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ABSTRACT

One hundred and forty eight fish samples covering twelve different species, twenty
sediment samples and five soil samples were collected at five locations (Dominase,
Nkotumso, Dunkwa-on-Offin, Buabenso, Awisam) along Offin River and analysed for
total mercury, cadmium and zinc. Mercury was determined using the Cold Vapour
Atomic Absorption Spectrometry employing an Automatic Mercury Analyzer (HG 5000
model). An Atomic Absorption Spectrometer (Unicam 929 model) was used for the
determination of total cadmium and zinc. The fish species included Oreochromis
niloticus, Chrysichthys nigrodigitatus, Labeo coubie, Brycinus sp., Hepsetus odoe,
Mormyrus sp., Papyrocranus afer, Heterobranchus sp., Tilapia zilli, Synodontis sp.,

Sarotherodon melanotheron, and Schilbe mystus.

Total mercury concentration in fish ranged from 1.02 to 795.94 ng/g wet weight, from
68.73 to 1066.65 ng/g in sediments and from 44.61 to 137.80 ng/g in soil. Total cadmium
concentration in fish ranged from below detection to 0.10 mg/kg wet weight and was
below detection in all the sediments and soil sampled whereas total zinc concentration in
fish ranged from below detection to 18.16 mg/kg wet weight, from 13.57 to 47.81 mg/kg
in sediments and from 8.45 to 81.49 mg/kg in soil. Synodontis sp. recorded the highest
concentration (mg/kg, wet weight) of Hg (0.79), Cd (0.10) and Zn (18.16) in all the fish
samples analysed. About 37.5% and 18.8% fish species showed positive correlation
between muscle tissue mercury concentration and fresh weight, and muscle tissue

mercury concentration and total length of fish respectively. Generally, there was an



irregular distribution of these metals in fish as the river flows downstream towards river
Pra.

Analytical results obtained showed that, cadmium and zinc concentrations in fish tissue
were generally below the WHO maximum permissible limit; however, 3.4% of the fish
samples analysed had tissue mercury concentrations above the WHO limit of 0.5 mg
Hg/Kg. Though the results of the research indicates that consumption of fish from the
Offin River is unlikely to constitute a health threat to consumers, the concentrations of
Hg and Zn obtained were of elevated levels compared to those obtained in the year 2000
in River Offin. Continuous mining along the banks of Offin River coupled with long term
bioaccumulation of heavy metals through food chain is of major concern. The study also
revealed that Synodontis sp. (locally called Nkontro) has a good Hg, Cd and Zn
accumulation potential and may serve as a biomarker for toxicological studies for these

metals in the Offin River.

Vi
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CHAPTER ONE

1.0 INTRODUCTION

Small-scale mining brings several benefits to developing countries, manifested mainly as
employment and revenue. Small-scale miners in Ghana are of two groups, those
registered and licensed and those operating illegally (galamseys). Approximately two-
thirds of Ghana’s small-scale miners are engaged in the extraction of gold and are the
fifth largest producer of gold. According to the Minerals Commission (2000), annual
small-scale gold production has increased nearly tenfold over the past decade, rising from
17,234 oz in 1990 to 107,093 oz in 1997. Precious Minerals Marketing Corporation
(PMMC, 2001) estimated that over US$117 million worth of gold has been obtained from
small-scale mining operations since complete legalization of the industry in 1989. No
precise small-scale mining employment figures can be found for Ghana, although it is
estimated some 200,000 miners are involved directly in the extraction of gold and
diamonds (Appiah, 1998), the great majority of which are galamsey. It is worth knowing
that mining especially galamsey has eminent pollution problems associated with it which

if not properly monitored can override the benefits that accrued from mining.

The Upper Denkyira District which lies within latitudes 5°.30” and 6°.02” north of the
equator and longitudes 1° W and 2° W of the Greenwich Meridian has throughout the
past years contributed its quota to mining in Ghana. The District covers a total land area
of 1700 square kilometers, which is about 17% of total land area of the Central Region.

The area falls under a forest-dissected plateau, rising to about 250 m above sea level.



There are pockets of steep sided hills alternating with flat-bottomed valleys. Dunkwa, the

District Capital, has a series of high lands surrounding it.

The major river that drains the area is Offin. Large deposits of placer gold also referred to
as ‘alluvial gold” occur along the terrace, floodplain, channel and river bed of the Offin
river, where large Birimian and Tarkwaian gold deposits have experienced several
episodes of erosion and subsequent deposition (Hilson, 2001). The deposit material in the
Offin placer is made up of silty clay overburden overlying sandy river gravels on soft
decomposed green bedrock. The Offin gold placer which occurs freely is generally very

fine-grained and of relatively high fineness (Debrah and Mireku, 1991).

Dunkwa Continental Goldfields, the only commercial large-scale dredge mining
company in Ghana uses mercury in gold extraction and holds a mining lease to mine
alluvial gold deposits that spans the banks of the Offin River in the district (Cheetham,
2000; Debrah and Mireku, 1991) (Picture 1-3, Appendix Il1l). However the company is
currently not operational and this has led to increased illegal mining activities along the
banks of the Offin River. Currently there are no licensed small-scale mining concessions
within the district. Interviews with some of the galamsey miners revealed that an initial
huge capital is needed to acquire a plot of land along the Offin River from land owners.
After prospecting, one has to consult local authorities, hire an excavator to remove the
top soil to expose the gold bearing sandy river gravel, get water pump to get rid of the
water that enters the open pit, hire workers to wash and process the gold and buy the gold

at reduced price.



The artisanal or small scale mining (galamsey) scattered along the banks of Offin River
uses amalgamation technique to recover gold from alluvial deposits. This technique
involves bringing concentrated alluvial ore into contact with mercury, heating of the
gold-mercury amalgam to vaporize and expel mercury in order to recover alluvial gold
(Picture 4-7, Appendix Ill). This technique might cause mercury contamination in the
aquatic environment since amalgamation is carried out along the river banks. Mercury
(Hg) is one of the most important pollutants both because of its effect on aquatic
organisms and it is potentially toxic to humans. Its major pathway to man is commonly
accepted to be by ingestion of aquatic organisms, particularly fish (Fatoki and Awofolu,
2003). Large piscivorous fish from the Napo River, Ecuador, were found to be highly
contaminated with mercury (up to 3 pg/g wet weight), while smaller herbivorous fish
were generally below the WHO 0.5 pg/g health limit (Webb et al., 2004). Of the 65
fishes caught in the Barents Sea in 2006, 15 individuals representing 23.1% with weight
exceeding 3 kg had mercury concentrations in their muscle tissue (skinless and boneless
fillet) exceeding the WHO and European Union upper limit of 0.5 mg/kg (Kare et al.,
2006). The total mercury concentrations detected in the edible muscle tissue of tuna fish
(Auxis thazard thazard) from the Gulf of Guinea, Ghana ranged from 0.044 to 0.201 ug/g
(mean=0.108 pg/g) wet weight (Voegborlo et al., 2007). Agorku (2006) reported that of
all the 165 fishes sampled from Lake Bosomtwi, Kpong and Akosombo reservoirs in
Ghana, only one sample of Pelmatochromis guntheri recorded a higher mercury
concentration (1014.73 ppb) above the WHO acceptable limit for total mercury in fish.
Surface sediment from the Upper Columbia River in Washington State were found to

contain up to 2.7 ug/g (ppm) mercury (Johnson et al., 1990).



Disruption of the nervous system, damage to brain functions, kidney and DNA, negative
reproductive effects such as birth defects and miscarriages are some of the health effects
of mercury. Other health effects may include tremor, irritability, nervousness, memory
loss, excessive shyness, insomnia, hallucinations and neuromuscular changes such as
muscle atrophy and muscle weakness, headaches and decreases in cognitive function

(ATSDR, 1999b; WHO, 2003).

Zinc though not toxic to life, is used to recover gold from cyanide solution at Ashanti
Goldfields Limited in Obuasi. There is therefore the likelihood that zinc may leak from
the Obuasi mine through their effluent into a tributary Jimi into the Offin River
(Cheetham, 2000). Zinc in the aquatic environment is of particular importance because
the gills of fish are physically damaged by high concentrations of zinc and can
accumulate in freshwater animals at 51-1,130 times the concentration present in the
water (EPA, 1987). A national contaminant biomonitoring programme to measure the
concentration of some heavy metals in United State freshwater fish showed elevated
levels of 168.1 pgZn/g fresh weight in 1978-1979, 109.2 pugZn/g fresh weight in 1980-
1981 and 118.4 pgZn/g fresh weight in 1984 in the common carp, Cyprinus carpio
(Schmitt and Brumbaugh, 1990). Sediment collected from streams in the Black Hills,
South Dakota, an area impacted by gold mining operations, contained zinc at levels

ranging from 3.8 to 250 pg/g dry weight (May et al., 2001).

Zinc is a trace element that is essential for human health. A small amount of zinc in diet
they can cause a loss of appetite, decreased sense of taste and smell, slow wound healing

and skin sores and even birth defects (Heyneman, 1996; Nishi, 1996). Zinc deficiency



may increase the toxic effects of cadmium, arsenic and lead; thus an adequate amount of
zinc can be considered protective against the toxicity of these elements. Although
humans can handle proportionally large concentrations of zinc, too much zinc can still
cause eminent health problems, such as stomach cramps, skin irritations, vomiting,
nausea and anaemia. Very high levels of zinc can affect the absorption and excretion of

copper and iron in humans (ATSDR, 2005).

Cadmium occurs together with zinc in nature. Due to excavation works along the river
banks, there is the likelihood that the levels of ubiquitous metal zinc and cadmium in the
Offin River may be elevated. Cadmium has no essential biological function and is
extremely toxic to humans. A recent study on heavy metal pollution of fish in Qua-lboe
river estuary revealed an elevated cadmium concentration of 0.38 mg/kg above WHO
safety limit of 0.2mg/kg dry weight (Oze et al., 2006). Surficial sediments collected from
18 locations in three major tributaries to Newark Bay, New Jersey, had a mean cadmium

concentration of 10+6 mg/kg (ppm) dry weight (Bonnevie et al. 1994).

Cadmium is known to accumulate in the body particularly in the kidneys causing renal
failure, bone fragility and pains (itai-itai disease) (DEFRA and EA, 2002a) and cancer in
humans (Williams et al., 1999). The study of cadmium is also important because of its

synergistic reaction with zinc in the aquatic systems (Merian, 1991).

Mining operations release enormous metals into the environment, and their accumulation

in the aquatic environment has direct consequences to man and the ecosystem. The



consumption of fish containing elevated levels of metals is a concern because
accumulation of heavy metals can give rise to health problems. In Ghana, however, little
work has been done to determine zinc, cadmium and mercury in fish and sediments from
the Offin River basin. Due to lack of data, this project sought to determine levels of the
Group 1B triad, zinc, cadmium and mercury released into the aquatic environment due to

continuous mining in River Offin.

1.1 Research objectives

The objectives of this research are presented as follows:

e To determine the total metal concentrations of zinc, cadmium and mercury in fish

and sediments from River Offin.

e To determine any correlation between metal levels in fish and sediments from the

aquatic ecosystem.

e To evaluate the correlation between total mercury concentrations and factors such

as size and length of fish.

1.2 Justification of objectives

Artisanal gold mining is widespread along the banks of River Offin and it has
metamorphosed from the traditional hand dugging of mining pits to the use of Excavators
that dig bigger and deeper wells in a matter of minutes. The pits are so close to the river
that they constantly pump the river water that fills the pit back into the river thereby

polluting the Offin River (Picture 8-11, Appendix IlI).



Fish is an extremely important component of the human diet in many parts of the world
and it provides nutrients such as protein, omega-3 (n-3) fatty acids (that reduce
cholesterol levels and the incidence of heart disease, stroke, and preterm delivery) and
others that are not easily replaced (Anderson and Wiener, 1995; Burger et al., 2005;
Daviglus et al., 2002; Patterson, 2002). Humans risk ingesting dangerous levels of
mercury, cadmium and zinc when they eat contaminated fish. Since the metal poisons are
odorless, invisible and accumulate in the meat of the fish, it is not easy to detect and can't

be avoided by trimming off the skin or other parts (Williams et al., 1999).

Fishes have been used for many years to determine the pollution status of water, and are
thus regarded as excellent biological markers of metals in aquatic ecosystems (Rashed,

2001). However analysis of sediment can be used in combination with fish to study heavy
metals in aquatic environment (Clifton and Hamilton, 1979). It has been shown that
sediments are an important sink for both mercury and methyl mercury in the aquatic
environment (Mason and Lawrence, 1999) and mercury deposited to aquatic ecosystems
can be converted to methyl mercury (MeHg) through the action of bacteria in sediments
and other anaerobic habitats (Gilmour and Henry, 1991). Mercury absorption in fish are

functions of feeding habits and food chain structure (Wiener and Spry, 1996)

There is an extensive body of literature documenting a positive relationship between Hg
concentrations and fish size (Bidone et al., 1997; Lacerda et al., 2000; Lange et al., 1994;
Ward and Neumann, 1999; Wiener and Spry, 1996). Analysis carried out on 65
individuals of Greenland halibut weighing from 0.81 kg to 7.1 kg, revealed lowest
mercury concentration in muscle tissue of 0.019 mg/kg wet weight, in a fish that weighed

0.81 kg whereas highest mercury concentration measured in muscle tissue was 1.1 mg/kg



wet weight, for a fish that weighed 4.2 kg (Kare et al., 2006). Mercury in fish measured
in Deep Creek pickerel in 1992 showed that the fish examined was 48 cm long and
contained 0.98 mg Hg/kg wet weight whereas those with length 20 cm long had average

mercury concentration of 0.3 mg/kg (Paul et al., 2004).

Cheetham (2000) determined the levels of mercury and zinc in water, sediment and fish
from the Offin River and recommended that though the levels were less than the
recommended EPA and WHO values, a longer and more regular period of study must be
undertaken. This research seeks to determine the current levels of cadmium in addition to

mercury and zinc in fish and sediments in River Offin.
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Fig. 1.0 Map of South-Western Ghana showing the various sampling sites.



CHAPTER TWO

2.0 LITERATURE REVIEW

2.1 MERCURY

2.1.1 Introduction

Mercury is the only common metal that is a liquid at ambient temperatures and pressures
(Boening, 2000). Mercury is sometimes called quicksilver. It rarely occurs free in nature
and is found mainly in cinnabar ore (HgS) in Spain and Italy. It is a heavy, silvery-white
liquid metal. It is a rather poor conductor of heat as compared to other metals but is a fair
conductor of electricity. It alloys easily with many metals, such as gold, silver, and tin to
form amalgams. Mercury can exist in 3 oxidation states (Elemental mercury (Hg°),
Mercurous mercury, (Hg") or Mercuric mercury, (Hg?")). Mercurous and mercuric
mercury can combine with other elements to form either organic or inorganic mercury
compounds (Hu, 1998; IPCS, 1990). The distinction between elemental, inorganic and
organic mercury is much more important than oxidation states in determining toxicity, as
organic mercury compounds are the most toxic (William et al., 1999).

Metallic mercury is a silver-white metal that is liquid at room temperature. Inorganic
mercury compounds contain mercury as well as sulphur, oxygen or chlorine. They are
mostly powders or crystals at room temperature. Organic mercury compounds consist of
mercury and carbon, the most common one being methylmercury, a lethal pollutant found
in rivers and lakes. The main source of mercury pollution is industrial wastes settling to
the river and lake bottoms (Hu, 1998; Timbrell, 1995). Inorganic mercury can be

methylated by microorganisms indigenous to soils, sediments, fresh water, and salt water,
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to form organic mercury (methylmercury). Invariably, microbial processes can also lead
to demethylation, where methyl mercury is reduced back to elemental mercury. This

elemental mercury is believed to volatilize into the atmosphere (EPA, 1997).

Although most of the mercury in aquatic systems is in the inorganic form, about 95% of
mercury accumulated by fish is in the form of methyl mercury (EPA, 1997). The high
affinity of methyl mercury for sulfhydryl groups of proteins causes rapid absorption in
living organisms. The rate of elimination of methyl mercury by fish is very slow relative
to the rate of its uptake, allowing mercury to accumulate in their body (EPA, 1997;

Laarman et al., 1975).

Mercury metal has many uses. Because of its high density it is used in barometers and
manometers. It is extensively used in thermometers, thanks to its high rate of thermal
expansion that is fairly constant over a wide temperature range. Its ease in amalgamating
with gold is used in the recovery of gold from its ores. Industry uses mercury metal as a
liquid electrode in the manufacture of chlorine and sodium hydroxide by electrolysis of
brine. Mercury is still used in some electrical gear, such as switches and rectifiers, which
need to be reliable, and for industrial catalysis. Much less mercury is now used in
consumer batteries and fluorescent lighting, but its use has not been entirely eliminated.
Calomel (mercurous chloride, Hg,Cl,) is used as a standard in electrochemical
measurements and in medicine as a purgative. Mercuric chloride (corrosive sublimate,
HgCl,) is used as an insecticide, in rat poison, and as a disinfectant. Mercuric oxide is
used in skin ointments. Mercuric sulphate is used as a catalyst in organic chemistry.

