagi et al., 2000; Drasch et al., 2001). The

observed differences between the Ghanaian river basin

and the other AGM sites could be attributed to several

reasons as discussed in our earlier publication (Bon-

zongo et al., 2004). In the case of MeHg, contrasting

with the well studied Hg-impacted Madeira and Tapajós

Rivers, concentrations measured in samples collected

from the Pra River Basin are far higher. Finally, with

regard to the longitudinal distribution of both THg and

MeHg, unlike most impacted river systems which show

a general decrease downstream from main points of Hg

introduction to the river (Bonzongo et al., 2002), the

Pra River and its tributaries have several and unequally

distributed past and current mining sites resulting in a

rather peculiar Hg distribution from headwaters to the

most downstream reaches.

3.2. Mercury in sediments

Total and methyl Hg concentrations determined on

surface sediment samples collected during both the
rainy and dry seasons from the 21 sites along the Pra

River system are presented in Table 2. With the excep-

tion of four samples collected during the rainy season

from sites 3, 8, 12, and 18, none of the other measured

Hg concentrations exceeded the USEPA quality guide-

line of 0.2 mg kg�1. Generally, THg values were higher

in samples collected during the rainy season, when

inputs of Hg-contaminated particles into the river are

high, resulting in increased sediment Hg-levels. In ad-

dition, high river flow regimes characteristics of the

rainy seasons in this tropical region produce sediment

re-suspension resulting in downstream transport of

Hg-contaminated fine sediment particles. This loss of

Hg-contaminated fine particles to downstream deposi-

tional river reaches results in the decrease in THg

concentrations observed along the same river transect

during the dry season. Sediment organic matter content

follows approximately a similar trend, in that high OM

content is associated with the rainy season and low

values with the dry season. Of interest is the trend of

MeHg concentrations between seasons. While THg in
-

-

-

,
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Fig. 2. Trends of the enrichment factor (EF) in the rainy (full circles) and dry (empty circles) seasons. The dotted horizontal line shows the point of

quasi separation of rainy and dry seasons.
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samples collected during the wet season contained ~1%

to N68% MeHg, the methylated Hg fraction was barely

detectable in most of the samples collected during the

dry period. Similar to the water data discussed earlier,

we believe that the higher MeHg concentrations ob-

served in surface sediments during the wet period are

mostly due to terrestrial inputs, perhaps in combination

with in-river sediment production.

Measured THg levels in the top 0–10 cm were rather

low as only 4 samples exhibited THg concentrations

N0.2 mg kg�1, the above-mentioned USEPA sediment

quality guideline. One possibility could be that the local

THg background in geological material is naturally

very low. This is supported by our very limited number

of THg data on soil from sites not directly impacted by

mining activities. In such cases, to assess the deviation

of measured THg concentrations in sediments from

background values, several approaches can be used

ranging from simple metal / normalizer ratios (Singh et

al., 1997; Datta and Subramanian, 1998; Birch et al.,

2001), to more complex methods based on regression

analyses (e.g. Rowlatt and Lovell, 1994). Metal to

normalizer ratio approaches include the determination

of the enrichment factor (EF) (e.g., Sutherland, 2000)

and the geo-accumulation index (Igeo), which was pro-

posed originally by Muller (1969). In the normalization

approaches, used background concentrations are usual-

ly values reported for shale or the earth’s upper crust.

But, in a few specific cases, the use of local background

values, when available, seems more appropriate, partic-

ularly when the latter is order of magnitude lower than
the shale and/or the crust reference values (e.g. Ram

et al., 2003; Woitke et al., 2003). In this study, we

choose to normalize our THg data using aluminum as

a tracer and proxy for grain size. And based on reported

background shale values for metals of interest

(i.e., THg=0.40 mg kg�1 and Al=80,000 mg kg�1;

Turekian and Wedepohl, 1961; Mason and Chapman,

1982), the sediment enrichment factor (EF) was calcu-

lated using THg and Al data obtained from the b63 Am
sediment fraction (Subramanian and Mohanachandran,

1990; Sahu and Bhosale, 1991; Rodrogues-Filho and

Maddock, 1997). The following equation was used to

calculate the EF:

