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Abstract 

Background:  Many years of gold mining in Ghana has generated huge environmental legacy issues, particularly 
contamination from heavy metals and metalloids. The present study evaluated the contamination from arsenic (As), 
cadmium (Cd), copper (Cu), mercury (Hg) and lead (Pb) in sediment cores at Bibiani, a historical gold mining town in 
Ghana. The study took a retrospective look at these contaminations by conducting sediment core analysis of heavy 
metals in sediments collected from Lake Amponsah in the Bibiani district. Sediment cores were sampled to a depth of 
30 cm.

Results:  The Lake was found to be undergoing sedimentation at an average rate of 1.76 cm/y. There was marginal 
decline in Hg concentrations over the past two decades (from the 1990s to 2010s), while the other metals showed 
relatively increasing trends. The Hg policy restricting Hg usage in Ghana since 1989 has contributed to the recent mar‑
ginal decline of Hg in the sediment. It was found that small-scale miners illicitly applied Hg but used crude retrofits 
to recover some of the Hg during the gold amalgamation process. This perhaps contributed to the marginal decline 
being observed in the sediment compartment with depth. Nevertheless, there was concern of potential risk of expo‑
sure to gaseous Hg during the amalgamation process.

Conclusion:  Based on findings of this study, Hg legislation in Ghana should be enforced to the latter as it has shown 
good sign of reducing environmental contamination from this metal.
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Background
Contamination from chemicals remains one of the most 
serious environmental problems in Ghana, and indeed in 
most parts of the world. Various activities linked to seg-
ments of the Ghanaian economy have been implicated in 
issues of chemical contamination. For instance, mining 
operations in Ghana, which predates the 19th century, 
over the years have caused contamination from heavy 
metals in the local environment (Bamford et  al. 1990; 
Amonoo-Neizer et  al. 1995; Ahmad and Carboo 2000; 

Antwi-Agyei et al. 2009; Nartey et al. 2012). The applica-
tions of pesticides and fertilizers in agriculture, the use 
of various insecticides for agricultural and public health 
reasons, as well as poor waste management practices 
have all introduced various groups of chemical contami-
nant into the environment in Ghana (Awumbila 1996; 
Ntow et al. 2006; Obiri-Danso et al. 2011; Hogarh et al. 
2014).

A major aspect of the fate of chemical contaminants 
in the local environment concerns their migration into 
water bodies, especially via runoffs. This has contrib-
uted to widespread contamination of streams, rivers 
and lakes dotted across the country, with some virtually 
dying off (Down and Stocks 1978; Asante et  al. 2007). 
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Many of these degraded water bodies are either located 
in the urban centres or within enclaves of mining activi-
ties. In Accra, the capital city of Ghana, there has been 
huge investment to dredge the Odaw River, for example, 
to bring it back to life. This has however proved elusive 
due to recurrent inflows of both chemical and biologi-
cal stressors among other environmental pollutants. 
Similarly, the Densu River, which supplies parts of Accra 
with drinking water, is reportedly heavily polluted along 
its tributaries such that the Ghana Water Company has 
complained of increased cost of treating drinking water 
from this source. In rural communities, the main threats 
endangering the sanctity of water bodies have emanated 
from mining and agricultural practices (Donkor et  al. 
2005, 2006a; Bortey-Sam et al. 2015).

The pollution of rivers and lakes from chemicals leads 
to accumulation of these chemicals in sediment. Thus, 
sediments act as a major sink of chemical pollutants such 
as heavy metals (Audry et  al. 2004). Sediments there-
fore contain an environmental record of pollutants that 
can be useful to help establish retrospectively the pollu-
tion history of an area. Sediments build up gradually in 
a water body, such that older sediments are locked up in 
deeper layers while recent sediments are in upper layers. 
Potentially, past contaminations would remain buried 
with older sediments and recent contaminations associ-
ated with upper layer sediments. Provided a water body 
has not been dredged, a drilled sediment core could pro-
vide a good spectrum of pollution dynamics in a water-
shed (Spencer and MacLeod 2002). Many scientists have 
applied sediment core analysis to evaluate geochrono-
logically the pollution record in a particular catchment 
area (Burton 1991; Masunaga et  al. 1999; Begum et  al. 
2009). Geochronology information from sediment core 
is largely obtained from radioactive dating (Jeter 1999). 
In the absence of radioactive dating, echo-sounding may 
be indirectly used. Echo-sounding has been used to map 
bottom sediments and to provide depth details of a reser-
voir (Odhiambo and Boss 2004; Balan et al. 2013). Where 
change in depth of a reservoir could be established and 
reasonably linked to sediment build-up, the rate of sedi-
mentation so estimated could be applied to deduce useful 
information on geochronology.