Vermilion, a red pigment, is mercuric sulphide; another crystalline form of the sulphide
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(also used as a pigment) is black. Mercury fulminate, Hg (CNO),, is used as a detonator (

ATSDR, 1999b; EPA, 1997; IPCS, 1990).

Mercury has no known essential biological function and is highly toxic to humans
(Williams et al., 1999). Depending on the chemical form and the dose received, mercury
can be toxic to both humans and wildlife. In people, toxic doses of mercury can cause
developmental effects in the fetus, as well as effects on the kidney and the nervous
system in children and adults (EPA, 1997). The central nervous system is one of the most
sensitive targets following an exposure to mercury, which may cause cognitive,
personality, sensory or motor disturbances (WHO, 2003). The effects may include
tremor, irritability, nervousness, memory loss, hallucinations and neuromuscular changes
such as muscle atrophy and muscle weakness, headaches and decreases in cognitive
function (IPCS, 1990; WHO, 2003). Exposure to high levels of methyl mercury results in
central nervous system effects, including blindness, deafness, impaired level of
consciousness, erethism (increased excitability), irritability, excessive shyness, insomnia,
severe salivation, gingivitis, tremor and death (WHO, 1991). Long term exposure to
mercury also affects the kidney and causes birth defects in humans (ATSDR, 1999b;

IPCS, 1990; WHO 1991).

Mercury poisoning has been reported from ingestion of mercuric chloride (an inorganic
compound which is used as a disinfectant), as well as from contaminated illegal drugs,
for example amphetamines. Poisoning has also occurred from exposure to fungicides,
some of which contain organic mercury compounds, and from industrial accidents in

which mercury vapour was inhaled. Environmental discharges of mercury have also
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occurred, by discharge of industrial waste, which contained contaminated fish, which
were eventually eaten by humans (Matthew and Lawson, 1979). In recent years, there has
been some concern that mercury contained in dental amalgams adversely affects human
health, produces illnesses including multiple sclerosis and Alzheimer’s disease, but this

assertion has not been proven (Baldwin and Marshall, 1999; Hu, 1998).

2.1.2 Sources and Route of Human Exposure

Mercury occurs naturally and is widely distributed in the environment owing to natural
and anthropogenic processes. The major natural sources of mercury in the environment
are degassing from the earth’s crust, emissions from volcanoes and evaporation from
water bodies (IPCS, 1990). Mercury ore is found in all classes of rocks, including
limestone, calcareous shales, sandstone, serpentine, chert, andesite, basalt, and rhyolite
(ATSDR, 1999b). The normal concentration of mercury in igneous and sedimentary
rocks and minerals appears to be 10-50 ng/g (ppb) (Andersson, 1979); however, the
mineral cinnabar (mercuric sulfide) contains 86.2% mercury (Stokinger, 1981). Mining
activities also result in losses of mercury through the dumping of mine tailings and direct
discharges to the atmosphere. Other important man-made sources are the combustion of
fossil fuels, the smelting of metal sulfide ores, the production of cement, and refuse
incineration. Mercury also enters the environment from fertilizers, fungicides and from
solid waste i.e. thermometers or electrical switches (DEFRA and EA, 2002b; IPCS,
1990). A recent study (Munthe et al., 2001) suggests that total mercury levels in the

atmosphere have tripled as a result of anthropogenic activities.
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Potential sources of general population exposure to mercury include inhalation of
mercury vapours in ambient air, ingestion of drinking water and foodstuffs contaminated
with mercury, and exposure to mercury through dental and medical treatments.

The general public is predominantly exposed to elemental mercury via inhalation of its
vapour from amalgam using in dental fillings or from accidental spillages following
breakages of thermometers, barometers or electrical switches (ATSDR, 1999b; IPCS,

1990). Naturally occurring elemental mercury in both ground and surface water is less

than 0.5 pg L_l. Mercury in drinking water is not considered a major source of exposure
except when significant pollution occurs (WHO, 2005). Elevated concentrations of
mercury in soil may lead to an increase in the mercury content in plants such as carrots,
lettuce, mushrooms and apples, which, if grown in contaminated soil, may accumulate
mercury. However, few data are available regarding the relationship between mercury
concentration in the soil and the concentration in fruit and vegetables (DEFRA and EA,

2002D).

The major source of human exposure to mercury is through the diet, more specifically
from the consumption of fish and fish products. Most of the mercury consumed in fish or
other seafood is the highly absorbable methylmercury form (IPCS, 1990; WHO, 1990;
WHO, 1991). People undergo exposure to inorganic mercury by ingestion due to the use
of mercury salts in herbal remedies. Dermal exposure may also occur, as mercury salts
were commonly used for their antiseptic, fungicidal and bactericidal properties (WHO,
2003). In addition, the use of skin-lighteners can result in significant exposure due to

dermal absorption (IPCS, 1990).
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Occupational exposure to mercury may be a major source of exposure. Individuals
working in the production of electrical equipment, thermometers or barometers, those
working in chemical processing plants or individuals living or working in buildings
where mercury-containing latex paints have been used may all be exposed to elemental
mercury vapour via inhalation of inorganic mercury (ATSDR, 1999b). Miners may also
be exposed to elemental mercury vapour via inhalation as they burn the mercury-gold
amalgam to recover gold. Dentists and dental assistants involved with dental amalgam
may also be exposed to elemental mercury due to inhalation and to a lesser extent by skin
contact. Mercury has been detected in blood, urine, human milk, and hair in individuals

in the general population (ATSDR, 1999b; WHO, 2003).

2.1.3 Levels of Mercury in the Environment

2.1.3.1 Air

The average mercury level in the atmosphere currently is about 3 to 6 times higher than
the estimated level in the preindustrial atmosphere (Mason et al., 1995; Munthe et al.,
2001). Ambient air concentrations of mercury have been reported to average
approximately 10-20 ng/m°, with higher concentrations in industrialized areas (EPA,
1980a). Lindberg et al. (1987) and Pacyna (1987) estimated the total man-made global
release of mercury to the atmosphere to be 2000-3000 tonnes/year. However, recent
estimates of anthropogenic releases of mercury to the atmosphere range from 2,000—
4,500 metric tons/year, mostly from the mining and smelting of mercury and other metal

sulfide ores. The world-wide mining of mercury is estimated to yield about 10,000
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tonnes/year, but this figure varies considerably from year to year, depending on the
commercial value of the metal (IPCS, 1990; WHO 1990).

Other anthropogenic sources include industrial processes involving the use of mercury,
such as chloralkali manufacturing facilities, combustion of fossil fuels, primarily coal,
production of cement, and medical and municipal waste incineration and commercial/
industrial boilers (EPA, 1996; WHO, 1990; WHO, 1991). Anthropogenic emissions,
mainly from combustion of fossil fuels, account for about 25% of mercury emissions to
the atmosphere (WHO, 1990). The incineration of medical waste has been found to

release up to 12.3 mg/m?® of mercury into the atmosphere (Glasser et al., 1991).

2.1.3.2 Water

The earth's crust is an important source of mercury for bodies of natural water. Some of
this mercury is undoubtedly of natural origin, but some may have been deposited
from the atmosphere and may, ultimately, have been generated by human activities
(Lindgvist et al., 1984). Natural weathering of mercury-bearing minerals in igneous
rocks is estimated to release about 800 metric tons of mercury per year directly to surface
waters of the earth (Gavis and Ferguson, 1972). Freshwaters without known sources of
mercury contamination according to Gilmour and Henry (1991) generally contain less
than 5 ng/L (ppt) of total mercury in aerobic surface waters and the baseline
concentration of mercury in unpolluted marine waters has been estimated by Fowler
(1990) to be less than 2 ng/L (2 ppt). Representative values for dissolved total mercury
are: open ocean, 0.5-3 ng/litre; coastal sea water, 2-15 ng/litre; freshwater rivers and

lakes, 1-3 ng/litre (Lindqvist et al., 1984).
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Atmospheric deposition of elemental mercury from both natural and anthropogenic
sources has been identified as an indirect source of mercury to surface waters (WHO,
1991). Antarctic surface snow contained a mean mercury concentration of less than 1
pa/g (ppt) (Dick et al., 1990). Concentrations of mercury in rainwater and fresh snow in

United States are generally below 200 ng/L (ppt) (EPA, 1984).

Mercury associated with soils can be directly washed into surface waters during rain
events. Surface runoff is an important mechanism for transporting mercury from soil into

surface waters, particularly for soils with high humic content (Meili, 1991).

2.1.3.3 Soil

In a review of the mercury content of virgin and cultivated surface soils from a number of
countries, it was found that the average concentrations ranged from 20 to 625 ng/g (0.020
to 0.625 ppm) (Andersson, 1979). Atmospheric deposition of mercury from both natural
and anthropogenic sources has been identified as an indirect source of mercury to soil and
sediments (Sato and Sada, 1992; WHO, 1990; WHO, 1991). Wisconsin lakes contained
higher mercury levels of 0.09-0.24 ppm at the top 15 cm of sediments relative to the
lower levels recorded for the lower sediments. Rada et al. (1989) reported that since the
lakes are not known to receive any direct deposition of mercury, it was postulated that the
primary mercury source was atmospheric deposition. Surface sediment samples from the
Upper Columbia River in Washington State were found to contain up to 2.7 pg/g (ppm)

mercury (Johnson et al. 1990).
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Mercury is released to cultivated soils through the direct application of inorganic and
organic fertilizers (e.g., sewage sludge and compost), lime, and fungicides containing
mercury (Andersson, 1979). Recently, Carpi et al. (1998) studied the contamination of
sludge-amended soil with inorganic and methylmercury and the emission of this mercury
contamination into the atmosphere. These authors reported the routine application of
municipal sewage sludge to crop land significantly increased the concentration of both
total mercury and methylmercury in surface soil from 80 to 6,1000 pg/kg (ppb) and 0.3—

8.3 ng/kg (ppb), respectively.

2.1.4 Environmental Fate

The natural global bio-geochemical cycle of mercury, involves degassing of mineral
mercury from the lithosphere and hydrosphere, long-range transport in the atmosphere,
wet and dry deposition to land and surface water, sorption to soil and sediment
particulates, revolatilization from land and surface water, and bioaccumulation in both
terrestrial and aquatic food chains. This emission, deposition, and revolatilization make it

difficult to trace the movement of mercury to its sources (WHO, 1990).

Over 95% of the mercury found in the atmosphere is gaseous mercury (Hg®), the form
involved in long-range (global) transport of the element. Its residence time in the
atmosphere has been estimated to range from 6 days to 2 years (Andren and Nriagu,
1979; IPCS, 1990). This makes transport on a hemispherical scale possible and emissions
in any continent can thus contribute to the deposition in other continents (IPCS, 1990;

UNEP, 2002). In 1991, Glass et al. studied a 72-hour travel time trajectory for mercury
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and showed that some mercury found in rain may originate from sources up to 2,500 km
(1,550 miles) away. The remaining part of air emissions are in the form of gaseous
divalent compounds (such as HgCl,) or bound to particles present in the emission gas
(Meili et al., 1991; UNEP, 2002). These species have a shorter atmospheric lifetime than
elemental vapour and will deposit via wet or dry processes within roughly 100 to 1000
kilometers. However, significant conversion between mercury species may occur during
atmospheric transport, which will affect the transport distance (Nater and Grigal, 1992;

UNEP, 2002).

In soils and surface waters, mercury can exist in the mercuric (Hg®") and mercurous
(Hg") states in a number of complex ions with varying water solubilities. Mercuric
mercury, present as complexes and chelates with ligands, is probably the predominant
form of mercury present in surface waters. Vaporization of mercury from soils may be
controlled by temperature, with emissions from contaminated soils being greater in
warmer weather when soil microbial reduction of Hg** to the more volatile elemental
mercury is greatest (Lindberg et al., 1991). The bottom sediment of the oceans is thought
to be the ultimate sink where mercury is deposited in the form of the highly insoluble

mercuric sulfide (IPCS, 1990).

The process of methylation of inorganic mercury (Hg**) to methylmercury by
microorganisms, which is highly bioavailable, is thus an important key to the fate of
mercury in the environment (Beckvar et al., 1996; Berman and Bartha, 1986).

Methylation is usually greatest at the sediment water interface, but also occurs in the
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water column (Beckvar et al., 1996; Lindberg et al., 1991). Methylation is influenced by
the availability of Hg [I1], oxygen concentration, pH, redox potential, presence of sulfate
and sulfide, type and concentrations of complexing inorganic and organic agents (Parks
et al., 1989), salinity (Blum and Bartha, 1980), and organic carbon (Winfrey and Rudd,

1990).

Methylmercury in surface waters is rapidly accumulated by aquatic organisms. The
concentrations in carnivorous fish such as large tuna, swordfish, shark, and mackerel at
the top of both freshwater and marine food chains are biomagnified in the order of
10,000-100,000 times the concentrations found in their surrounding habitat (WHO, 1990;
WHO, 1991). Humans absorb methyl mercury easily by consumption of contaminated

fish and are especially vulnerable to its effects (IPCS, 1990).

2.1.5 Human Health Effects

The health effects of mercury depends on its chemical form (elemental, inorganic or
organic), the route of exposure (inhalation, ingestion or skin contact), and level of
exposure. Different forms of mercury have different effects in humans, because they do

not all move through the body in the same way (ATSDR, 1999b).

2.1.5.1 Acute Effects

Acute (short-term) inhalation exposure to high levels of elemental mercury in humans
results in central nervous system (CNS) effects, such as hallucinations, delirium, and
suicidal tendencies. Gastrointestinal effects and respiratory effects, such as chest pains,

dyspnea, cough, pulmonary function impairment, and interstitial pneumonitis have also
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been noted from inhalation exposure to elemental mercury (IPCS, 1990). Such effects

have been reported following exposure to 1.1 — 44 mg/m3 elemental mercury (ATSDR,
1999b). The kidneys are also a major target organ following exposure to elemental
mercury vapour due to the relatively high accumulation of mercury in the kidneys.
Exposure to high concentrations of mercury has result in acute renal failure and

degeneration of the proximal convoluted tubules (ATSDR 1999b; WHO, 2003).

Symptoms noted after acute oral exposure to inorganic mercury compounds include a
metallic taste in the mouth, nausea, vomiting (may contain blood), swollen gums, excess
salivation, diarrhoea (may contain blood), stomatitis (inflammation of the mouth) and
severe abdominal pain. The acute lethal dose for most inorganic mercury compounds for
an adult is 1 to 4 g or 14 to 57 mg/kg for a 70-kg person (ATSDR, 1999b; EPA, 1994c)
Acute exposure to high levels of methyl mercury results in central nervous system
effects, including blindness, deafness, impaired level of consciousness, and death.
Ingesting large amounts of methylmercury also results in some of the mercury moving
into the brain and affecting the nervous system. Inorganic mercury salts, such as mercuric
chloride, do not enter the brain as readily as methylmercury or metallic mercury vapour.
Damaged brain functions can cause degradation of learning abilities, personality changes,
tremors, vision changes, deafness, muscle incoordination and memory loss (Hu, 1992;

IPCS, 1990) .

It has been estimated that the minimum lethal dose of methyl mercury for a 70-kg person
ranges from 20 to 60 mg/kg, but symptoms start when greater than 1.7 mg/kg has been

ingested (WHO, 1990).
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2.1.5.2 Chronic Effects:
The central nervous system is the major target organ for elemental mercury toxicity in
humans. Effects noted include erethism (increased excitability), irritability, excessive

shyness, insomnia, severe salivation, gingivitis, and a tremor. (WHO, 1991)

Chronic exposure to elemental mercury also affects the kidney in humans, with the
development of proteinuria (ATSDR, 1999b; WHO, 1991). The primary effect from
chronic exposure to inorganic mercury is kidney damage, primarily due to mercury-
induced autoimmune glomerulonephritis (induction of an immune response to the body's

kidney tissue) (WHO, 1991).

The primary effect from chronic exposure to methylmercury in humans is damage to the
central nervous system. The earliest effects are symptoms such as paresthesia, blurred
vision, and malaise. Effects at higher doses include deafness, speech difficulties, and
constriction of the visual field (WHO, 1990). Acrodynia is a rare syndrome found in
children exposed to mercury in any of its forms. It is characterized by severe leg cramps,
irritability, paresthesia (a sensation of prickling on the skin), and painful pink fingers and

peeling hands, feet and nose (ATSDR, 1999b).