EF ¼
�
Hg

Al

�
sample

�
Hg

Al

�
shale

�

where (Hg /Al)sample is the ratio of THg to total alumi-

num concentrations determined on the sediment sample

and (Hg /Al)shale is a similar ratio based on shale refer-

ence data. Obtained EF values are shown comparatively

in Table 3 and Fig. 2 for both seasons. Fig. 2 shows a

clear separation of EF values, with the rainy season

plotting above the dry season. The range of EF values

obtained during the rainy season is indicative of con-

tamination, with extremely severe contamination at two

of the 21 sites. In contrast, EF values obtained in the

dry season show much cleaner sediments. Using this

approach, it appears that riverine sediments in the Pra

River system receive high loads of Hg on a cyclic basis

and these inputs temporally increase THg levels above
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Table 4

Total and methyl-Hg concentrations and percent organic matter (% OM) in soil samples collected during the rainy and dry periods

Pra River

River sections

Site

numbers

Site

characteristics

THg (mg kg�1) MeHg (mg kg�1) % OM

Wet season Dry season Wet season Dry season Wet season Dry season

Lower Pra 1 Non-mining 0.008 0.012 0.003 b0.001 0.75 0.36

2 Non-mining 0.042 0.010 0.010 b0.001 4.27 1.01

3 Non-mining 0.011 0.007 0.005 b0.001 0.50 0.51

4 Non-mining 0.027 0.015 0.007 b0.001 2.08 1.05

5 Mining site 0.011 0.006 0.004 b0.001 0.86 0.37

6 Non-mining 0.260 1.106 0.048 b0.001 4.38 2.30

7 Past-mining 4.876 nd 0.128 nd 1.78 nd

8 Mining site 0.089 0.015 0.030 b0.001 0.90 2.09

Offin 9 Tailings impacted 0.015 0.010 0.004 b0.001 0.45 0.47

Amalgamation 0.052 nd 0.008 nd 1.59 nd

*100 m 0.066 nd 0.034 nd 4.51 nd

*500 m 0.140 nd 0.008 nd 6.04 nd

10 Mining 0.036 0.028 0.020 b0.001 2.24 17.56

11 Tailings impacted 0.025 nd 0.015 nd 0.17 nd

Mining site 0.034 0.023 0.016 b0.001 0.49 0.38

12 Mining site 0.057 0.016 0.004 b0.001 1.58 0.65

*100 m 0.543 nd 0.141 nd 1.22 nd

*300 m 0.062 nd 0.020 nd 2.92 nd

*500 m 0.022 nd 0.010 nd 1.11 nd

13 Mining site nd 0.028 nd b0.001 nd 0.56

Roasting site 5.547 nd 0.162 nd 1.32 nd

*100 m 0.168 nd 0.003 nd 0.23 nd

*300 m 0.060 nd 0.005 nd 1.34 nd

*500 m 0.015 nd 0.010 nd 4.18 nd

14 Mining site 0.272 0.022 0.008 b0.001 9.92 0.37

*300 m 0.036 nd 0.005 nd 0.56 nd

*500 m 0.074 nd 0.002 nd 1.82 nd

15 Tailings impacted 0.029 0.025 0.002 b0.001 3.86 nd

Roasting site 0.052 nd 0.013 nd 1.89 5.42

*100 m 0.028 nd 0.010 nd 1.26 nd

*300 m 0.070 nd 0.028 nd 2.92 nd

*500 m 0.027 nd 0.020 nd 5.41 nd

Upper Pra/Birim 16 Non-mining 0.149 0.031 0.054 b0.001 1.47 2.10

17 Non-mining 0.197 0.012 0.042 b0.001 3.06 2.15

18 Mining site 0.138 0.010 0.050 b0.001 1.97 0.65

19 Mining site 0.079 0.031 0.030 b0.001 4.94 5.11

20 Mining site 0.093 0.037 0.020 b0.001 1.54 2.88

21 Mining site 0.091 0.009 0.018 b0.001 1.90 1.11

*Distance from mining site, detection limit = 0.001 mg kg�1, nd = not determined.
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background concentrations (i.e., higher inputs of Hg-

contaminated particles in the rainy season). In the dry

season however, the contamination is reduced and

lower EF values are obtained; thanks to the efficient

downstream transport of fine Hg-contaminated particles

which are likely discharged into the Gulf of Guinea, the

terminal basin for the Pra River. If true, this could then

have long-term implications with regard to the local

fishing industry since the Gulf of Guinea serves as an

important fishing site for both local inhabitants and

commercial fishing.