The present study applied the concept of sediment 
core profile to evaluate heavy metal contamination 
in the Lake Amponsah at Bibiani, a mining enclave in 
Ghana. Gold mining in Bibiani dates back to 1900s. 
There has been several re-mining and closure at Bibiani 
since 1913. Bibiani Limited one of the foremost min-
ing companies to begin mining operations in the town, 
embarked solely on underground operations until shut-
down in 1961. Between 1987 and 2013, several other 
mining companies had operated at the Bibiani mines 

for comparatively different periods. Historically, Hg was 
applied in large-scale gold mining at Bibiani. Although 
Hg is presently highly regulated (Mercury Act 1989) 
and no longer used in large-scale operations, small-scale 
gold miners continue to illicitly apply it. This is because 
Hg provides a cheap and effective means to extract gold 
from poor quality gold ores. The continuous application 
of Hg however raises serious environmental health con-
cerns. For instance, Hg is easily converted to methyl-Hg 
in sediment. The bioaccumulation of methyl-Hg in fish 
was implicated in the Minamata disease (Harada 1995). 
Inorganic Hg may also cause various neurotoxic effect 
and damages to human organs such as the kidney (Lang-
ford and Ferner 1999). This study provided a retrospec-
tive analysis of contamination from heavy metals (Hg, Pb, 
As, Cu and Cd) in the Bibiani mining district in Ghana, 
applying sediment core analysis. Contamination trends 
were established and discussed from the perspective of 
local policies governing mining in Ghana.

Methodology
Study area
The study was conducted at Bibiani (Fig.  1), a mining 
township in Ghana, situated at 6.47° North latitude, 2.33° 
West longitude and 260 meters elevation above sea level. 
Gold mining is the main industrial activity at Bibiani; 
both large-scale mining and artisanal small-scale min-
ing (including illicitly operated ones known locally as 
galamsey) are practiced in this community. Bibiani has 
a population of approximately 26,000 (BABDA 2006). A 
key feature at Bibiani is Lake Amponsah, a man-made 
reservoir, which was constructed by the then State 
Gold Mining Corporation, for domestic water use. It 
had a mean depth of approximately 4.00  m at the time 
it was constructed in 1960. The Lake covered an area of 
0.051  km2 (51,156.67  m2) and had a storage capacity of 
about 168,205.40 m3 (37 million gallons) of water. It also 
receives storm runoff from within its immediate catch-
ment areas; notably, the Amponsah stream that drains 
the community.

Sampling
Sediment cores were sampled to a depth of 30 cm from 
three sites within Lake Amponsah, applying a PVC corer 
of 5 m length and 2 cm diameter. After sampling, the sed-
iment cores were carefully removed from the corer and 
allowed to dry in ambient air for 72  h. The dried cores 
were then sliced into equal sections of 5 cm each.

Sample preparation and laboratory analysis
Sliced sediment samples were air dried at room tempera-
ture for 4  h in the laboratory. With the aid of a mortar 
and pestle, each slice was ground into fine powder and 
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sieved using a mesh of 2 mm diameter. One gram of the 
ground sediment sample was wet digested using 10  mL 
of concentrated HClO4 (70  %), 10  mL of concentrated 

HCl (38  %) and 0.2  mL of H2O2 (30  %) (which served 
as a catalyst). The chemicals were all of analytical grade 
from Fisher Scientific, UK. The digestion was done on a 

Fig. 1  Study location in Ghana (Map of lake was derived from Google Map)
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hot plate in a fume chamber. The digested mixture was 
allowed to cool to room temperature, filtered and then 
made up to 100 mL with de-ionize water.