2.1.5.3 Reproductive/Developmental Effects

Oral exposure to methylmercury has been observed to produce significant developmental
effects. Infants born to women who ingested high concentrations of methyl mercury
exhibited CNS effects, such as mental retardation, ataxia, deafness, constriction of the
visual field, blindness, and cerebral palsy. Developmental delays and abnormal reflexes

have been observed at low methylmercury concentrations (ATSDR, 1999b; WHO, 1990).
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2.2 CADMIUM

2.2.1 Introduction

Cadmium, in its elemental form, occurs naturally in the earth's crust. Pure cadmium is a
very soft, silvery-white metallic element. It is so soft that it can be cut with a knife and
has no definite odour or taste. Cadmium is not usually found in the environment as a
metal but as a mineral combined with other elements such as oxygen (cadmium oxide),
chlorine (cadmium chloride), or sulfur (cadmium sulfate, cadmium sulfide) (IPCS, 1992).
Cadmium may change forms, but the cadmium metal itself does not disappear from the
environment. Naturally-occurring isotopes are 106 (1.22%), 108 (0.88%), 110(12.39%),
111 (12.75%), 112 (24.07%), 113 (12.26%), 114 (28.86%), and 116 (7.50%) (Weast,

1974).

Soils and rocks contain varying amounts of cadmium, generally in small amounts but
sometimes in larger amounts (for example in some fossil fuels or fertilizers). Cadmium
ores are rare. Most cadmium is produced as a by-product from extraction of zinc, lead, or
copper ores. Greenockite (CdS) is the only mineral of any consequence that contains

cadmium (IPCS, 1992).

Cadmium does not corrode easily and has many uses in industry and consumer products,
mainly in nickel-cadmium batteries, pigments used mostly in plastics, metal coatings,
plastic stabilizers in polyvinyl chloride (PVC), and some metal alloys (Cook and
Morrow, 1995; Thornton, 1992). Cadmium compounds are also used in printing, in

textiles, in television phosphors, photography, lasers, as a neutron absorber in nuclear
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reactors, in photovoltaic cells, and other semiconducting cadmium compounds in a

variety of electronic applications (Chang, 2005; Elinder, 1985; OECD, 1994).

Cadmium has no essential biological function and is extremely toxic to humans. In
chronic exposure, it accumulates in the body, particularly in the kidneys and the liver
(Williams et al., 1999). These properties, along with its common usage make cadmium
one of the commonest environmental metal poisonings. Acute poisoning from inhalation
of fumes and ingestion of cadmium salts can also occur and at least one death has been

reported from self-poisoning with cadmium chloride (Baldwin and Marshall, 1999).

2.2.2 Sources and Route of Human Exposure

Cadmium is widely distributed in the Earth's crust (0.1-0.5 mg/g), the atmosphere (1-5
ng/m3), marine sediment (~1 mg/g) and sea water (~0.1 mg/g) (IPCS, 1992). Cadmium
emissions arise from two major sources; natural sources and man-made or anthropogenic
sources. Even though the average cadmium concentration in the earth's crust is generally
placed between 0.1 and 0.5 ppm, much higher levels may accumulate in sedimentary
rocks. Marine phosphates and phosphorites have been reported to contain levels as high
as 500 ppm (Cook and Morrow, 1995; WHO, 1992) and are thus undesirable to use as
fertilizers (Taylor, 1997). Weathering and erosion of parent rocks result in the transport
by rivers of large quantities of cadmium to the world's oceans (OECD, 1994; WHO,
1992). Volcanic activity and forest fires have also been reported as natural sources of
cadmium emissions (Nriagu, 1980). Large amounts of cadmium enter the environment

from human activities such as mining and smelting operations, fuel combustion, disposal
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of metal-containing products, and application of phosphate fertilizer or sewage sludges,

cement production and waste incineration (Elinder, 1985; WHO, 1992).

Estimates of cadmium emissions to the atmosphere from human and natural sources have
been carried out at the world-wide, regional, and national levels (IPCS, 1992). According
to Nriagu (1979), about 10-15% of total airborne cadmium emissions arise from natural
processes, the major source being volcanic action. Anthropogenic cadmium emissions to
air arise, in decreasing order of importance, from the combustion of fossil fuels, iron and
steel production, non-ferrous metals production and municipal solid waste combustion
(Cook and Morrow, 1995; Van Assche and Ciarletta, 1992). Atmospheric cadmium
occurs mainly in the forms of cadmium oxide and cadmium chloride which are ultimately

dispersed by the wind (NTP, 1991).

Cadmium emissions to water arise, in decreasing order of importance, from phosphate
fertilisers, non-ferrous metals production, and the iron and steel industry (OECD, 1994;
Van Assche and Ciarletta, 1992). Mining represent a major source of cadmium release to
the aquatic environment. Contamination can arise from mine drainage water, waste water
from the processing of ores, overflow from the tailings pond, and rainwater run-off from
the general mine area. The release of these effluents to local water-courses can lead to
extensive contamination downstream of the mining operation (IPCS, 1992). Cadmium is
however, a natural, usually minor constituent of surface and groundwater (ATSDR,
1999a). The atmospheric fall-out of cadmium to fresh and marine waters represents a

major input of cadmium at the global level (Nriagu and Pacyna, 1988). Acidification of
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soils and lakes may result in enhanced mobilization of cadmium from soils and sediments

and lead to increased levels in surface and ground waters (WHO, 1986).

The application of phosphate fertilizers and atmospheric deposition are significant
sources of cadmium input to arable soils in some parts of the world; sewage sludge can
also be an important source at the local level (IPCS, 1992). Cadmium in soil tends to be
more available when the soil pH is low. Cadmium is taken up and retained by aquatic and
terrestrial plants and is concentrated in the liver and kidney of animals that eat the plants

(Elinder, 1985).

Humans normally absorb cadmium into the body either by ingestion or inhalation.
Dermal exposure (uptake through the skin) is generally not regarded to be of significance
(Lauwerys, 1986). Human exposure to cadmium can result from consumption of food
especially grain and leafy vegetables, which readily absorb cadmium from the soil
(Williams et al., 1999), drinking water, or incidental ingestion of soil or dust
contaminated with cadmium; from inhalation of cadmium-containing particles from
ambient air; from inhalation of cigarette smoke, which contains cadmium taken up by
tobacco; or from working in an occupation involving exposure to cadmium fumes and
dust (Elinder, 1985). A daily intake of 2-4 mg cadmium was estimated from smoking one
packet of cigarettes per day (WHO, 1992). For nonsmokers, ingestion of food is the
largest source of cadmium exposures. Most drinking water contains only very low levels
of cadmium and is usually not an important route of exposure, although water may leach

cadmium from plumbing (ATSDR, 1997).
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2.2.3 Levels of Cadmium in the Environment

2.2.3.1 Air

Ambient air cadmium concentrations have generally been estimated to range from 0.1 to
5 ng/m® in rural areas, from 2 to 15 ng/m® in urban areas, and from 15 to 150 ng/m® in
industrialised areas (Elinder, 1985; OECD, 1994; WHO, 1992). Thornton (1992)
suggested that coal and oil used in classical thermal power plants are responsible for 50%

of the total cadmium emitted to the atmosphere.

Volcanic activity and forest fires has been estimated to release to the atmosphere 820
metric tons (Nriagu, 1980; OECD, 1994; WHO, 1992) and 1 to 70 metric tons per year
(Nriagu, 1980) respectively. Emission rates of cadmium from solid waste incinerators
have been found to range from 20 to 2,000 pg/m® from the stacks of traditional

incinerators and from 10 - 40 pug/m® from advanced incinerators (IARC, 1993).

2.2.3.2 Water

Cadmium may enter aquatic systems through weathering and erosion of soils and
bedrock, atmospheric deposition, direct discharge from industrial operations, leakage
from landfills and contaminated sites, and the dispersive use of sludge and fertilisers in
agriculture. Weathering and erosion of parent rocks result in the transport by rivers of
large quantities, recently estimated at 15,000 metric tonnes per annum, of cadmium to the

world's oceans (OECD, 1994; WHO, 1992).
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Cadmium contamination can result from entry into aquifers of mine drainage water,
waste water, tailing pond overflow, and rainwater runoff from mine areas (IARC, 1993).
The upper Clark Fork River in Montana is contaminated with large amounts of cadmium
from past mining activities between 1880 and 1972. While mining wastes are no longer
released into the river, an estimated 14.5 million m® of tailings have been incorporated
into the riverbed, floodplain, and reservoir sediments (Canfield et al., 1994). Some data
shows that recent sediments in lakes and streams range from 0.2 to 0.9 ppm in contrast to
the levels of generally less than 0. 1 ppm cited for fresh waters (Cook and Morrow,
1995). Surficial sediments collected from 18 locations in three major tributaries to
Newark Bay, New Jersey, had a mean cadmium concentration of 10+6 mg/kg (ppm) dry

weight (Bonnevie et al. 1994).

Rivers containing excess cadmium can contaminate surrounding land, either through
irrigation for agricultural purposes, dumping of dredged sediments or flooding. It has also
been demonstrated that rivers can transport cadmium for considerable distances, up to 50
km, from the source and is highly persistent in water, with a half-life of about 200 days
(WHO, 1992). Atmospheric fallout of cadmium to aquatic systems is another major

source of cadmium in the aquatic environment (IARC, 1993; Nriagu and Pacyna, 1988).

2.2.3.3 Soil
Cadmium in soils is derived from both natural and anthropogenic sources. The average
natural abundance of cadmium in the earth's crust has most often been reported from 0.1

to 0.5 ppm, but some rocks such as sedimentary rocks are known to contain about 0.1 to
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25 ppm of cadmium. Naturally, high levels of 200 to 14,000 ppm have been estimated for
zinc ores and around 500 ppm for typical lead and copper ores. The raw materials for iron
and steel production contain approximately 0.1 to 5.0 ppm, while those for cement
production contain about 2 ppm of cadmium. Anthropogenic input of cadmium to soils
occurs by aerial deposition and sewage sludge, manure and phosphate fertiliser
application. The use of cadmium-containing fertilisers (10-200 ppm) and sewage sludge
(1-1000 ppm) is most often quoted as the primary reason for the increase in the cadmium
content of soils over the last 20 to 30 years in Europe (Cook and Morrow, 1995; Jensen
and Bro-Rasmussen, 1992). Wet and dry deposition of cadmium from the atmosphere
may also contribute sizable amounts of cadmium to soil in the areas surrounding sources
of atmospheric emissions, such as incinerators and vehicular traffic, which may release
cadmium from burned fuel and tire wear (EPA, 1985). Fossil fuels is known to contain

0.5 to 1.5 ppm cadmium (Cook and Morrow, 1995)

2.2.4 Environmental Fate

Cadmium emitted to the atmosphere from combustion processes is usually associated
with very small particulates that are in the respirable range (<10 um) and are subject to
long-range transport with atmospheric residence time of about |-10 days before
deposition occurs (Keitz, 1980). Indeed, it is often assumed that < 10% of such
emissions are deposited locally, the remainder being available for long-range transport
(Krell and Roeckner, 1988). Total deposition rates have been measured at numerous
localities worldwide and values have generally been found to increase in the order:

background < rural < urban < industrial (IPCS, 1992).
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Cadmium is more mobile in aquatic environments than most other heavy metals (e.g.,
lead). In polluted or organic-rich waters, adsorption of cadmium by humic substances and
other organic complexing agents plays a dominant role in transport, partitioning, and
remobilization of cadmium. Cadmium concentration in water is inversely related to the
pH and the concentration of organic material in the water (Callahan et al., 1979).
Cadmium has a relatively long residence time in aquatic systems. In Lake Michigan, a
mean residence time of 4-10 years was calculated for cadmium (Wester et al., 1992).
Studies have indicated that concentrations of cadmium in sediments are at least one order
of magnitude higher than in the overlying water. Cadmium concentrates in freshwater
and marine animals to concentrations hundreds to thousands of times higher than in the

water (Callahan et al., 1979).

Rivers contaminated with cadmium can contaminate surrounding land, either through
irrigation for agricultural purposes, by the dumping of dredged sediments, or through
flooding (Forstner, 1980; Tsuchiya, 1978). Forstner (1980) reported soil cadmium
concentration of 70 mg/kg in agricultural land adjacent to Neckar River, Germany, which
received dredge sediments for soil improvement and Tsuchiya (1978) reported soil

contamination due to irrigation in Japan.

The most important soil factors influencing plant cadmium accumulation are soil pH and

cadmium concentration (Page et al., 1981; Herrero and Martin, 1993). Factors such as

cation exchange capacity and the contents of the hydrous oxides of manganese and iron,
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organic matter, and calcium carbonate also influence distribution of cadmium in soil and
soil solution. Increases in these parameters result in decreased availability of cadmium to
plants owing to a reduction of the level of cadmium in the soil solution (IPCS, 1992).
Contamination of soil by cadmium is of concern because the cadmium is taken up
efficiently by plants and, therefore, enters the food chain for humans and other animals

(ATSDR, 1999a; IPCS, 1992).

2.2.5 Human Health Effects

Cadmium can enter the blood by absorption from the stomach or intestines after ingestion
of food or water, or by absorption from the lungs after inhalation. However, once
cadmium enters the body, it is very strongly retained and low doses may build up
significant cadmium levels in the body if exposure continues. The amount of cadmium
needed to cause an adverse effect in an exposed person depends on the chemical and
physical form of the element. In general, cadmium compounds that dissolve easily in
water (e.g., cadmium chloride), or those that can be dissolved in the body (e.g., cadmium
oxide), tend to be more toxic than compounds that are very hard to dissolve (e.g.,

cadmium sulfide) (IPCS, 1992).

An acute intake of cadmium causes testicular damage and may affect female reproductive
cycle. Within a few hours of exposure, there is necrosis and degeneration of the testes
with complete loss of spermatozoa. This is due to a reduction in the blood supply to these
organs (Timbrell, 1995). Acute inhalation of cadmium may initially cause irritation of the
upper respiratory tract, although symptoms may be delayed for 4-8 hours. Dyspnea, chest

pain and muscle weakness may also occur. Pulmonary oedema, bronchitis, chemical
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pneumonitis, respiratory failure and death may occur within days of exposure. Long-term
exposure may result in progressive pulmonary fibrosis and impaired lung function
(WHO, 1992). Acute ingestion of cadmium produces severe gastrointestinal irritation,
which is manifest as severe nausea and vomiting, abdominal cramps and diarrhoea. A
lethal dose of cadmium for ingestion is estimated to be between 0.35 and 8.90 g (Hu,

1998).

Chronic oral exposure to cadmium leads to renal failure, characterised by proteinuria due
to renal tubular dysfunction. The accumulation of cadmium in the kidney affects renal
vitamin D metabolism, which subsequently disturbs calcium balance that may lead to
osteomalacia and osteoporosis (DEFRA and EA, 2002a). This, as well as the increased
excretion of calcium and phosphorus may result in bone disease characterized by bone
and joint aches and pains, a syndrome, first described in Japan, where it was termed the
itai-itai ("ouch-ouch") disease. Symptoms of this disease include weak bones that lead to
deformities, especially of the spine, or to more easily broken bones. It is often fatal.

(ATSDR, 1999a)

Long term exposure to cadmium can cause anemia, loss of sense of smell, fatigue and/or
yellow staining of teeth. Chronic inhalation of cadmium causes loss of renal tubular
function, leading to proteinuria and impairs lung function by causing bronchitis,
obstructive lung disease and in some cases interstitial fibrosis (IPCS, 1992). Chronic
obstructive airway disease has been associated with long-term high-level occupational

exposure by inhalation (OECD, 1994; WHO, 1992). Cadmium (especially cadmium
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oxide) is also known to be carcinogenic, and in studies has been linked with cancers in

the lungs and prostate (Williams et al., 1999).

2.3 ZINC

2.3.1 Introduction

Zinc is one of the most common elements in the earth's crust. Zinc is found in the air,
soil, and water and is present in all foods. In its pure elemental (or metallic) form, zinc is
a bluish-white shiny metal. It is stable in dry air, but upon exposure to moist air, it
becomes covered with a film of protective transparent layer of zinc oxide or basic
carbonate (e.g. ZnCO3-3Zn(0OH);) (ATSDR, 2005; IPCS, 2001) . A sheet of zinc looks
very much like a sheet of aluminum, but zinc is more than twice as heavy, and does not
bend easily. Zinc is not very ductile or malleable, especially when pure. Its naturally
occurring isotopes are 64 (49%), 66 (28%), 67 (4%), 68 (19%) and 70 (0.6%) (Budavari,

1989).

There is no information on the taste and odor of metallic zinc. Powdered zinc is explosive
and may burst into flames if stored in damp places. Metallic zinc has many uses in
industry. A common use is as coating for iron or other metals through an electrolytic
process known as “galvanizing” so that they do not rust or corrode. Metallic zinc is also
mixed with other metals to form alloys such as brass and bronze. A zinc and copper alloy
is used to make pennies in the United States (EU, 1996; Heiserman, 1992). Because zinc

is easily die cast or molded into intricate shapes, it is often used to manufacture
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automotive engine parts and electrical equipment. Metallic zinc is also used to make dry

cell batteries (IPCS, 2001).