Finally, comparing our sediment THg data with

those obtained from some of the well-studied AGM-

impacted sites discussed earlier (Section 3.1.) the aver-
age THg concentrations of 0.265 and 0.019 mg kg�1

for wet and dry seasons, respectively, in the Pra River

system are far lower than the reported 21.03 mg kg�1

for the Philippines’ sites. Nevertheless, the Ghanaian

mean values compare quite well with some of

the numbers reported for the Maidera River (average:

0.04 mg kg�1) and the Tapajós River (average:

0.29 mg kg�1) in the Brazilian Amazon (e.g. Malm

et al., 1990; Malm, 1998; Lodenius and Malm, 1998).

Moreover, these data from the Pra River seem to be on

the low end for sites that have been supposedly exposed

to AGM by Hg amalgamation for centuries; a few

previous studies (e.g. Bonzongo et al., 2004) recently

conducted in the same watershed found broader ranges
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Table 5

Average total and methyl-Hg concentrations in tissues (dry weight) in mg kg�1, average weight in grams and average length in centimeters from

four different fish species that are common in local people’s diet collected along Pra River during January 2003 dry season

Species’ scientific name Common name Diet habit n Average weight Average length Average THg Average MeHg

Synodontis sp. Cat fish Bottom feeder 4 17.58F16.48 14.45F8.94 0.69F0.57 0.0035F0.0012

Hepsetus odoe Kafue pike Piscivorous 2 66.01F1.41 26.0F1.41 4.473F0.42 0.0072F0.0014

Clarias sp. Mud fish Bottom feeder 2 40.60F28.43 22.25F6.72 1.04F0.05 0.0019F0.0001

Sarotherodon melantheron Tilapia Planktivorous 4 22.75F8.19 15.0F1.58 0.08F0.01 b0.001

Detection limit = 0.001 mg kg�1.
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and higher levels of THg in water, sediments, and soils,

when samples collected from mining ponds and canals

connecting these ponds to rivers were included. Lastly,

and similar to the trend observed in the aqueous phase,

MeHg levels in sediments were higher than most values

reported for sites with similar climate and impacted by

artisanal gold mining.

3.3. Mercury in soils

Soil samples were obtained from locations near

sites of water and sediment sample collection (Fig.

1). At sites 9, 12, 13, 14, and 15, additional soil

samples were collected along outward transects from

mining centers in the wet season only. Measured THg

and MeHg concentrations as well as the organic mat-

ter content of these soil samples are presented in Table

4. Besides three peak values obtained in samples

collected from sites #7 (4.87 mg kg�1) and #13

(5.55 mg kg�1) in the rainy season, and site #6 (1.1

mg kg�1) in the dry season, no marked differences

was observed in THg levels from mining versus non-

mining sites. Hg was detected in both the wet and dry

seasons without major changes in concentration

trends. However, MeHg was undetectable in soil sam-

ples collected in the dry season. This is likely due to

the low water content of these dry soils, and we

believe this to be a limiting factor for microbial driven

MeHg production when compared to the nearly wet at

field capacity for soil samples collected in the rainy

season. Further MeHg levels observed in the soils

followed a quite similar trend as observed in the

aqueous phase (Table 1); in that higher values were

recorded during the high flow period and lower con-

centrations including several values below our analyt-

ical detection limit were found in the dry period.

Although no statistically significant relationship was

observed between the two parameters, the striking

similarity in MeHg trends in the two compartments

presupposes a non-linear linkage between the two. As

hypothesized earlier, these trends tend to suggest that

terrestrial sources could account for a good portion of
MeHg found in the river channel. In consequence, the

potential of both soils and sediments to produce

MeHg versus seasons calls for further investigations.

Finally, our investigation of the distribution of Hg

concentrations away from points of different mining

activities in the rainy season (Table 4) showed no

consistent increasing or decreasing trends, and overall,

the mean THg soil values from the Pra River system

are lower than those reported for river systems used

for comparison in earlier sections of this paper.