Arsenic concentration was determined applying the 
Palintest (Wagtech) method (Bralatei et  al. 2015). Fifty 
milliliters of the digest was transferred into a 200  mL 
conical flask. One sachet of Wagtech A1 (sulphamic acid) 
and 1 tablet of Wagtech A2 (sodium borohydride <10 %) 
were added to the solution and glassware corked imme-
diately. The tablet was allowed to dissolve, well mixed, 
after which the As content of the sample was determined 
using an Arsenator (PTW 10010 Wagtech Potalab®, Pal-
intest Ltd). The detection limit of As was 0.01 μg/g.

The concentrations of Cu, Cd, Hg and Pb were analysed 
by Anodic stripping voltammetry (ASV) method, using 
a Cogent Environmental PDV 6000 plus metals analyser 
(Butterfield 2009). The device was interfaced to a com-
puter via the VAS (Voltammetric Analysis System) soft-
ware and appropriate run method was created for each 
metal. The PDV 6000 plus device was calibrated using 
standard CLAC electrolyte (chloride-acetate buffer elec-
trolyte) of concentration range 800  ppb–20  ppm. Five 
milliliters of digested sample solution was pipetted and 
made up to 10  mL using de-ionized water. Ten millilit-
ers CLAC electrolyte was added to give a total volume of 
20 mL in a clean analytical cup. The addition of the elec-
trolyte was to ensure that the solution was sufficiently 
conductive to enhance plating processes and permitting 
the control of the electrode potential. The sample was 
then run using VAS and sample voltammogram gener-
ated showing peaks for Cd, Cu, Pb and Hg. The standard 
solution was re-run after analyzing every five samples for 
quality control purposes. The detection limit of Cd, Pb, 
Cu and Hg was 0.01 μg/g.

Rate of sedimentation
The rate of sedimentation in Lake Amponsah was esti-
mated based on change in depth of the Lake with time. 
The average depth of the Lake at the time it was con-
structed in 1960 was 4  m (400  cm). The current aver-
age depth of the Lake was measured applying a depth 
sounder device (Hondex Digital Depth Sounder). This 
device functions by sending laser beam from the sur-
face of the Lake down to the Lake floor. The beam is 
then reflected back to the device and the distance trav-
elled is estimated as depth. The depth measurement 
was taken at 50 different points across the Lake’s sur-
face and the average value estimated. Assuming change 
in depth of the reservoir was due to sediment build-
up and net effect from evaporation was minimal, the 
annual rate of sedimentation in the Lake was estimated 
as follows: (Initial depth−current depth)/Age of lake.
Therefore, 

Statistical analysis
Heavy metal concentrations were expressed as 
mean ± standard error of mean (SEM). Pearson correla-
tion was applied to examine specific relationships among 
the metals at the upper and lower segments of the sedi-
ment core.

Results and discussion
Rate of sedimentation in lake Amponsah
The current average depth of Lake Amponsah was esti-
mated as 305 cm (10.01 ft.). Applying the Eq. 1, the rate 
of sedimentation per year was then estimated as 1.76 cm. 
Thus, each 5  cm slice of sediment core corresponds to 
approximately 3 years of sedimentation. In effect, depths 
of 5, 10, 15, 20, 25, 30 and 35 cm correspond to year 2011, 
2008, 2005, 2002, 1999, 1996 and 1993, respectively. Sedi-
mentation rate of 1.76 cm/y is generally high compared 
to most of the rates reported in literature. For instance, 
the Gorgan Bay in Iran was reported to be undergoing 
sedimentation at a rate of 1.4 to 2.45  mm/y (Karbassi 
and Amirnezhad 2004); Lake Ontario in Canada—0.02 
to 0.11 cm/y (Farmer 1978); and Lake Taihu in China—
0.6 to 3.6  mm/y (Qin et  al. 2007). It suggests that Lake 
Amponsah was undergoing rapid siltation, quite compa-
rable to the maximum rates of sedimentation reported 
in North Indian lakes, some measuring up to 1.5  cm/y 
(Kumar et  al. 2007). Wastewater from residential facili-
ties close to Lake Amponsah, runoff from agricultural 
farmlands and effluent discharged from small-scale min-
ing activities, in addition to issues of erosion, were prob-
ably some of the key factors that contributed to the rapid 
siltation of the Lake.