Zinc can also combine with other elements, such as chlorine, oxygen, and sulfur, to form
zinc compounds. Most zinc ore found naturally in the environment is in the form of zinc
sulfide. Zinc compounds are not explosive or flammable. Zinc sulfide is gray-white or
yellow-white, and zinc oxide is white. Both of these compounds are used to make white
paints, ceramics, and several other products. Zinc oxide is also used in producing rubber.
Zinc compounds, such as zinc acetate, zinc chloride, and zinc sulfate, are used in
preserving wood and in manufacturing and dyeing fabrics. Zinc chloride is also the major
ingredient in smoke from smoke bombs. Zinc cyanide is used in electroplating and gold
extraction. The primary uses of zinc phosphate are in preparation of metal coatings and as
dental cement. Zinc compounds are also used by the drug industry as ingredients in some
common products, such as sun blocks, diaper rash ointments, deodorants, athlete's foot
preparations, acne and poison ivy preparations, dental cement and antidandruff shampoos

(Budavari, 1989; Goodwin, 1998; Sax and Lewis, 1987; WHO, 2001).

Zinc is essential to sustain life and is found in almost every cell. An adult human of
average weight contains about 2.5grams of zinc, most of which forms part of specialized
enzymes and other proteins. It stimulates the activity of some enzymes, which are
substances that promote biochemical reactions in the body (IOM, 2001). Zinc which
supports the immune system (Solomons, 1998), is needed for wound healing (Heyneman,

1996), helps maintain the sense of taste and smell (Prasad et al., 1997), and is needed for

34



DNA synthesis (IOM, 2001). Zinc also supports normal growth and development during

pregnancy, childhood, and adolescence (Fabris and Mocchegiani, 1995).

Too little zinc in the diet can lead to poor health, reproductive problems, and lowered
ability to resist disease. Exposure to elevated levels of zinc is not as toxic to humans as
some other metals; however, it has been shown to affect some biological functions. It
inhibits the biological synthesis of adenosine triphosphate (the molecule that carries
energy obtained from food), and it alters the permeability of some internal cell
membranes to potassium (Guthrie and Perry, 1980). Although zinc is relatively nontoxic
to humans, its ecological effects are of greater concern. Zinc has been shown to
bioaccumulate in some saltwater species with steady state bioconcentration factors
ranging from about 3.7 to 24,000. Zinc is also of concern for freshwater species because

the gills of fish are physically damaged by high concentrations of zinc (EPA, 1987).

2.3.2 Sources and Route of Human Exposure

Zinc is a naturally occurring element found in the earth’s surface rocks and ores
containing zinc are widespread geologically and geographically. Because of its reactivity,
zinc metal is not found as the free element in nature. There are approximately 55
mineralized forms of zinc. The source of most zinc is the sulphide, sphalerite, ZnS.
Sphalerite is closely associated with galena, PbS, pyrites, FeS, and other sulphides in
hypogene ore deposits, and must be separated from them in smelting. Transparent
sphalerite is often green. Sphalerite also called zinc blende is cubic in crystal structure.

ZnS crystallized in hexagonal crystals instead is called wurtzite. Hemimorphite is a
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hydrated zinc silicate, Zn4Si,O7;(OH),-H,0O, fairly hard but light, and strongly
pyroelectric. It is usually found in supergene enriched zones, together with smithsonite,
ZnCO3. Smithsonite is very easy to reduce to zinc. It is usually brownish, and often

contains considerable cadmium (Hurlbut, 1952).

Sources of exposure to zinc include ingestion of food, drinking water, polluted air,
tobacco products, and occupational exposure, with ingestion of food being the primary
route of exposure (ATSDR, 2005). The RDA for zinc is 11 mg/day for men and 8 mg/day

for women (IOM, 2002).

Zinc is present in most drinking water. Based on a body weight of 70 kg, the mean daily
intakes of zinc in drinking water for residents of homes with galvanized and copper pipe
plumbing systems in Seattle, Washington, were estimated to be 0.017-0.028 and 0.002-

0.006 mg/kg/day, respectively (Sharrett et al., 1982).

Zinc is widespread in commonly consumed foods but tends to be higher in those of
animal origin, particularly some seafoods (e.g., one serving of oysters will more than
meet the daily dietary requirements of zinc) (NAS/NRC, 1979). Meat products contain
relatively high concentrations of zinc, whereas fruits and vegetables have relatively low
concentrations. Meats, fish, and poultry contained an average of 24.5 mg zinc/kg,
whereas grains (or cereal products) and potatoes contained 8 and 6 mg/kg, respectively
(Mahaffey et al., 1975). Nonvegetarians absorb a higher percentage of zinc (3.7 mg/day)

than vegetarians (2.4 mg/day) (Hunt, 2003).
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Zinc is found in human tissues and body fluids. Body tissue and fluid samples were
collected from two nonoccupationally exposed individuals living in the Los Angeles,
California area (Krishnan and Hee, 1992). Ear wax, blood plasma, sweat, and skin from
these individuals contained zinc at levels of 88-103, 0.79-1.7, 0.50-1.58, and 15.6-1,000
ug/g dry weight, respectively. Hayashi et al. (1993) reported that human fingernail
samples from Japanese individuals had higher mean levels of zinc in the spring (145-149
ug/g) compared to winter (122—-136 pg/g). A recent study of breast milk in lactating
mothers showed an average zinc concentration of about 5.65 mg/L. This average did not

vary much depending on the age of the mother (Honda et al., 2003).

Exposure to airborne zinc is largely occupational through the inhalation of industrial
dusts or fumes. Individuals occupationally exposed to metallic zinc and zinc compounds
are those involved in galvanizing, smelting, welding, or brass foundry operations.
Inhalation of zinc oxide particles (0.2-1.0 um) and fumes by workers can result in metal

fume fever (Martin et al., 1999).

2.3.3 Levels of Zinc in the Environment

2.3.3.1 Air

Natural phenomena such as volcanic eruptions, forest fires, dust storms, and sea spray all
contribute to the continuous cycling of zinc in air. Zinc is also released into the air by
soils as they erode in wind and rain. The WHO in 2001 estimated 915,000 tonnes/year of

zinc released into the environment due to erosion. Volcanic release of zinc into the
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atmosphere has been estimated by Lantzy and Mackenzie (1979) to be around 35,800
tonnes annually, based on the average zinc concentration in soils and andesites with sea
salt sprays estimated to be 440 metric tons/year by Nriagu (1989). Thus, total annual
emissions of zinc to air from natural sources are estimated at about 45 000 tonnes/year

(Nriagu, 1989).

Zinc released by human activities comes mainly from mines, steel mills, brass works,
smelters, industrial boilers that burn coal, incinerators that burn refuse and sewage
sludge, and sewage plants that discharge treated waste. In general, levels of zinc in air are
relatively low and fairly constant. The average concentration of zinc in air (as fine dust
particles) is typically less than 1 microgram per cubic meter (ug/m°), although
concentrations of 5 pg/m® have been measured near industrial sources. Deposition of
airborne zinc is strongly dependent on particle size and meteorological factors, primarily
wind speed and humidity. Wet deposition predominates with estimated values for zinc

removal from air of 60-90% (Ohnesorge and Wilhelm, 1991).

2.3.3.2 Water

Rain, snow, ice, sun, and wind erode zinc-containing rocks and soil. Wind and runoffs
carry minute amounts of zinc to lakes, rivers, and the sea, where some zinc remains
dissolved in water or as fine suspended particles, others settles to the bottom in
association with heavier particles. Average concentrations range from 0.02 to 0.05
milligram per liter (mg/L) in surface water and 0.01 to 0.1 mg/L in drinking water (EPA,

1980b). For various rivers worldwide, Holland (1978) reported average values of 5-45
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pg/litre. Drainage from active and inactive mining areas may be a significant source of
zinc in water. Gonzales et al. (1985) reported zinc levels of up to 4 mg/litre in surface
water collected near a mine. Elevated zinc levels of up to 175 pg/litre were found in
Birch Creek, a heavily mined river, compared to <10 pg/litre in an unmined stream
(LaPerriere et al., 1985). On an annual worldwide basis, an estimated 77,000-375,000
metric tons of zinc are discharged into water from anthropogenic sources (Nriagu and

Pacyna, 1988).

One of the consequences is that zinc polluted rivers are depositing zinc-polluted sludge
on their banks. Zinc may also increase the acidity of waters. However environmental
toxicity of zinc in water is dependent upon the concentration of other minerals and the pH
of the solution, which affect the ligands that associate with zinc (Paquin et al., 2002).

Zinc has been shown to bioaccumulate in some saltwater species with steady state
bioconcentration factors ranging from about 3.7 to 24,000. Zinc is also of concern for

freshwater species (EPA, 1987).

2.3.3.3 Soil

Zinc is the 17th most common element in the earth's crust and most rocks contain zinc in
varying amounts. Zinc generally remains in the upper layers bound to soil particles, but it
can leach to groundwater depending on soil characteristics. It moves more readily in
sandy soil. Concentrations of zinc in sandy soil particles are about 200 times higher than
in the water between the soil particles. The concentration ratios are even higher (over

1,000) in both loam and clay soils (ATSDR, 2005). Zinc concentrations in igneous and
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sedimentary rocks were reported to be 48-240 mg/kg for basaltic igneous rock, 5-140
mg/kg for granitic igneous rock, 18-180 mg/kg for shales and clays, 34-1500 mg/kg for
black shales and 2-41 mg/kg for sandstones (Thornton, 1996). For non-contaminated
soils worldwide, Adriano (1986) reported average zinc concentrations of 40-90 mg/kg,
with a minimum of 1 mg/kg and a maximum of 2000 mg/kg. Low levels are found in
sandy soils (10-30 mg/kg), while high contents are found in clays (95 mg/kg). Sediment
samples collected from streams in the Black Hills, South Dakota, an area impacted by
gold mining operations, contained zinc at levels ranging from 3.8 to 250 ug/g dry weight

(May et al., 2001).

On a worldwide basis, an estimated 1,193,000-3,294,000 metric tons of zinc per year are
released to soil from anthropogenic sources (Nriagu and Pacyna, 1988). Wet and dry
deposition, mine tailings, the use of zinc compounds as fertilizers and the application of
municipal sludges and manure to cropland are considerable sources of zinc in soils
(ATSDR, 2005; Chang et al., 1987). When the soils of farmland are polluted with zinc,
animals will absorb concentrations that are damaging to their health and only a limited
number of plants have a chance of survival. Water-soluble zinc that is located in soils can

contaminate groundwater (ATSDR, 2005).

2.3.4 Environmental Fate

Due to natural erosion processes like the weathering and abrasion of rock, soils and
sediments by wind and water, a small but significant fraction of natural zinc is
continuously being mobilised and transported in the environment. Volcanic eruptions,

forest fires and aerosol formations above seas also contribute to the natural transport of
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zinc. These processes causes cycling of zinc in the environment, resulting in natural

background levels in the air, surface waters and soil.

Zinc present in air is mostly adsorbed on fine dust particles and are small enough to be in
the respirable range (Dorn et al., 1976). Zinc bound to soil particulates may be
transported to the atmosphere as wind-blown dust (Perwak et al., 1980). This dust
eventually settles over land and water. Rain, snow, gravitational settling and deposition

on water and soil surfaces aid in removing zinc from air (Golomb et al., 1997).

In water the free zinc ion is thought to coordinate with six water molecules to form the
octahedral aquo ion [Zn(H20)s]*" in the absence of other complexing or adsorbing
agents. In typical river waters, 90% of the zinc is present as aquo ion and the remainder
consists of ZnHCO3*, ZnCO3, ZnSO, and unstable organozinc complexes that dissociate
to liberate Zn?* (Spear, 1981). Most of the zinc introduced into aquatic environments
eventually is partitioned into the sediments and for this reason, top sediment layers
usually mirror the zinc levels in the overlying water. Zinc mobility in aquatic ecosystems
is a function of the composition of suspended and bed sediments, dissolved and
particulate iron and manganese concentrations, pH, salinity, concentrations of
complexing ligands, and the concentration of zinc (EPA, 2003). In natural waters,

complexing agents, such as humic acid, can bind zinc. Zinc bioavailability and toxicity to
aquatic organisms are highest under conditions of low pH, low alkalinity, low dissolved
oxygen, and elevated temperatures (Weatherley et al., 1980). Aquatic populations are

frequently decimated in zinc-polluted waters (Everall et al., 1989).
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In the soil, zinc is bound to the soil complex (clays, organic matter, etc), depending on
different physicochemical soil factors such as pH and organic matter content. These
factors determine the solubility of zinc in soil, and consequently, its bioavailability for
uptake by organisms. Humic and fulvic acids are important for the speciation of zinc in
soil and aquatic systems. For example, 60-75% of zinc in soil solution has been reported
to be bound by fulvates (Geering and Hodgson, 1969). Zinc may be taken up by animals

eating soil or drinking water containing zinc.

2.3.5 Human Health Effects

Zinc is an essential element in our diet, but too little or too much can be harmful.
Zinc deficiency most often occurs when zinc intake is inadequate or poorly absorbed,
when there are increased losses of zinc from the body, or when the body’s requirement
for zinc increases (Prasad, 1996). The World Health Organization (1996) estimated that
one-third (33%) of the world's population is at risk of inadequate zinc intakes. Signs of
zinc deficiency include growth retardation, hair loss, diarrhea, delayed sexual maturation
and impotence, eye and skin lesions, and loss of appetite (IOM, 2001). There is also
evidence that weight loss, delayed healing of wounds, taste abnormalities, and mental
lethargy can occur (Heyneman, 1996; Nishi, 1996). Zinc deficiency may increase the
toxic effects of arsenic, copper, cadmium and lead; thus an adequate amount of zinc can

be considered protective against the toxicity of these elements (ATSDR, 2005).

Large doses of zinc (10-15 times higher than the RDA) taken by mouth even for a short

time may cause stomach cramps, nausea, and vomiting. Ingesting high levels of zinc for
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several months may cause anemia, damage the pancreas, and decrease levels of high-

density lipoprotein (HDL) cholesterol (the good form of cholesterol) (ATSDR, 2005).

Zinc toxicity has been seen in both acute and chronic forms. Intakes of 150 to 450 mg of
zinc per day have been associated with low copper status, altered iron function, reduced
immune function, and reduced levels of high-density lipoproteins (Hooper et al., 1980).
One case report cited severe nausea and vomiting within 30 minutes after the person

ingested four grams of zinc gluconate (570 mg elemental zinc) (Lewis and Kokan, 1998).

Inhaling large amounts of zinc (as zinc dust or fumes from smelting or welding) can
cause a specific short-term disease called metal fume fever. This is believed to be an
immune response affecting the lungs and body temperature. Very little is known about

the long-term effects of breathing zinc dust or fumes (ATSDR, 2005).

High exposure to zinc dust can cause cough with phlegm. Skin irritation will probably
occur in people exposed to some zinc compounds. Metal particles can irritate the eyes

and zinc has not been classified for human carcinogenicity (ATSDR, 2005).

2.4 ANALYTICAL METHODS FOR MERCURY DETERMINATION IN FISH

Numerous methods have been used to determine mercury levels in biological and
environmental samples. Most methods have used atomic absorption spectrometry (AAS),
atomic fluorescence spectrometry (AFS), or neutron activation analysis (NAA). In
addition, methods based on mass spectrometry (MS), spectrophotometry, gas
chromatography and anodic stripping voltammetry (ASV) have also been tested. Of the

available methods, cold vapor (CV) AAS is the most widely used.
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All the above techniques represent a considerable improvement on the original
"dithizone" method. This dithizone method was widely used up to the advent of atomic
absorption spectrometry in the late 1960s. Basically it involved the formation of a
coloured complex with dithizone after all the mercury in the sample had been converted
to Hg” ions by oxidation in strong acids. After neutralization of excess oxidant with a
reducing agent, usually hydroxylamine, the coloured complex is extracted into a non-
polar solvent. After washing the extract, the colour intensity is measured on a
spectrophotometer and the amount of mercury estimated from a standard curve. The
dithizone procedure has an absolute sensitivity of about 0.5 pg of mercury. The quoted
recovery rates for the dithizone procedure from foodstuffs and tissues are in the range of

85-99% and the reproducibility can yield a coefficient of variation of as low as 2%.

Procedures for neutron activation analysis of total mercury have been reviewed by
Wallace (1971), Swedish Expert Group (1971) and Burrows (1975). The method is based
on the principle that when natural mercury (a mixture of stable isotopes) is exposed to a
high flux of thermal (slow) neutrons, it is converted to a mixture of radioactive isotopes,
principally **"Hg and ?**Hg, which have decay half-lives of 65 hours and 47 days,
respectively. After the sample has been irradiated with neutrons, a precise weight of
carrier mercury is added and the sample subjected to digestion and organic destruction.
On completion of digestion, mercury is isolated by electrodeposition on a gold foil and
the radioactivity is determined with a gamma counter. The use of carrier mercury corrects

for any losses of mercury during the digestion, extraction, and isolation procedures. The
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limit of detection is 0.1-0.3 ng of mercury. The sample size is 0.3 g giving a
concentration limit of 0.3-1 pg/kg in most biological samples. The neutron activation
procedure is regarded as the most accurate and sensitive procedure and is usually used as

the reference method (WHO, 1976).