3.4. Mercury in biological tissues

THg and MeHg were also determined in fish tissues

and human hair samples collected from the Pra River

Basin, and obtained results are discussed below.

3.4.1. Mercury in fish tissues

During our trips to the sampling sites and due to

limited fish availability, only a total of 12 fishes were

purchased from fishermen in villages along the river

Pra. Due to this limited number of samples, the

obtained data are presented here to simply illustrate

the average concentrations of Hg versus the fish tro-

phic levels (Table 5). The two bottom feeders (Claria

sp. and Synodontis sp.) and the piscivorous fish (Hep-

setus odoe) had average THg concentrations above the

WHO’s safe consumption guideline of 0.5 mg kg�1. In

contrast, the tilapia (Sarotherodon melantheron)

showed THg concentrations below the above-men-

tioned guideline. Curiously, and unlike in most reports

on Hg fish data determined on fresh tissues, the fraction

of THg occurring as MeHg represented b1% in all fish

samples analyzed in this study. Our efficient recoveries

on tested reference material (DORM-2) described in the

analytical section of this paper suggested that this was

not an analytical problem. However, the technique of

fish dehydration via smoking used by villagers for

long-term conservation purposes could explain the ob-

served low MeHg. One could speculate that heat driven

MeHg degradation during the smoking process was

responsible for the observed low MeHg values. How-



Table 6

THg and MeHg concentrations in mg kg�1 in head hair samples

collected from indigenous people along the river Pra during the rainy

period of 2002

Sampling

site #

n Age Sex Occupation THg MeHg

43 M Farming 1.58 0.11

20 M Student 0.40 0.11

1 5 17 M Student 0.41 b0.01

45 M Fishing 1.66 0.03

50 M Farming 4.13 0.12

46 M Farming 0.77 0.19

21 M Farming 1.19 0.10

2 5 55 M Storekeeper 0.39 b0.01

32 M Farming 1.02 0.20

35 M Farming 0.48 0.06

22 M Trader 1.37 0.59

3 2 15 M Farming 0.43 0.03

18 M Unemployed 1.16 0.89

25 F Trader 0.71 0.07

27 M Mechanic 0.69 b0.01

60 M Farming 1.29 0.83

4 10 26 F Housewife 0.63 0.37

22 M Laborer 1.00 0.32

40 M Sanitary job 0.85 0.07

23 M Unemployed 0.85 0.07

27 M Farming 0.97 0.04

24 M Farming 0.54 0.12

32 M Farming 1.56 0.36

5 2 26 M Farming 0.55 0.17

32 M Mining 0.87 0.13

55 M Mining 0.60 0.10

22 M Mining 0.70 0.13

9 7 29 M Mining 1.09 0.08

36 M Mining 0.93 0.23

30 M Mining 0.82 0.44

32 M Mining 0.58 0.06

26 M Mining 0.79 b0.01

30 M Mining 1.39 0.25

11 4 27 M Mining 1.83 0.06

29 M Mining 1.38 0.22

15 M Mining 0.99 b0.01

47 M Mining 0.96 0.33

25 M Mining 0.69 0.01

12 8 28 M Mining 1.12 b0.01

12 M Mining 0.85 b0.01

28 M Mining 0.96 0.01

16 M Mining 2.73 0.07

38 M Mining 1.44 b0.01

29 M Mining 2.41 0.21

15 M Mining 0.68 b0.01

22 M Mining 1.27 b0.01

40 M Mining 1.42 0.07

32 M Mining 1.50 0.20

14 12 20 M Mining 0.75 b0.01

20 M Mining 0.98 0.19

19 M Mining 1.81 0.40

39 M Mining 1.22 0.25

25 M Mining 1.34 b0.01

22 M Mining 1.41 0.19

34 M Mining 1.17 0.02

Table 7

THg and MeHg concentrations in mg kg�1 in head hair samples

collected from indigenous people at the sampling location number 6

during the dry period of 2003

Sampling site n Age Sex Occupation THg MeHg

23 M Mining 3.42 0.138

34 M Mining 6.50 0.278

36 M Mining 2.65 b0.01

6 7 39 M Mining 5.26 0.060

33 M Mining 0.89 0.211

33 M Mining 2.19 b0.01

33 M Mining 1.51 0.661

Detection limit = 0.01 mg kg�1.