Depth profile of heavy metals in sediment core
The average concentrations (dry weight) of heavy met-
als in the different segments of the sediment cores var-
ied as follows: Hg 0.018  ±  0.005–0.025  ±  0.005  mg/
kg; Cd 0.16 ± 0.03–0.38 ± 0.18 mg/kg; Pb 0.98 ± 0.19–
2.62 ±  0.46 mg/kg; Cu 1.60 ±  0.40–3.17 ±  0.85 mg/kg; 
and As 43.00 ± 16.26–87.67 ± 6.98 mg/kg. The minimum 
mean concentration of Hg occurred at 5 cm depth of the 
sediment cores, while Cd, Pb, Cu and As concentrations 
were lowest at 25, 30, 30 and 20 cm depths of the sedi-
ment cores, respectively. With the exception of Hg, all 
the heavy metals decreased in concentration with depth, 
and corresponded to increasing contamination from 
Cd, Pb, Cu and As from the early 1990s–2010s (Fig. 2). 
Mercury concentrations however marginally declined 
during this period, such that the least concentration was 
measured in the upper layers of the sediment core. This 

(1)

the annual rate of sedimentation =

(4 m − Current depth)
/

(2014 − 1960)
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finding is consistent with recent decline in sediment Hg 
levels in Lake Bosomtwe in Ghana (Poste et al. 2012), but 
quite at variance with reported illicit application of Hg 
by illegal small-scale miners (Donkor et al. 2006b; Hilson 
et  al. 2007). Two main factors may have contributed to 
the decreasing trend in Hg concentration. First, contribu-
tions from large-scale mining have curtailed, following 
the Hg legislation in Ghana (Mercury Act 1989). Large-
scale operators complied with new laws and regulations 
controlling the use of Hg, having switched to the use of 
cyanide in gold processing. Second, even though small-
scale operators continue to illicitly use Hg, the difficulty 
in obtaining the metal as a result of present regulations 
has forced them to recover and reuse the Hg. The small-
scale miners indicated that Hg has become very expen-
sive and difficult to obtain, hence, have devised measures 
for the economical use of the metal. They have resorted 

to procuring a small device called “Retort”, which is used 
to recover most of the Hg applied (Fig. 3). Thus, less Hg 
was allowed to directly escape into soil and sediment 
media. This may have contributed to the marginal decline 
in concentration of the metal in sediment with time. 
Nevertheless, small-scale miners risked direct exposure 
to the Hg during their operations, especially from dermal 
contact (galamsey operators directly handled Hg in their 
palm—this was observed during the field visit) (Fig. 3). 

The increasing levels of the remaining metals in 
recent years, particularly As, may pertain to releases as 
by-products via the mine wastes. Given the haphazard 
nature of galamsey operations, the fine grinds that may 
contain some of these metals are all released directly 
into water bodies. Therefore the upsurge of galamsey 
operations with time has invariably generated increas-
ing levels of contamination from various heavy metals 
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Fig. 2  Depth profiles of some heavy metals and metalloid in sediment cores sampled from Lake Amponsah in Ghana. Concentrations were based 
on dry weight of sample
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as one traversed upwards along the sediment core. The 
comparatively high levels of As in the sediment core was 
related to the gold-bearing ore, which is rich in arsenopy-
rite (FeAsS) (Antwi-Agyei et  al. 2009). Considering that 
small-scale miners did not treat mine wastes, As in fine 
grinds were released directly into the environment, while 
exposure and subsequent oxidation of pyrite (FeS2) were 
likely to cause acid mine drainage (AMD). The AMD 
potentially mobilized toxic metals from the mine wastes 
and soils resulting in increasing levels of these toxic ele-
ments in the sediment over time.