The "Magos" selective atomic-absorption method (Magos, 1971; Magos and Clarkson,
1972) has found wide application. It can determine both total and inorganic mercury and,
by difference, organic mercury. The apparatus is inexpensive, portable, and does not
require sophisticated facilities. The technique has a sensitivity of approximately 0.5 ng of
mercury. The relative standard deviation was 2% and the recovery rates were quoted as

being close to 100%.

The gas chromatography method is usually used when there is a need to selectively
measure methylmercury or other organic species. It has been widely used for the
measurement of methylmercury in fish tissues. Gas chromatography is used to determine
methylmercury directly (detection limit, 1.0 ng/g sample). Of the available methods, Cold
Vapour-AAS is the method of choice (Baxter and Frech, 1990; Munaf et al., 1991) and
the method recommended by EPA and AOAC (AOAC, 1984; Beckert et al., 1990; EPA,
1994a). The CVAAS was used for analyzing total mercury in fish and sediments in this

study. The technique and procedure is discussed below.
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2.4.1 The Cold Vapour (CV) Atomic Absorption Technique

Mercury is unique among other heavy metals. Hg has a high pressure at ambient
temperature (0.61 Pa at 20°C). This uniqueness of Hg allows its determination to be
exploited. The traditional methods for the determination of Hg include flameless AAS,
AFS and ICPAES, all of which exhibit poor sensitivity. The high vapour pressure of Hg
at ambient temperature enables the metal to be determined by AAS without the use of an
atomizer. During the determination, Hg is reduced to metallic mercury from its
compounds and is transferred at the vapour phase. This is achieved by a simple chemical
reduction reaction used to generate the gaseous mercury species. The process is known as
Cold Vapour Atomic Absorption Spectrometry (CVAAS). The CVAA process has two
primary advantages. First, mercury (the analyte), is removed from sample matrix, which
reduces the potential for matrix interferences. Second, the detection limits are improved
because the entire mercury sample is introduced into the absorption cell within a few
seconds. Therefore, the density of mercury in the cell during data collection (absorption,
fluorescence or emission depending on the detection technique) is greatly enhanced as
compared to typical sample introduction. Two reducing agents usually employed for CV
analysis are tin (1) chloride (SnCl,) and sodium borohydride (NaBH,).

ng+ + Sn2+ PN Hgo + Sn4+

2.5 ANALYTICAL METHODS FOR CADMUIM AND ZINC ANALYSIS
e Inductively-coupled plasma atomic emission spectrometry (ICP-AES), atomic
absorption spectrometry (F-AAS, GF-AAS), ICP-mass spectrometry (ICP-MS),

X-ray fluorescence (XRF), and electroanalytical techniques, such as polarography
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or stripping voltammetry, and neutron activation analysis are commonly used
instrumental techniques for zinc and cadmium determination (ATSDR, 1999g;

IPCS, 2001).

Inductively-coupled plasma atomic emission spectrometry (ICP-AES) is
considerably more sensitive than F-AAS, and detection of 2 pg/L is possible by
direct analysis (Greenberg et al., 1992), although with the latest axial plasma
instruments with ultrasonic nebulization, the limit is as low as 0.2 pg/litre. This
technique offers adequate sensitivity for zinc in contaminated waters or for acid
digests of soil, sediment and biological samples. The multi-element capability
offered by ICP-AES is a considerable advantage over AAS methods (AOAC,

1998; EPA, 1994b; NIOSH, 1994).

Flame AAS has been used to determine zinc concentrations in natural waters.
AAS is a rapid method of measuring zinc, with a detection limit of 0.005 ppm
(Fishman, 1966; Hunt & Wilson, 1986). Flame AAS, coupled with microwave
digestion and GF-AAS, has been used to determine the concentration of zinc in
food and shellfish samples. Limits of detection ranged from 0.12 to 0.24 ppm,
with recoveries ranging from 80 to 113% (AOAC, 1984; McCarthy and Ellis,
1991; Morales-Rubio et al., 1992). GF-AAS was also used to determine low
levels of zinc in beer. Recovery (94-106%) and precision (4.2% CV) were
excellent. Sensitivity was not reported (Wagner et al., 1991).

ICP mass spectrometry (ICP-MS) offers excellent sensitivity. The technique is

ideally suited to digests of soils, sediments and biological samples; the greater
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sensitivity means that any difficulties due to a high content of solids are overcome
by dilution. In addition, because of its mass resolution, ICP-MS enables isotopic
ratio analysis (°’Zn/*®zn/"°zn) or isotope dilution studies using ®*Zn (Ward,
1987). ICP-MS has been used to determine the concentration of zinc in water.
Detection limits have been reported to be as low as 0.017 pg/L using ®°Zn isotope.
Recoveries range from 99 to 117% (APHA, 1998).

A relatively new XRF procedure based on polarized X-rays has a detection limit
for zinc of 0.1 mg/kg in biological materials (Heckel, 1995). Another technique,
energy dispersive x-ray fluorescence (EDXRF,) has been used to detect zinc in
dried food samples with better precision (e.g., detection limit, 0.8 ppm) than AAS
methods (Nielson et al. 1991).

Neutron activation analysis (NAA) is a useful technique for the non-destructive
analysis of solid samples, and requires a minimum of sample preparation
(Fredrickson, 1989; Heydorn, 1995). Its main advantage is its multi-element
capability; the great disadvantage is its limited availability, and long analysis
time. It has largely been superseded by ICP-MS, which offers a similar capability
and is more widely available. For zinc, the sensitivity of NAA is poor (IPCS,

2001).

The most commonly used methods, at present, are atomic absorption spectrometry,

electrochemical methods, and neutron activation analysis. Other methods are colorimetry,

atomic emission spectrometry, atomic fluorescence spectrometry, and proton-induced X-

ray emissions (PIXE) analysis. Analytical methods for cadmium have been reviewed by

Friberg et al. (1986).
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The AAS techniques appear to be most sensitive, with recoveries ranging from 94 to
109% (Bruhn and Franke, 1976; Muys, 1984). A method used to isolate cadmium by first
extracting with bismuth diethyldithiocarbamate (Bi[DDC]) and then with zinc
diethyldithiocarbamate (Zn[DDC];) in chloroform and then measuring by Radiochemical

neutron activation analysis (RNAA) showed 94-106% recovery (Greenberg et al. 1979).
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CHAPTER THREE

3.0 MATERIALS AND METHODS

3.1 Preparation of Glassware and Sample Containers

All glassware and sample containers used were soaked in detergent solution overnight;
rinsed and soaked in 10% (v/v) HNOgs overnight. They were rinsed with tap water
followed by 0.5% (w/v) KMnQOy, tap water again and finally rinsed with distilled water.

They were then dried before use.

3.2 Apparatus
The types of equipment used in this research are listed as follows:

e Automatic Mercury Analyzer Model HG-5000 (Sanso Seisakusho Co., Ltd,
Japan), equipped with mercury lamp operated at a wavelength of 253.7 nm was
used for mercury determinations. The signals were obtained on a Yokogawa
Model 3021 strip chart recorder.

e Unicam 929 Atomic Absorption Spectrometer.

3.3 Reagents and Solutions Prepared
All reagents used were of analytical reagent grade (BDH Chemicals Ltd, Poole, England)
unless otherwise stated. Double distilled water was used for the preparation of all

solutions.
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Mercury stock standard solution (1000 mg/L) was prepared by dissolving 0.677 g
of HgCl; in the acid mixture HNO3-H,SO,4-HCIO,4 (2:10:2) in a 50 ml digestion
flask with heating on a hot plate at a temperature between 250 °C + 5 for 30 min
and a clear solution was obtained. The solution was then diluted to 50 ml with
distilled water after cooling.

Blank solutions were also prepared in the ratio of 1: 1: 1: 5 distilled water: HNO3:
HCIO3: H,SO,4 bulked together for use as diluent.

Mercury standard working solutions were freshly prepared by diluting an
appropriate aliquot of the stock solution through intermediate solutions using the
blank solution.

. Stannous chloride solution (10% v/v) was prepared by dissolving 10 g of the salt
in 100 ml 1M HCI. The solution was aerated with nitrogen gas at 50 ml/min for
30 min to expel any elemental mercury from it.

Five molar (5M) NaOH was prepared by dissolving 20 g NaOH in 100 ml double
distilled water.

KMnQO, (0.5%) in 0.5M H,SO, was prepared by dissolving 0.5 g KMnQO,4 in 100
ml 0.5M H,SOy4,

. Cadmium Stock solution of 1000 ppm was prepared by dissolving 1g of pure
cadmium metal in a 1000 ml mixture of distilled water: HCI (1:1).

. Zinc Stock solution of 1000 ppm was prepared by dissolving 2.08 g of ZnCl, in a

1000 ml mixture of distilled water: HCI in the ratio of 1:1.

51



9. Cadmium and Zinc standard solutions were freshly prepared by diluting a
calculated aliquot of the stock solutions through intermediate solutions using the

blank solutions.

3.4 Sampling and Sample Preparation

Fish samples were obtained from local fishermen from five towns namely Dunkwa-on-
Offin, Nkotumso, Dominase, Buabenso and Awisam along River Offin between February
and July 2006. A hundred and forty eight (148) fish samples covering twelve (12)
species were obtained. The samples were stored on ice in an ice chest and transported to
the laboratory. They were then sorted out, identified and kept in a freezer at -20 °C prior
to preparation for chemical analysis. Thereafter, the fish samples were thawed to room
temperature, washed with distilled water, dried on tissue paper, the length and body
weight of each was then taken in the laboratory. A portion of the edible muscle tissue was
removed from the dorsal part of each fish using a stainless steel kitchen knife,
homogenized and stored for analysis. Four sediments and a soil sample collected 200 m
away from the river basin were taken using a plastic shovel from all the sampling
location. The sediments and soils were placed in clean plastic bags and transported to the
laboratory in an ice chest. The sediments and soils were air-dried in a dark room,

homogenized and sieved prior to analysis.

3.5 Digestion Procedure

The fish samples were digested for total mercury determination by an open flask

procedure as shown in scheme 3.0 below developed by Akagi and Nishimura (1991). In
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this digestion method, 0.5 g of homogenized fish sample was weighed into 50 ml
volumetric digestion flask and a mixture of 1 ml distilled water, 2 ml HNO3-HCIO; (1:1)
and 5 ml H,SO,4 were added. The mixture was then heated at a temperature of 250 + 5 °C
for 30 min until the solution became colourless. The sample solution was then cooled and
diluted to 50 ml with double distilled water. The sediments and soils were also subjected

to the same digestion procedure and the digest filtered with Whatman No 45 filter paper.

Scheme 3.0 Procedure for digestion of samples for total mercury in fish and

sediments.

Sample (0.5 g in 50 mL digestion flask)
H,0, 1 mL

HNO3:HCIO, (1:1), 2 mL
H2SO04, 5 mL

Heat at 200 °C + 5 °C for 30 min

Cool to room temperature

v

Digested Sample

l H,0, make up to 50 mL
Sample solution, 5 mL

l 10% SnCl;, 0.5 mL

Analysis for Hg using CVAAS - Automatic Mercury Analyzer Model HG 5000
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3.6 Digestion of Blank and Standards

A blank and standard solution, 0.0, 25 and 50ul of 1ug/ml standard mercury solution

were subjected to the same digestion treatment as the sample, to yield concentrations of

0, 25 and 50 ng/ml as standard solutions for the experimental analysis.

3.7 Determination of Mercury

Determination of mercury in all the digests were carried out by cold vapor atomic

absorption spectrometry using an automatic Mercury Analyzer Model HG-5000 (Sanso

Seisakusho Co., Ltd, Japan) developed at National Institute for Minamata Disease

(NIMD) (Akagi and Nishimura, 1991).

3.7.1 Operation of Automatic Mercury Analyzer Model HG-5000

1.

The instrument was switched on and left for 20 minutes to warm up

The start button was pressed to purge the system for 3 minutes

The reset button was pressed to stop purging

A 5 ml aliquot of the sample was introduced into the reaction vessel using a
micropipette

Then 0.5 ml of the SnCl,.2H,0 was added from a dispenser

The start button was pressed immediately the stannous chloride was dispensed. After
30 seconds the 4 way valve rotated to allow the mercury vapour generated in the
reaction vessel to flow into the absorption cell so as to generate a peak. Immediately
the peak fell, a beep sounded.

Immediately after the beep, the tap was opened to expel the waste

The reset button was pressed to stop purging before the next sample was introduced
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9. The tip of the micropipette was replaced with a new one

10. The process was repeated from step 4 for other samples, standard solutions and blank

Microprocessor |— g Ball walve
v _ 196Kmn0) He lamp

| in 1HMH; 50,

. e = ! ]
1_0,%_ SnClL, ’;:'-'-""'7\';'.'__. - O l
Adr pump = - |

[—-—-» S A P
PN _/cnck AN

Hg detector

1% 3nCl =
(A 20mLy | .
b -5H MaOH

Iy - |
Acidic gas trap Ice bath

Feaction vessel

Fig. 3.0 Apparatus for mercury analysis by Cold Vapour Atomic Absorption

Spectrometry (Akagi and Nishimura, 1991)

3.8 Determination of Cadmium and Zinc
The same digested sample in Section 3.5 was used for Cd and Zn determination.
However, the digested sample after making it up to 50 ml was analysed for Cd and Zn

using the Unicam 929 Atomic Absorption Spectrometer.
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3.9 Determination of Recovery

Recovery of mercury was determined by adding increasing amounts of mercury to
samples of two different fish species and two different sediments, which were taken
through the digestion procedure. The resulting solutions were analysed for mercury. The
results are reported in Table 4.1. Recovery for zinc and cadmium were also determined
with the same samples and procedure. The results are shown in Table 4.2 and 4.3

respectively.

3.10 Determination of Mercury, Cadmium and Zinc in Certified Reference Material
The Certified Reference Material CRM-1AEA-407 fish tissue was subjected to the same
digestion procedure as described in Section 3.5 and the results after analysis for Hg, Cd,

and Zn is presented in Table 4.0

3.11 Statistical Analysis
The data obtained in this study were subjected to statistical analyses using Microsoft
Excel. Linear regression and correlation analysis were conducted using the following

variables: mercury concentration in fish, total fish length and fresh fish weight.
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CHAPTER FOUR

4.0 Results and Discussion

The accuracy of the analytical technique used in this study was determined by carrying
out recoveries and the analysis of Certified Reference Materials (CRM’s) (CRM-IAEA-
407 fish tissue). The results are presented in Table 4.0 to 4.3. Recoveries for Hg in fish
ranged from 96.12 to 101.08%, that for Zn ranged from 95.00 to 99.00% and that of Cd
ranged from 98.40 to 101.00%. Recoveries for Hg, Zn and Cd in sediments ranged from
96.00 to 101.80%, 97.50 to 103.75% and 99.33 to 103.33% respectively. The validity of
the method have been proved by the agreement between the measured (0.219 to 0.220
mg/kg) and certified (0.216 to 0.228 mg/kg) for mercury and the measured (0.193 to
0.196 mg/kg) and certified (0.185 to 0.193 mg/kg) for cadmium. The results from the
analysis were within the 95% confidence limit. There was however, small disagreement
between the measured (67.1 to 68.2 mg/kg) and the certified (66.3 to 67.9 mg/kg) for

zinc.

Table 4.0 Results for Hg, Cd and Zn in Certified Reference Material CRM-IAEA-

407 Fish Tissue

Metal  Range(mg/kg) IAEA Range(mg/kg) Average (mg/kg)  IAEA Average (mg/kg)

Hg
Cd

Zn

0.219-0.220 0.216-0.228 0.220 0.222
0.193-0.196 0.185-0.193 0.195 0.189
67.1-68.2 66.3-67.9 67.7 67.1
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Table 4.1 Recovery of mercury from fish and sediments

Sample Hg added (ng/g) Hg found (ng/g) Hg recovered (ng/g) % Recovery
0 145.80 - -

Synodontis sp.