A.K. Donkor et al. / Science of the Total Environment 368 (2006) 164–176 173
ever, since no fresh fish tissues were analyzed in this

study, it was therefore impossible to conclude without

reservation on the cause of the observed low MeHg

levels. Since smoked fish is the main form of fish

consumed predominantly during the long rainy season,

the smoking practice might reduce the exposure to

significant amount of MeHg. It is clear that a more

comprehensive investigation of Hg in fish tissues (dry

and fresh) encompassing spatial and temporal varia-

tions and more trophic levels are needed.

3.4.2. Mercury in human hair

Hair samples came from 53 subjects in the rainy

period from a total of 9 sites (Table 6) and only

7 individuals volunteered in the dry season, all from

site #6 (Table 7). The miners contributed the majority

of obtained hair samples. The highest THg levels

were found in the dry season (Table 7), likewise

MeHg. Overall, high levels of Hg were observed in

the upper river reaches, active mining areas (sites #5,

6, 9, 11, 12 and 14) than the lower reaches non-

mining centers (sites #1, 2, 3, and 4). With reference

to age and THg, no significant relation was found

(r2=0.02; p N0.05) particularly in the rainy period.

Thus THg concentrations in the adult and the young

hairs did not indicate any consistent trends. The

females on the other hand, were small in number,

two, nevertheless the hair Hg value observed in the

two donors were lower than many of the hair Hg in

the male counterparts. And in all the cases examined

the miners were greatly exposed to Hg than any other

professionals with reference to THg (Tables 6 and 7).

In general, the proportion of MeHg in head hair to

THg in individuals were below 50% of the THg with
Notes to Table 6:

Detection limit = 0.01 mg kg�1 . Samples were collected from villages

corresponding to the listed site numbers. The number of individuals pe

site is listed in column 2. Detection limit = 0.01 mg kg�1.
r
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the exception of few individuals among the riverine

population downstream (sites #3 and 4, Table 7),

indicating that inorganic Hg was the predominant

form of Hg in the hair samples. Besides, most miners

interviewed confessed eating fish at least four times a

week. In the Pra River Basin, it appears that gold

mining by Hg-amalgamation technique leads to ex-

cessive leaching and dispersal of Hg, which contam-

inates non-mining downstream reaches of the river

system. The consequence is the accumulation of Hg

in aquatic organisms as evidenced in the most pa-

tronized fish species (Table 5). As such the exposure

of these miners to Hg is likely due to both direct

inhalation of Hg vapor during the gold extraction

processes and ingestion of Hg-contaminated fish.

Whereas, the probable route for the riparian popula-

tion downstream to Hg exposure is primarily through

the intake of Hg-contaminated fish. Finally, the dif-

ferences in number of head hair in the two seasons

are huge (Tables 6 and 7), yet the mean THg con-

centrations in hair do confirm findings reported pre-

viously from the Amazon, in that hair samples

collected during the dry period are richer in Hg

than those obtained during the rainy season.

In spite of all, Hg levels measured in hair samples

obtained from both miners and non-miners were on the

low end and far below the 50 mg kg�1 guideline

recommended by the World Health Organization

(WHO, 1976). Overall, the average Hg values mea-

sured in Ghanaian hair samples were much lower

than those documented in the literature for Brazil

(8.89 mg kg�1, Madeira River and 16.2 mg kg�1,

Tapajós River) and the Philippines 4.14 mg kg�1),

two countries where similar mining operations prevail.

These trends could be explained at least partly, by

differences in diet habits in these locations during the

time of sample collection. Nevertheless, these findings

of Hg in hair from Ghana did confirm the seasonal

variations of previous studies carried out in the Brazi-

lian Amazon (Akagi et al., 1995; Kehrig et al., 1997;

Dolbec et al., 2001; Maurice-Bourgoin et al., 2003;

Coquery et al., 2003), where high levels of Hg in hair

in the dry period was linked to the consumption of fish

abundant at that time unlike the wet period (Malm et

al., 1995; Barbosa et al., 1995; Bidone et al., 1997)

characterized with minimal fish catch.
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