Relationships between metals
Mercury correlated positively with As (though only mod-
erately), but negatively with Cd, Pb and Cu (Table  1). It 
probably suggested that Hg was used in extracting gold 
from the arsenopyrite gold bearing ore (Valdes et al. 2005; 
Quarshie et  al. 2011). Two notable correlations were 
apparent, considering the correlation coefficients. Lead 
correlated strongly with Cu (r = 0.74), besides the mod-
erate positive correlation observed between Hg and As 

(r = 0.44) (Table 1). Following this observation, the rela-
tionships between Pb and Cu, and Hg and As were each 
analyzed separately for the top half (i.e. <15 cm), as well 
as the bottom half (i.e. >15 cm) of the sediment core. The 
correlation between As and Hg was much pronounced 
and relevant at the bottom half (>15–30 cm) of the sedi-
ment core (r =  0.88) (Fig.  4). Arsenic and Hg however 
did not correlate at the top half (0–15  cm) of the sedi-
ment core. This may point to a recent relative increase or 
decrease in contamination from As or Hg, culminating 
in the contrasting relationship between the two metals at 
the top half of the sediment core. Considering the arse-
nopyrite nature of gold ore in the Bibiani mining district, 
As levels in sediment were expected to naturally increase 
with increased mining activity. The absence of correla-
tion with Hg therefore suggests that there was not a cor-
responding increase in contamination from Hg. When 
pollutants correlate, it presupposes that their sources of 
contamination might be similar or related. Thus, the high 
correlation between As and Hg in the bottom half of the 
sediment core suggested a historically relevant association 

Fig. 3  Crude method of gold processing using mercury by small scale miners. a Mercury being handled by a small-scale miner in the palm; b 
mixture of mercury and gold ore; c charcoal heating of gold amalgam in retort device; d gold separated from the amalgam
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between these two metals in the Lake Amponsah water-
shed. Historically, there was liberal application of Hg in 
gold extraction from the arsenopyrite based ores in that 
region. Hence, the correlation between As and Hg. Lead 
and Cu, on the other hand, strongly correlated at both the 
top and bottom halves of the sediment core (r ≈ 0.70 in 
each case) (Fig. 5). The sources of these two metals were, 
thus, presumably similar. To the extent that Pb and Cu 
are not major constituents regarding the mineralogy of 
the Bibiani area (Quarshie et  al. 2011), presumably, the 
contamination from these two metals were from anthro-
pogenic sources. Particularly, evidence of dumping of 
solid wastes into the Lake was quite rife in the area. It 
was also found that wastewater from the community and 
nearby agro-industrial activities mostly ended up in the 
Lake. Additionally, runoffs of agrochemical residues from 
nearby farms were likely to have contributed to the input 
of some of these metals into Lake Amponsah (Obiri-
Danso et al. 2011).  