(0.59) 25 169.83 24.03 96.12
50 195.00 49.20 98.40
0 158.33 - -

Tilapia zilli

(0.59) 25 183.60 25.27 101.08
50 208.24 49.91 99.82
0 290.00 - -

Buabenso Sediment

(BUA S4)

(0.29) 25 314.00 24.00 96.00
50 339.30 49.30 98.60
0 286.45 - -

Dunkwa Sediment

(DUN S1)

(0.29) 25 311.90 25.45 101.80
50 335.49 49.04 98.08
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Table 4.2 Recovery of Zinc from fish and sediments

Zn added Zn recovered
Sample (mg/kg) Zn found (mg/kg) (mg/kg) % Recovery
0 18.06 - -
Synodontis sp.
(0.59) 0.8 18.82 0.76 95.00
1.0 19.03 0.97 97.00
0 22.22 - -
Tilapia zilli
(0.59) 0.8 23.01 0.79 98.75
1.0 2821 0.99 99.00
0 80.24 - -
Buabenso Sediment
(BUA S4)
(0.29) 0.8 81.07 0.83 103.75
1.0 81.25 1.01 101.00
0 66.58 - -
Dunkwa Sediment
(DUN S1)
(0.29) 0.8 67.36 0.78 97.50
1.0 67.56 0.98 98.00
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Table 4.3 Recovery of Cadmium from fish and sediments

Cd added Cd recovered
Sample (mg/kg) Cd found (mg/kg) (mg/kg) % Recovery
0 25.40 - -
Synodontis sp.
(0.59) 3.0 28.39 2.99 99.67
5.0 30.37 4.97 99.40
0 10.22 - -
Tilapia zilli
(0.59) 3.0 13.25 3.03 101.00
5.0 15.14 4.92 98.40
0 47.86 - -
Buabenso Sediment
(BUA S4)
(0.29) 3.0 50.96 3.10 103.33
5.0 52.88 5.02 100.40
0 53.47 - -
Dunkwa Sediment
(DUN S1)
(0.29) 3.0 56.45 2.98 99.33
5.0 58.57 5.10 102.00
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4.1 Total Mercury Concentrations in Different Fish Species and Sediments

Thirty (30) fish samples representing five (5) fish species namely Tilapia zilli (Tedea;
Apatre; Apataa), Chrysichthys nigrodigitatus (Nkontro), Oreochromis niloticus (Apatre;
Apataa; Mpatoa), Heterobranchus sp. (Adwene) and Sarotherodon melanotheron
(Apatre; Apataa; Mpatoa) were obtained from Dominase. Four sediment samples were
taken from the river bed and a soil sample which serves as a control was taken 200 m
away from the river bank. Total mercury (Hg) concentration for Tilapia zilli (n=13)
yielded a mean muscle tissue mercury concentration of 222.18+85.99 ng/g wet weight
and mercury concentration range from 96.33 to 403.05 ng/g wet weight. Mercury
concentration in ng/g wet weight in Chrysichthys nigrodigitatus ranged from 182.75 to
409.49 (mean=311.35+83.07, n=5), from 90.79 to 228.87 (mean=165.31+69.69, n=3) for
Oreochromis niloticus, from 34.77 to 38.28 (mean=35.79+1.42, n=5) for Heterobranchus
sp. and from 82.72 to 316.42 (mean=146.33+113.59, n=4) for Sarotherodon
melanotheron. All the fish samples from Dominase showed mercury concentrations
below the World Health Organisation (WHO) limit of 500 ng/g wet weight. Trophic level
defines the feeding position of an organism in a food chain as primary producer,
herbivore, primary carnivore, etc. Beckvar et al. (1996) reported that diet has a
significant role in the overall body burden of mercury, both between and within species.
Differences in total mercury concentrations between species reflect diet differences due
to trophic position; within-species differences are related to dietary requirements of
various developmental stages. The levels of mercury obtained conform to the
observations made by Beckvar et al. (1996). For instance, Chrysichthys nigrodigitatus at

trophic level 2.6 had a higher mean Hg concentration (ng/g wet weight) of 311.35+83.07
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than 146.33£113.59 for Sarotherodon melanotheron (trophic level 2.5) which is at a
trophic level just 0.1 below that of Chrysichthys nigrodigitatus. Several researchers have
documented a positive relationship between Hg concentrations and fish length, weight
and/or age (Beckvar et al., 1996; Bidone et al., 1997; Lacerda et al., 2000; Lange et al.,
1994; Ward and Neumann, 1999; Wiener and Spry, 1996). A good correlation was
observed between muscle tissue Hg concentration and fresh weight of fish for
Chrysichthys nigrodigitatus (r* = 0.6526), Oreochromis niloticus (r* = 0.9131) and
Heterobranchus sp. (r* = 0.6203) whereas a poor correlation was observed for Tilapia
zilli (* = 0.0835) and Sarotherodon melanotheron (r* = 0.3181). A poor correlation
between muscle tissue Hg concentration and total fish length was however observed for
all the species; Tilapia zilli (r* = 0.0845), Chrysichthys nigrodigitatus (r* = 0.3237),
Oreochromis niloticus (r* = 0.0722), Heterobranchus sp. (r* = 0.0709), and Sarotherodon
melanotheron (> = 0.3174). Though the average mercury level of 144.55+38.21 ng/g
recorded in sediment from Dominase was higher than the 97.45 ng/g recorded for control,

it was below the WHO/FAO maximum permissible limit in sediments of 1000 ng/g.

Oreochromis niloticus (Apatre; Apataa; Mpatoa), Tilapia zilli (Tedea; Apatre; Apataa),
Heterobranchus sp. (Adwene) and Labeo coubie (Apempemabo) obtained from
Nkotumso recorded total Hg concentrations in their muscle tissue well below the WHO
limit. The Hg concentration in ng/g wet weight recorded in the muscle tissue of
Oreochromis niloticus ranged from 59.79 to 247.51 (mean=132.13+53.51, n=14), from
57.16 to 97.60 (mean=78.97+19.71, n=6) for Tilapia zilli, from 1.02 to 168.44

(mean=88.69+79.58, n=4) for Heterobranchus sp. and from 100.83 to 190.76
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(mean=121.35+34.33, n=6) for Labeo coubie. A poor correlation was observed between
muscle tissue Hg concentration and fresh weight for Oreochromis niloticus (r?=0.1755),
Tilapia zilli (r*=0.0053) and Labeo coubie (r* =0.2012). There were also no significant
correlation between muscle tissue Hg concentration and total length for Oreochromis
niloticus (r’=0.1425), Tilapia zilli (r’=0.0662) and Labeo coubie (r*=0.1252). However,
a significant correlation was observed between muscle tissue Hg concentration, fresh
weight (r’=0.9216) and total length (r=0.8098) for Heterobranchus sp. High correlation
between muscle tissue mercury concentration and total length and fresh weight of fish
are normally observed among piscivorous species whereas poor correlations between
these parameters are observed among herbivorous species (Lange et al., 1994). A similar
observation was made in this study. Heterobranchus sp. a piscivorous fish with trophic
level usually above 3.0 exhibited a significant correlation between mercury concentration
and total length and fresh weight whereas Oreochromis niloticus, Tilapia zilli and Labeo
coubie herbivorous species all of trophic level 2.0 showed no significant correlation.

Boszke et al. (2003) reported that the inter-species differences in mercury concentrations
in crustaceans can be related to different feeding habits of the species. For example, the
benthic crustacean Crangon crangon is mainly exposed to mercury contained in the
bottom sediment, while Palaemon adspersus is specie living among aquatic plants.
Regression analysis gave a negative relationship (p<0.05) between total mercury
concentration and body length/weight only for Palaemon adspersus. An elevated level of
mercury with a mean of 1010.08+102.89 ng/g was recorded in sediment relative to
137.80 ng/g of the control but sediment levels do not correlate to levels in fish. An

elevated level of mercury in the sediment which does not correlate to levels in fish might
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be due to high concentrations of organic substances and reduced sulfur that complexes
free Hg (I1) ions in sediments thus reducing the availability of mercury to biota
(Rubinstein et al., 1983). Many investigators have also reported no correlation between
sediment and tissue concentrations of mercury for higher-trophic-level species

(Duckerschein et al., 1992; Lindqvist, 1991) such as Heterobranchus sp..

Among the eight fish species obtained from Dunkwa-on-Offin, a muscle tissue Hg
concentration in ng/g wet weight ranging from 63.92 to 259.76 (mean=145.39+68.61,
n=10) was recorded for Oreochromis niloticus (Apatre; Apataa; Mpatoa), from 264.39 to
756.83 (mean=473.24+213.27, n=5) for Chrysichthys nigrodigitatus (Nkontro), from
120.75 to 157.90 (mean=143.77+16.49, n=5) for Labeo coubie (Apempemabo), from
97.90 to 173.52 (mean=141.58+39.16, n=3) for Brycinus sp.(Atesoo) and from 379.50 to
794.59 (mean=587.04+293.52, n=2) for Hepsetus odoe (Odom). Specie each of
Mormyrus sp. (Deasera), Papyrocranus afer (Supako) and Heterobranchus sp.(Adwene)
also yielded muscle concentration of 46.81, 53.29 and 65.72 ng/g wet weight
respectively. The highest muscle tissue mercury concentration of 794.59 ng/g wet weight
was recorded in Hepsetus odoe whereas the lowest of 46.81 ng/g wet weight was
recorded in Mormyrus sp.. With the exception of a specie of Hepsetus odoe which
recorded the highest Hg concentration (794.59 ng/g) and two species of Chrysichthys
nigrodigitatus (756.83 ng/g and 630.38 ng/g) all the fish samples studied showed muscle
tissue mercury concentrations below the World Health Organisation (WHO) limit of 500
ng/g wet weight. An increase in muscle tissue Hg concentration with trophic level was
observed. Hepsetus odoe at trophic level 4.5 recorded mean muscle tissue Hg

concentration of 587.04+293.52 ng/g wet weight, Chrysichthys nigrodigitatus at trophic
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level 2.6 recorded mean muscle tissue Hg concentration of 473.24+213.27 ng/g wet
weight whereas Oreochromis niloticus at trophic level 2.0 recorded mean muscle tissue
Hg concentration of 145.39+68.61 ng/g weight wet. Thus muscle tissue Hg
concentrations increased with trophic levels. However, the increase in Hg concentrations
with trophic levels observed in this study was larger between Oreochromis niloticus
(trophic level 2.0) and Chrysichthys nigrodigitatus (trophic level 2.6) than between
Chrysichthys nigrodigitatus (trophic level 2.6) and Hepsetus odoe (trophic level 4.5). The
levels of mercury obtained also indicated that fish of the same species from Dunkwa-on-

Offin had different concentrations of mercury.
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Fig. 4.18 Relationship between Mean Hg Concentration in fish and Trophic Level.

A significant correlation was observed between muscle tissue Hg concentration and fresh
weight of fish for Labeo coubie (r* = 0.7260) but that obtained for Oreochromis niloticus

(r* = 0.1605), Chrysichthys nigrodigitatus (r* = 0.4094) and Brycinus sp. (r* = 0.1594)
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were insignificant. Again, a good correlation was obtained between muscle tissue Hg
concentration and total length of fish for Labeo coubie (r* = 0.9638) but poor correlation
was obtained for Oreochromis niloticus (r* = 0.4948), Chrysichthys nigrodigitatus (r* =
0.4518) and Brycinus sp. (r* = 0.1153). Correlation values were not determined for
Hepsetus odoe (n=2), Mormyrus sp. (n=1), Papyrocranus afer (n=1) and Heterobranchus
sp. (n=1) because at least three values or samples are required for regression analysis to
determine correlation. Though the average mercury levels in sediment from Dunkwa-on-
Offin 186.15+77.18 ng/g was higher than the control 44.61 ng/g, it was below the
WHO/FAO maximum permissible limit in sediment of 1000 ng/g. There was no
correlation between mercury levels in sediment and fish. A similar finding was reported

by Rose et al., 1999.

Fishes obtained from Buabenso gave a muscle tissue Hg concentration in ng/g wet weight
range from 115.46 to 649.40 (mean=257.14+132.71, n=23) for Synodontis sp.
(Kokochichi; Obochichi), from 211.06 to 411.16 (mean=299.40+102.08, n=3) for
Chrysichthys nigrodigitatus (Nkontro), from 153.63 to 179.29 (mean=166.46+18.15,
n=2) for Tilapia zilli (Tedea; Apatre; Apataa), and from 105.32 to 112.73
(mean=109.02+5.24, n=2) for Schilbe mystus (Abadec). A Synodontis sp. had muscle
tissue Hg concentration of 649.40 ng/g wet weight which was above the WHO limit but
the rest were below this limit. Correlation between muscle tissue Hg concentration and
fresh weight (r?=0.0749), and total length (r*=0.0469) was found for Synodontis sp. There
were, however, a good correlation between muscle tissue Hg concentration and fresh

weight (r=0.9835), and total length (r°=0.9817) for Chrysichthys nigrodigitatus. Though
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Schilbe mystus is at trophic level 3.3 and Tilapia zilli is at trophic level 2.0 (lowest
trophic level specie among Buabenso fish), Schilbe mystus recorded the lowest tissue Hg
concentration of 105.32 ng/g wet weight contrary to observation made by Becker and
Bigham (1995), and Beckvar et al. (1996) that high trophic level fish tend to have a
higher Hg concentration than low trophic level fish in an aquatic food chain. An average
mercury concentration of 424.30+260.12 ng/g was recorded for sediment and 72.60 ng/g
for control. This was below the WHO/FAO Hg limit in sediments. Correlation was poor
between Hg concentration in fish and the sediments. This conforms to observation made

by other researchers (Rose et al., 1999).

The thirty fish samples obtained from Awisam consisted of only Synodontis
sp.(Kokochichi; Obochichi) which gave muscle tissue Hg concentration range from
140.86 to 795.94 ng/g wet weight with a mean of 289.76+125.60 ng/g wet weight. Varied
mercury concentrations in muscle were observed among the thirty Synodontis sp. and this
might be due to different Synodontis species that were found within the family
Mochokidae as well as different feeding patterns among the same Synodontis sp.. With
exception of a specie which had an elevated Hg concentration of 795.94 ng/g wet weight,
all the species had Hg concentration falling below the WHO limit of 500 ng/g wet
weight. A poor correlation was observed between muscle tissue Hg concentration and
fresh weight (* = 0.4042) and total length (r* = 0.0149). An average mercury
concentration in sediment was found to be 96.11+30.07 ng/g whereas that of the control
was 61.55 ng/g. Sediment level was below the WHO/FAO limit of 1000 ng/g. Correlation

between Hg in fish and sediment was poor and this is in agreement with the observation
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made by Rose et al. (1999) who reported that mercury concentrations in bed sediments

are not necessarily correlated with concentration in fish tissue.

Generally, a regression analysis carried between the mean average of Hg in fish and
mean of Hg in sediment from all the five sampling areas gave negative correlation (r’= -

0.638).
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Fig. 4.33 Correlation between Hg concentration in Fish and Sediments

This implies that as Hg concentration in the sediment increases, there will be low
concentrations in the water column thus translating to low Hg concentration in fish with
increasing Hg in sediments as long as the fish is not feeding on sediment particles.
Factors that control methylation such as microbial activity and mercury in sediment
(upper layer), dissolved organic content (humic content), salinity, pH, and redox potential

(WHO, 1990) may not favour methylation process in the Offin basin. Again, mercury
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distribution in both fish and sediment showed an irregular trend as the river flows

towards River Pra at Awisam.
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Fig. 4.34 Mercury distribution in fish in all sampling areas
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Table 4.4 Total Hg, Zn and Cd Concentrations in fish muscle samples from Dominase, Nkotumso, Dunkwa-on-Offin,
Buabenso and Awisam

Specie Name Sample Trophic Mean Total Length Mean Fresh Weight ~ Mean Hg Concentration Mean Zn Concentration  Mean Cd Concentration

(local name in Akan) size(n) level* (range, cm) (range, @) (range, ng/g) (range, mg/kg) (range, mg/kg)
Dominase
Tilapia zilli 13 2.0 19.1142.50 168.31+73.53 222.18+85.99 8.21+1.88 0.10
(Tedea; Apatre; Apataa ) (15.70 - 25.00) (85.51 - 368.31) (96.33 - 403.05) (ND - 11.05) (ND -0.10)
Chrysichthys nigrodigitatus 5 2.6 25.02+1.60 205.10£39.22 311.35+83.07 10.45+3.37 0.10
(Nkontro) (23.30 - 26.70) (171.20 - 265.75) (182.75 - 409.49) (4.47 - 12.52) (ND -0.10)
Oreochromis niloticus 3 2.0 22.47+0.25 261.15+22.25 165.31+69.69 4.03+£2.05 ND
(Apatre; Apataa; Mpatoa) (22.20 - 22.70) (246.40 - 286.75) (90.79 - 228.87) (ND - 5.48)
Heterobranchus sp. 5 3.2-3.7 32.42+1.92 292.60+30.72 35.79+1.42 4.21+1.58 0.10
(Adwene) (30.10 - 35.00) (261.22 - 335.85) (34.77 - 38.28) (2.58 - 6.67) (ND -0.10)
Sarotherodon melanotheron 4 2.5 22.40+2.89 235.88+£100.25 146.33+£113.59 ND 0.10
(Apatre; Apataa; Mpatoa) (19.80 - 25.00) (145.81 - 324.10) (82.72 - 316.42) (ND -0.10)
Nkotumso
Oreochromis niloticus 14 2.0 17.92+2.28 150.31+54.72 132.13+£53.51 5.41+1.99 0.10
(Apatre; Apataa; Mpatoa) (14.00 - 21.50) (56.14 - 262.42) (59.79 - 247.51) (1.29-8.07) (ND -0.10)
Tilapia zilli 6 2.0 14.28+1.71 66.18+16.17 78.97+19.71 7.26+2.62 ND
(Tedea; Apatre; Apataa ) (11.30 - 15.80) (41.12 - 82.70) (57.16 - 97.60) (5.12-12.38)
Heterobranchus sp. 4 3.2-3.7 33.80+15.31 383.33+£312.25 88.69+79.58 5.29+2.88 ND
(Adwene) (15.80 - 47.50) (85.50 - 663.01) (1.02-168.44) (2.17-8.32)
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Table 4.4 Continued