Policy implications
With the exception of Hg, there were clear trends of 
increasing concentrations of heavy metals over the past 
two decades from the 1990s to 2010s. Mercury concen-
trations marginally declined over the same period. It 
could be presumed that the Mercury Act 1989 (PNDC 
Law 217) highly regulating the use of Hg in Ghana effec-
tive from 1989 has helped immensely in achieving this 
marginal reduction for Hg. Despite the illicit access and 
application of Hg by galamsey miners, the existing regu-
lation of the metal has forced the small-scale miners to 
recover and reuse the metal in their operations, limit-
ing the direct escape of Hg into the environment. The 
need to regularize operations of small-scale miners led 
to the legislation of the Small-Scale Gold Mining Law 
(PNDC Law 218) in 1989, now repealed, but the tenets 
continued in the Minerals and Mining Act, 2006 (Act 
703). Under this law, small-scale miners are required to 
register their concessions, obtain a license before they 
can operate and supported with the establishment of 
support centres for small-scale mining. It was antici-
pated that this arrangement would help regularize the 
small-scale mining industry and reduce environmen-
tal impact. Unfortunately, only few small-scale miners 
have availed themselves to this system of regulation. In 
2001, 420 small-scale mining operations were registered 
(Amankwah and Anim-Sackey 2003), but this reduced 
to 300 ten years later in 2011 (Adu-Gyamfi 2011). The 
number of people engaged in small-scale mining busi-
ness nevertheless have risen tenfold from 100,000 in 2001 
(Amankwah and Anim-Sackey 2003) to about 1,000,000 
in 2015 (Kwatia 2015). A large proportion of the small-
scale miners presently evades registration and operates 
outside the mining regulations. Many acquire their con-
cessions illegitimately and therefore are unable to regis-
ter and acquire the necessary license, while others avoid 
registration to evade tax. Therefore in reality, the regu-
lations to align small-scale mining practices with normal 
mining operations have largely not achieved the intended 
purpose. The increasing unregulated activity in this sec-
tor over the past 20 years or so has resulted in the deg-
radation of large tracts of land and release of various 
metal contaminants into nearby water bodies. This has 
also resulted in accelerated sedimentation of local water 
bodies. The increasing trends of the various heavy metals 
in the sediment core and relatively high rate of sedimen-
tation in the Lake Amponsah were, thus, a direct conse-
quence of policy failure in regulating small-scale mining 
activities in Ghana. A key policy reform should concern 
Hg accessibility issues, considering that without access 
to Hg illicit small-scale mining would not proceed. The 
Ghana Minerals and Mining Act, 2006 (Act 703) provides 
for small-scale miners to purchase from an authorized 

Table 1  Correlation matrix of  various metals and  metal-
loid in sediment core

Significance level: * p < 0.05; ** p < 0.10

Hg Cd Pb Cu As

Hg 1.00

Cd −0.25 1.00

Pb −0.26 0.20 1.00

Cu −0.30 0.27 0.74* 1.00

As 0.44** 0.15 −0.10 0.06 1.00
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Fig. 4  Regression between Hg and As at the top (0–15 cm) and down 
(>15–30 cm) portions of the sediment core
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Hg dealer the quantities of Hg that may be reasonably 
necessary for the mining operations of the small scale 
miner. Unfortunately, this has been heavily abused, with 
Hg illicitly accessible from unauthorized dealers. Going 
forward, stricter measures are required to phase out the 
application of Hg in small-scale mining in Ghana. This 
may entail eventual banning of the use of Hg in the local 
mining industry, which would necessitate an amendment 
in the Minerals and Mining Act. Such policy considera-
tions are consistent with the global policy direction on 
Hg, which seeks to curtail the global use and emissions 
of Hg. A key aspect of this policy is to assist developing 
countries in phasing out the toxic heavy metal in indus-
trial processes and in artisanal gold mining in Africa, 
Asia and Latin America (UNEP 2013).

Conclusion
Lake Amponsah, in the Bibiani mining district in Ghana, 
was found to be undergoing quite accelerated rate of sedi-
mentation with an average buildup of approximately 5 cm 
of sediment every 3 years. The concentrations of Pb, Cu, 
Cd and As increased in upper layer sediments, reflecting 
greater contamination from these metals in recent times. 
The concentration trend of Hg was contrary to the other 
metals, despite the continuous application of Hg by small-
scale miners in gold extraction. It was concluded that the 
marginal decline in Hg concentration in sediment over 
the past two decades in Ghana was partly due to a some-
what Hg recovery process integrated into the small-scale 
mining extraction process, limiting direct escape of Hg 
into the environment. Nonetheless, there could be direct 

exposure to Hg from dermal contact and inhalation. The 
Hg legislation could help in reducing environmental con-
tamination from Hg in Ghana if it could be enforced to 
the latter, where small-scale miners do not have access to 
the metal. The haphazard nature of small-scale mining, 
non-treatment of mine wastes and release of mine wastes 
containing pyrites into water bodies created conditions 
rife for acid mine drainage, which potentially mobilized 
toxic metals such as Pb, Cu, Cd and As eventually into 
sediments, with trends of increasing concentrations over 
time. The present situation provides evidence of the envi-
ronmental damage associated with small-scale mining in 
Ghana and other West African countries.
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