(Nkontro)

(22.70 - 23.60)

(92.91 - 135.90)

72

(211.06 - 411.16)

Specie Name Sample Trophic Mean Total Length Mean Fresh Weight ~ Mean Hg Concentration Mean Zn Concentration  Mean Cd Concentration

(local name in Akan) size(n) level* (range, cm) (range, @) (range, ng/g) (range, mg/kg) (range, mg/kg)
Labeo coubie 6 2.0 20.77x1.07 183.98+31.81 121.35+34.33 1.83+1.24 ND
(Apempemabo) (19.10 - 21.70) (133.22 - 207.01) (100.83 - 190.76) (ND -3.17)
Dunkwa-on-Offin
Oreochromis niloticus 10 2.0 17.17+0.91 117.01+17.61 145.39+68.61 5.67+0.98 0.10
(Apatre; Apataa; Mpatoa) (15.50 - 18.60) (85.90 - 139.75) (63.92 - 259.76) (4.13-7.37) (ND -0.10)
Chrysichthys nigrodigitatus 5 2.6 20.14x2.29 112.96+36.85 473.24+213.27 8.03+2.28 ND
(Nkontro) (17.40 - 23.00) (79.44 - 171.41) (264.39 - 756.83) (5.66 — 11.45)
Labeo coubie 5 2.0 19.10+1.44 159.25+37.90 143.77+16.49 8.01+1.28 0.10
(Apempemabo) (16.70 - 20.30) (105.09 - 191.16) (120.75 - 157.90) (7.02 - 10.02) (ND -0.10)
Brycinus sp. 3 2.2-3.3 20.77+3.59 173.03+101.91 141.58+39.16 7.57+1.84 0.10
(Atesod) (18.40 - 24.90) (99.82 - 289.42) (97.90 - 173.52) (5.58-9.21) (ND -0.10)
Hepsetus odoe 2 45 24.30+0.85 117.51 587.04+293.52 10.40+0.88 ND
(Odom) (23.70 - 24.90) (11%51) (379.50 - 794.59) (9.78 - 11.02)
Buabenso
Synodontis sp. 23 2.7-3.4 19.93+5.04 86.42+65.63 257.14+132.71 3.22+1.03 0.10
(Kokochichi; Obochichi) (13.50 - 32.00) (24.32 - 278.40) (115.46 - 649.40) (ND -5.38) (ND -0.10)
Chrysichthys nigrodigitatus 3 2.6 23.17+0.45 118.64+22.71 299.40+102.08 ND ND



Table 4.4 Continued

Specie Name Sample Trophic Mean Total Length Mean Fresh Weight ~ Mean Hg Concentration Mean Zn Concentration  Mean Cd Concentration
(local name in Akan) size(n) level* (range, cm) (range, @) (range, ng/g) (range, mg/kg) (range, mg/kg)

Tilapia zilli 2 2.0 17.60£1.13 103.13+26.61 166.46+18.15 ND ND
(Tedea; Apatre; Apataa ) (16.80 - 18.40) (84.31-121.94) (153.63 - 179.29)
Schilbe mystus 2 33 14.80+0.99 30.01+7.76 109.02+5.24 ND ND
(Abades) (14.10 - 15.50) (24.53 - 35.50) (105.32 - 112.73)
Awisam
Synodontis sp. 30 2.7-3.4 19.58+2.79 86.63+30.68 289.76+125.60 6.47+2.83 0.09
(Kokochichi; Obochichi) (15.00 - 24.80) (40.48 - 171.60) (140.86 - 795.94) (2.87-18.16) (ND -0.10)

Sp. = specie *adapted from: Fishbase.org (2003) ND = Not Detected
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4.2 Total Zinc Concentrations in Different Fish Species and Sediments

The total zinc (Zn) concentration in fish muscle from the five experimental locations in
the Offin River is presented in Table 4.4. The total Zn concentration in mg/kg wet weight
in the edible muscle tissue of fish from Dominase ranged from below detection to 11.05
(mean=8.21+1.88, n=13) for Tilapia zilli, from 4.47 to 12.52 (mean=10.45+3.37, n=5) for
Chrysichthys nigrodigitatus, from below detection to 5.48 (mean=4.03£2.05, n=3) for
Oreochromis niloticus and from 2.58 to 6.67 (mean=4.21+1.58, n=5) for Heterobranchus
sp.. However, the level of zinc in the muscle tissue was below the instrumental detection
limit for the four samples of Sarotherodon melanotheron (Apatre; Apataa; Mpatoa). This
might be due to the low ability of Sarotherodon melanotheron (Apatre; Apataa; Mpatoa)
to accumulate Zn or good ability to excrete it from the body compared to the other
species. A similar finding has been made by Amoo et al. (2003). Zinc concentrations in
all fish analysed were below the WHO maximum permissible limit of 1000 mg/kg and
the general guideline limit for zinc in food of 50 mg/kg (Zienab, 2006). The soil sample
(control) recorded higher Zn concentration (35.57 mg/kg) than the sediment which
recorded a mean concentration of 23.54+6.34 mg/kg. The sediment Zn concentration
recorded is higher than 16 mg/kg, the mean Zn recorded in sediment from Wiwi River
(Biney and Beeko, 1991). However, the mean Zn levels in sediment obtained at
Dominase is lower than the mean of 82.5 mg/kg reported for sediments from Africa
inland waters (Committee for Inland Fisheries of Africa, 1992), 95 mg/kg been the level
reported for unpolluted sediments (GESAMP, 1982; Salomons and Forstner, 1984) as
well as the widely used Canadian sediment guidelines for the protection of aquatic life of

124 mg/kg (CCME, 1999).

74



Oreochromis niloticus (n=14), Tilapia zilli (n=6), Heterobranchus sp. (n=4) and Labeo
coubie (n=6) obtained from Nkotumso recorded total Zn concentration in muscle tissue
range in mg/kg wet weight in their muscle tissue from 1.29 to 8.07 (mean=5.41+1.99),
from 5.12 to 12.38 (mean=7.26£2.62), from 2.17 to 8.32 (mean=5.29+2.88) and from
below detection to 3.17 (mean=1.83+1.24) respectively. The general range for Zn
concentration in fish muscle tissue is from below detection to 12.38 mg/kg. Though
levels of Zn in fish were lower than WHO limit and general guideline limit for food, it
was slightly higher than the range (3.0 to 11.8 mg/kg) reported for fish in Africa inland
waters by Committee for Inland Fisheries of Africa (1992). The mean average of all the
fishes from Nkotumso 4.95+2.27 mg/kg was however lower than the 6.65+0.45 mg/kg
reported by Oze et al. (2006) for fish in Qua-Iboe river in Nigeria. The sediments yielded
an average of 20.44+4.78 mg/kg whereas the control recorded 25.50 mg/kg. Higher Zn
concentration in soil (control) than sediment suggest that levels in sediment might be due
to erosion of soil or water runoffs from mine fields carrying zinc into the Offin River
following rain event. Bioavailability of Zn in the aquatic environment was not favoured
as indicated by low fish Zn levels relative to that of the sediments. Zn sediment levels
were below the level reported for unpolluted sediments (GESAMP, 1982; Salomons and
Forstner, 1984) as well as Canadian sediment guidelines for the protection of aquatic life

(CCME, 1999).

The levels of Zn in mg/kg wet weight found in the muscle tissues of fish from Dunkwa-
on-Offin falls within the following ranges: from 4.13 to 7.37 (mean=5.67%0.98, n=10) for
Oreochromis niloticus, from 5.66 to 11.45 (mean=8.03+2.28, n=5) for Chrysichthys

nigrodigitatus, from 7.02 to 10.02 (mean=8.01+1.28, n=5) for Labeo coubie, from 5.58-
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9.21 (mean=7.57%1.84, n=3) for Brycinus sp., from 9.78 to 11.02 (mean=10.40+0.88,
n=2) for Hepsetus odoe. Zn concentration in muscle tissues of specie each of Mormyrus
sp., Papyrocranus afer and Heterobranchus sp. were 10.02, 11.63 and 12.85 mg/kg
respectively. Zinc levels in muscle tissue of all the fish were below the WHO maximum
permissible limit of 1000 mg/kg and the general guideline limit for zinc in food of 50
mg/kg (Zienab, 2006). Levels of Zn recorded in all the fish from Dunkwa-on-Offin
ranged from 4.13 to 12.85 mg/kg with a mean average of 9.27+2.37 mg/kg. These levels
observed were higher than those reported by other researchers in Africa. Biney and
Beeko (1991) reported 3.0 mg/kg of zinc in fish from Wiwi River, Ghana and Committee
for Inland Fisheries of Africa (1992) also reported Zn range in fish in Africa inland
waters from 3.0 to 11.8 mg/kg. The elevated levels observed might be due to the
extensive mining activities in the Offin River. An average of 25.81+6.55 mg/kg was
measured in four river sediments relative to a higher value of 81.49 mg/kg for the soil
(control). The Zn concentration in sediments were below 95 mg/kg, the level reported for
unpolluted sediments (GESAMP, 1982; Salomons and Forstner, 1984) as well as the
Canadian sediment guidelines for the protection of aquatic life of 124 mg/kg (CCME,
1999). Sediment Zn levels were higher than those recorded for fish suggesting that
bioavailability is not favoured by factors such as pH, hardness, alkalinity, dissolved
oxygen, temperature, complexing ligands and zinc concentration (EPA, 2003; Weatherley

et al., 1980).

With exception of Synodontis sp. (n=23) which recorded muscle tissue Zn concentration
range from below detection limit to 5.38 mg/kg wet weight (mean 3.22+1.03 mg/kg)

which was below the WHO Ilimit, all the fish species from Buabenso namely,
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Chrysichthys nigrodigitatus (n=3), Tilapia zilli (n=2), and Schilbe mystus (n=2) had
levels of zinc below the detection level of the instrument. The mean Zn concentration
recorded for the sediment was 34.93+14.71 mg/kg whereas 8.45 mg/kg was observed for
the control. This was contrary to the observation made in the other four sampling areas.
Mean levels of Zn was about 11 times higher in sediment than in fish suggesting that
bioavailability is not favoured by factors such as pH, hardness, alkalinity, dissolved
oxygen, temperature, complexing ligands and zinc concentration (EPA, 2003; Weatherley
et al., 1980) and that the sediment is acting as a depository for zinc in the Offin River at
Buabenso. However, the Zn concentration in sediments were below 95 mg/kg, the level
reported for unpolluted sediments (GESAMP, 1982; Salomons and Forstner, 1984) as
well as the widely used Canadian sediment guidelines for the protection of aquatic life of

124 mg/kg (CCME, 1999).

Thirty Synodontis sp. from Awisam recorded a range from 2.87 to 18.16 mg Zn/kg wet
weight in muscle tissues with a mean of 6.47+£2.83 mg Zn/kg. In all the fish samples
analysed, the maximum zinc concentration (18.16 mg/kg wet weight) determined was in
Synodontis sp. from Awisam. Though Zn levels were below the WHO limit and the
general guideline limit for Zn in food, it was however, higher than the range (3.0-5.6
ug/g) reported by Biney et al. (1994) for fish from West African inland waters and a
range from 1.32 to 5.08 mg/kg in fish species from river Nile at Hawamdia and Kafer-EI-
Zayat (Khallaf et al., 1994). The mean Zn concentration of 6.47+2.83 mg Zn/kg was
lower than the 6.65 + 0.45 mg/kg reported by Oze et al. (2006) for fish in Qua-lboe River
in Nigeria. Levels of 57.46 mg Zn/kg and 21.58+6.40 mg Zn/kg were recorded for soil

(control) and mean sediment respectively. Levels of zinc in sediments was higher than
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those determined in fish indicating that the sediment is acting as a depository for zinc as
have been observed by Besada et al. (2002) and Eja et al. (2003). Zn sediment levels
were below the 95 mg/kg level reported for unpolluted sediments (GESAMP, 1982;
Salomons and Forstner, 1984) as well as 124 mg/kg Canadian sediment guidelines for the

protection of aquatic life (CCME, 1999).

Generally, there was poor correlation between zinc levels in fish and sediments. An
irregular distribution of zinc in fish and sediments was observed as the river flows

downstream towards river Pra.
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4.3 Total Cadmium Concentrations in Different Fish Species and Sediments

Cadmium concentrations in fish muscle from the five experimental locations along the
Offin River are presented in Table 4.4. The total Cd concentration in mg/kg wet weight in
the edible muscle tissue of fish from Dominase ranged from below detection to 0.10
(mean=0.10, n=13) for Tilapia zilli, from below detection to 0.10 (mean=0.10, n=5) for
Chrysichthys nigrodigitatus, from below detection to 0.10 (mean=0.10, n=5) for
Heterobranchus sp. and from below detection to 0.10 (mean=0.10, n=4) for
Sarotherodon melanotheron. Three individual samples of Oreochromis niloticus had Cd
levels below the instrument’s detection limit. Cd levels recorded in fish were below the
WHO/FAO standard of 1.0 mg/kg wet weight for fish (JECFA, 2002). Though low, Cd
levels were consistent with values reported by Obasohan et al.(2006) who investigated
the monthly variations of heavy metals in Malapterurus electricus and Chrysichthys
nigrodigitatus from Ogba River in Benin City, Nigeria and reported an annual mean Cd

range in mg/kg wet weight from 0.03 to 0.12 and 0.04 to 0.13 respectively.

With the exception of Oreochromis niloticus (n=14) which recorded Cd concentration
range from below detection to 0.10 mg/kg fresh weight (mean=0.10 mg/kg) in edible
muscle tissue which was below the WHO/FAO limit, all other species from Nkotumso
namely Tilapia zilli (n=6), Heterobranchus sp. (n=4) and Labeo coubie (n=6) recorded
Cd concentrations below the instrument’s detection limit. However, Cd levels measured
are comparable to the range from 0.05 to 0.13 mg/kg in fish spices from river Nile at
Hawamdia and Kafer-El-Zayat (Khallaf et al., 1994). It is lower than 0.38 + 0.06 mg/kg

reported for fish in Qua-lboe River, Nigeria (Oze et al., 2006).
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Oreochromis niloticus (n=10), Labeo coubie (n=5) and Brycinus sp. (n=3) were the only
species obtained from Dunkwa-on-Offin which recorded cadmium (Cd) concentration in
mg/kg wet weight in their muscle tissues in the range from below detection to 0.10
(mean=0.10), below detection to 0.10 (mean=0.10) and below detection to 0.10
(mean=0.10) respectively. Chrysichthys nigrodigitatus (n=5), Hepsetus odoe (n=2),
Mormyrus sp. (n=1), Papyrocranus afer (n=1) and Heterobranchus sp. (n=1) had Cd
concentration below the detection limit of the instrument. Cd levels recorded in fish were
below the WHO/FAO standard of 1.0 mg/kg wet weight for fish (JECFA, 2002).
However, it was well within the range reported for fish from Africa inland waters from
0.004 to 0.19 mg/kg wet weight (Committee for Inland Fisheries of Africa, 1992) and
below the mean value of 0.19 mg/kg wet weight reported for fish from Wiwi River,

Ghana (Biney and Beeko, 1991).

Twenty three samples of Synodontis sp. from Buabenso recorded from below detection to
0.10 mg Cd/kg wet weight (mean=0.10mg Cd/kg). Cd concentration range in muscle
tissue in Chrysichthys nigrodigitatus (n=3), Tilapia zilli (n=2), and Schilbe mystus (n=2)
were below the detection limit of the instrument. The Cd concentrations determined were
well below the WHO/FAO maximum permissible limit of 1.0 mg/kg fresh weight of fish;
however, results are consistent with those obtained by other researchers in Africa. Biney
et al (1994) reported a Cd concentration range in fish from West African inland waters of
0.03-0.19 mg/kg wet weight and Amoo et al. (2005) reported 0.03-0.21 mg/kg wet

weight for fish in Lake Kainji, Nigeria.
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Synodontis sp. (n=30) from Awisam had Cd concentration range in muscle tissue from
below detection to 0.10 mg/kg wet weight and a mean concentration of 0.09 mg/kg.
However, the Cd concentration was below the 1.0 mg/kg WHO/FAO standard and was
within the range (0.004 to 0.19 mg/kg wet weight) predicted for fish in Africa inland

waters (Committee for Inland Fisheries of Africa, 1992).

Generally, the distribution of cadmium in fish muscle tissue showed an irregular pattern
as the river flows downstream towards river Pra. Both sediment and soil (control) from
all the five sampling locations had Cd levels below the instrument’s detection limit.
However, for unpolluted sediment from freshwaters, GESAMP (1982) and Salomons and
Forstner (1984) report Cd levels of 0.11 mg/kg. Canadian sediment guidelines for the
protection of aquatic life is 0.6 mg/kg for cadmium in freshwater sediments (CCME,
1999). Thus the lower cadmium levels observed in fish could be due to the fact that Cd
was the least available metal in water and sediment in Offin River. A similar conclusion

was also made in Ogba River, Nigeria (Obasohan et al., 2006).
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The mercury concentrations determined in fish had a mean range from 35.79 to 587.04
ng/g compared to the mean 424.00 ng/g obtained by Cheetham (2000) in Offin River.
Five fishes exceeded the WHO safety limit of 500 ng/g but none of the fishes determined
by Cheetham (200) exceeded WHO safety limit. A mean Hg sediment range from 96.11
to 1010.08 ng/g was observed in this study compared to the mean 545.00 ng/g reported
by Cheetham. Thus sediment mercury concentration in Offin River has doubled at some
sites. The zinc levels in fish were between 35.8 to 251.9 times more than that determined
by Cheetham (2000). A mean range from 1.826 to 12.849 mg/kg was recorded in fish
relative to 0.051 mg/kg by Cheetham. Again, zinc levels in sediment were between 219.8
to 375.5 times higher than that recorded by Cheetham (2000). A mean range from 20.442
to 34.932 mg/kg was measured in sediment as compared to 0.093 mg/kg by Cheetham

(2000).

This increase in levels of mercury and zinc in fish and sediment may be attributed to the
extensive mining in the Offin River by artisanal miners (galamsey). The pumping of
water that gets into open pit back into the river and the washing of mining fields into the
river whenever it flooded might also add to the causes of the increment in levels of Hg
and Zn. Though the levels of mercury and zinc might have increased in the aquatic

environment since the year 2000, it remains fairly below the WHO threshold.
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CHAPTER FIVE

5.0 CONCLUSION AND RECOMMENDATIONS

5.1 CONCLUSION

This study analysed total Hg, Cd, and Zn concentrations in edible fish muscle tissue,

sediment and soil from five sampling areas along the Offin River. From the outcome of

this research it could be concluded that:

The cadmium and zinc concentrations in fish tissue were generally below the
WHO maximum permissible limit, however, five (5) out of one hundred and forty
eight (148) fish samples analysed representing 3.4% had tissue mercury

concentrations above this limit.

The total muscle tissue mercury concentrations in ng/g wet weight of fish sampled
ranged from 34.77 to 409.49 at Dominase, 1.02 to 247.51 at Nkotumso, 46.81 to
794.59 at Dunkwa-on-Offin, 105.32 to 649.40 at Buabenso and 140.86 to 795.94
at Awisam. Sediments sampled recorded mean values of 144.55+38.21,
1010.08+102.89, 186.15+77.18, 424.30+260.12 and 96.11+30.07 ng/g at
Dominase, Nkotumso, Dunkwa-on-Offin, Buabenso and Awisam respectively.
About 37.5% and 18.8% fish species showed positive correlation between muscle
tissue mercury concentration and fresh weight and total length of fish
respectively. Synodontis sp. (an omnivorous fish) concentrated the highest muscle

tissue mercury among all the species analyzed.
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The total zinc levels in mg/kg wet weight recorded in muscle tissue of all the fish
sampled ranged from below detection to 12.52 at Dominase, below detection to
12.38 at Nkotumso, 4.13 to 12.85 at Dunkwa-on-Offin, below detection to 5.38 at
Buabenso and 2.87 to 18.16 at Awisam. Mean zinc levels in mg/kg recorded in
sediments sampled were 23.54+6.34 at Dominase, 20.44+4.78 at Nkotumso,
25.81+6.55 at Dunkwa-on-Offin, 34.93+£14.71 at Buabenso and 21.58+6.40 at
Awisam. Again, Synodontis sp. had the highest muscle tissue zinc concentration

among the species analyzed.

Total cadmium levels in mg/kg wet weight measured in muscle tissue of fish
sampled ranged from below detection to 0.10 at Dominase, below detection to
0.10 at Nkotumso, below detection to 0.10 at Dunkwa-on-Offin, below detection
to 0.10 at Buabenso and below detection to 0.10 at Awisam. However, cadmium
levels in sediments were below the detection level of the instrument. Though
cadmium levels were generally low, Synodontis sp. was among the fish species
that recorded maximum tissue cadmium of 0.10 mg/kg wet weight. Generally,
there was an irregular distribution of these metals in fish as the river flows

downstream towards river Pra.

With only 3.4% of fish analysed were found to be contaminated with mercury,
this study has shown that consumption of fish from Offin River is unlikely to
constitute health risks so far as the Hg, Cd and Zn concentrations are concerned.
However, continuous mining along the banks of Offin River coupled with long

term bioaccumulation of heavy metals through food chain is of major concern.
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The study has also revealed that Synodontis sp. (an omnivorous fish) has a good
Hg, Cd and Zn accumulation potential and may serve as a biomarker for

toxicological studies for these metals in the Offin River.

5.2 RECOMMENDATIONS

The following recommendations are made based on the outcome of the research:

This study showed elevated levels of mercury and zinc compared to those
observed in the year 2000. It also showed escalating galamsey activities along the
banks of Offin River. It is therefore recommended that a longer and more regular

monitoring should be undertaken by researchers to ensure human health safety.

Some inhabitants particularly those living near the river use the water for
domestic purposes such as washing of cooking utensils and cloths, and bathing.
Analysis of the water should be carried out to regularly ascertain whether the

water is of good quality for use by inhabitants (Picture 12, Appendix Il1I).

Further work should be done to determine the levels of metals in fish to ascertain
seasonal variations. The levels of metals in different organs of the fish must also

be determined to ascertain any trends.

Heavy metal concentrations in fish in other inland waters in Ghana particularly
those close to industrial establishment should be determined to ascertain if levels

in fish is safe for consumption.

86



REFERENCES

Adriano, D. C. (1986). Zinc. In: Adriano, D. C. ed. Trace elements in the terrestrial
environment, 1% ed., New York, Springer-Verlag, 421-469.

Agency for Toxic Substances and Disease Registry (ATSDR). (1997). Draft
Toxicological Profile for Cadmium, Public Health Service, U.S. Department of Health &
Human Services, Atlanta, Georgia, 449.

Agency for Toxic Substances and Disease Registry (ATSDR). (1999a). Toxicological
Profile for Cadmium, Public Health Service, U.S. Department of Health & Human
Services, Atlanta, Georgia, 439pp.

Agency for Toxic Substances and Disease Registry (ATSDR). (1999b). Toxicological
Profile for Mercury. US Department of Health and Human Services. Atlanta, US, 676pp.

Agency for Toxic Substances and Disease Registry (ATSDR). (2005). Toxicological
Profile for Zinc. US Department of Health and Human Services. Atlanta, US, 352pp.

Agorku, S. E. (2006). Total mercury levels in freshwater fish from some inland waters in
Ghana; A thesis submitted to the department of chemistry, KNUST, Kumasi, Ghana,
106pp.

Akagi, H, and Nishimura, H. (1991). Speciation of mercury in the environment. In:
Suzuki, T., Imura, N. and Clarkson, T. W. (Eds), Advances in Mercury Toxicology,
Plenum Press USA. 53 — 76.

American Public Health Association (APHA). (1998). Standard methods for the
examination of water and wastewater. Washington, DC: American Public Health
Association; 20: 444-446, 466-471.

Amoo, I. A., Adebayo, O. T. and Lateef, A. J. (2005). Evaluation of heavy metals in
fishes, water and sediments of Lake Kainji, Nigeria, Journal of Food, Agriculture and
Environment; 3 (1): 209-212.

Anderson, P. D. and Wiener, J. B. (1995). Eating fish. In: Risk versus Risk: Tradeoffs in
Protecting Health and the Environment. Cambridge, MA: Harvard University Press, 104-
123.

Andersson, A. (1979). Mercury in soils. In: Nriagu, J. O., ed. The biogeochemistry of
mercury in the environment. New York, NY: Elsevier/North Holland Biomedical Press,
79-112.

Andren, A. W. and Nriagu, J. O. (1979). The global cycle of mercury. In: Nriagu, J. O.,

ed. The biogeochemistry of mercury in the environment. New York, NY: Elsevier/North
Holland Biomedical Press, 1-22.

87



Appiah, H. (1998). Organization of Small-scale Mining Activities in Ghana. The Journal
of the South African Institute of Mining and Metallurgy; 98(7): 307-10.

Association of Official Analytical Chemists (AOAC). (1984). Official methods of
analysis of the Association of Official Analytical Chemists. Alexandria, VA: Association
of Official Analytical Chemists, 444-453.

Association of Official Analytical Chemists (AOAC). (1998). Official methods of
analysis of the Association of Official Analytical Chemists. Alexandria, VA: Association
of Official Analytical Chemists, 308-319.

Baldwin, D. R. and Marshall, W. J. (1999). Heavy metal poisoning and its laboratory
investigation (review article), Annals of Clinical Biochemistry; 36: 267-300.

Baxter, D. C. and Frech, W. (1990). Critical comparison of two standard digestion
procedures for the determination of total mercury in natural water samples by cold vapor
atomic absorption spectrometry. Anal Chim Acta; 236(2): 377-384.

Becker, D. S. and Bigham, G. N. (1995). Distribution of mercury in the aquatic food web
of Onodanga lake, New York, Water Air Soil Pollut; 80: 563 — 571.

Beckert, W. F., Messman, J. D. and Churchwell, M. E. (1990). Evaluation of SW-846
cold-vapour mercury methods 7470 and 7471. In: Friedman D, ed. Waste testing and
quality assurance. Second volume. Philadelphia, PA: American Society for Testing and
Material; STP 1062: 247-257.

Beckvar, N., Jay, F., Salazar, S. and Hoff, R. (1996). Contaminants in Aquatic Habitats at
Hazardous Waste Sites: Mercury. NOAA Technical Memorandum NOS ORCA 100.
Seattle: Hazardous Materials Response and Assessment Division, National Oceanic and
Atmospheric Administration, 1-74.

Berman, M. and Bartha, R. (1986). Levels of chemical versus biological methylation of
mercury in sediments. Bulletin of Environmental Contamination and Toxicology; 36:401-
404.

Besada, V., Fumega, J. and Vaamond, A. (2002). Temporal trends of Cd, Cu, Hg, Pb and
Zn in Mussel (Mytilus galloprovinciatis) from the Spanish North Atlantic coast 1991-
1999. The Science of the Total Environment; 288: 239-253.

Bidone, E. D., Castilhos, Z. C., Cid de Souza, T. M. and Lacerda, L. D. (1997). Fish
contamination and human exposure to mercury in the Tapajos River Basin, Para State,
Amazon, Brazil: a screening approach. Bulletin of Environmental Contamination and
Toxicology; 59: 194-201.

88



Biney, C. A, Amuzu, A. T., Calamari, D., Kaba, N., Mbome, I. L., Naere, H., Ochumba,
P.B.O., Osibanjo, O., Radegonde, V. and Saad, M. A. H. (1994). Review of heavy metals
in the African aquatic environment. Ecotoxicology and Environmental Safety; 28:138-
159.

Biney, C. A. and Beeko, C. A. (1991). Trace metal concentrations in fish and sediment
from the Wiwi, a small urban river in Kumasi, Ghana. Trop. Ecol.; 32(2): in press

Blum, J. M. and Bartha, R. (1980). Effect of salinity on methylation of mercury. Bulletin
of Environmental Contamination and Toxicology; 25: 404-408.

Boening, D. W. (2000). Ecological effects, transport, and fate of mercury: a general
review. Chemosphere; 40: 1335-1351.

Bonnevie, N. L., Huntley, S. L., Found, B. W. (1994). Trace metal contamination in
surficial sediments for Newark Bay, New Jersey. The Science of the Total Environment;
144: 1-16.

Boszke, L., Siepak, J., and Falandysz, J. (2003). Total Mercury Contamination of
Selected Organisms in Puck Bay, Baltic Sea, Poland. Polish Journal of Environmental
Studies; 12(3):275-285

Bruhn, J. C. and Franke, A. A. (1976). Lead and cadmium in California raw milk. J Dairy
Sci; 99: 1711-1716.

Budavari, S. (1989). The Merck Index. Rahway, NJ, Merck & Co Inc, 1597-1598.

Burger, J., Alan, H. S., Gochfeld, M. (2005). Mercury in Commercial Fish: Optimizing
Individual Choices to Reduce Risk. Environ Health Perspect.; 113(3): 266-271.

Burrows, W. D. (1975) In: Krenkel, D.A., ed. Heavy metals in the aquatic environment,
Oxford, Pergamon; 58: 5 — 60

Callahan, M. A., Slimak, M. W., Gable, N. W. (1979). Water-related fate of 129 priority
pollutants. Washington, DC: U.S. Environmental Protection Agency, Office of Water
Planning and Standards. EPA-440/4-79-029a.

Canadian Council of Ministers of the Environment (CCME). (1999) Canadian sediment
quality guidelines for the protection of aquatic life. Canadian Council of Ministers of the
Environment, Winnipeg.

Canfield, T. J., Kemble, N. E., Brumbaugh, W. G. (1994). Use of benthic invertebrate
community structure and the sediment quality triad to evaluate metal-contaminated
sediment in the upper Clark Fork River, Montana. Environmental Toxicology and
Chemistry; 13(12): 1999-2012.

89



Carpi, A., Lindberg, S. E., Prestbo, E. M., (1998). Methyl mercury contamination and
emission to the atmosphere from soil amended with municipal sewage sludge. J Environ
Qual; 26(6): 1650-1655.

Chang, A. C., Hinesly, T. D., Bates, T. E., Doner, H. E., Dowdy, R. H., and Ryan, J. A.
(1987). Effects of long-term sludge application on accumulation of trace elements by
crops. In: Page, A. L., Logan, T. J., and Ryan eds. Land application of sludge — food
chain implications. Chelsea, Lewis, 53-66.

Chang, R. (2005). Chemistry. McGraw-Hill companies, New York, 8" edition, 960.

Cheetham, L. M. (2000). Determination of Mercury and Zinc in River Water Sediment
and Fish from the Offin River and its Tributaries; A thesis submitted to the department of
chemistry, KNUST, Kumasi, Ghana, 75pp.

Clifton, R. J. and Hamilton, E. 1. (1979). Lead-210. Chronology in relation to levels of
elements in dated sediment core profiles. Est. Coastal shelf Sci.; 8: 259-269.

Committee for Inland Fisheries of Africa. (1992). Report of the third session of the
Working Party on Pollution and Fisheries. Accra, Ghana, 25-29 November 1991; FAO
Fisheries Report. No. 471: 1-43.

Cook, M. E. and Morrow, H. (1995). Anthropogenic Sources of Cadmium in Canada,
National Workshop on Cadmium Transport Into Plants, Canadian Network of Toxicology
Centres, Ottawa, Ontario, Canada.

Daviglus, M., Sheeshka, J. and Murkin, E. (2002). Health benefits from eating fish.
Comments Toxicol.; 8(4-6): 345-374.

Debrah, C. K. and Mireku-Gyimah, D. (1991). Gold grain size of Offin placer deposit
and its effect on dredge recovery. Gisements alluviaux d'or; 2: 357- 370.

Department for Environment Food and Rural Affairs (DEFRA) and Environment Agency
(EA). (2002a). Contaminants in soil: Collation of toxicological data and intake values for
humans. Cadmium. R&D Publications TOX 3.

Department for Environment Food and Rural Affairs (DEFRA) and Environment Agency
(EA). (2002b). Contaminants in soil: Collation of toxicological data and intake values for
humans. Mercury. R&D Publications TOX 7.

Dick, A. L., Sheppard, D. S. and Patterson, J. E. (1990). Mercury content of Antarctic
surface snow: Initial results. Atmos Environ; Part A 24A (4): 973-978.

Dorn, C. R., Pierce, J. O. and Phillips, P. E. (1976). Airborne Pb, Cd, Zn and Cu
concentration by particle size near a Pb smelter. Atmos Environ; 10: 443-446.

90



Dukerschein, J. T., Rada, R. G. and Steingraeber M. T. (1992). Cadmium and mercury in
emergent mayflies (Hexagenia bilineata) from the upper Mississippi River. Arch.
Environ. Contam. Toxicol.; 23: 109-116.

Eja, M. E., Ogri, O. R. A. and Arikpo, G. E., (2003). Bioconcentration of heavy metals in
surface sediments from the Great Kwa Rivers Estuary, Calabar, South Eastern Nig. J.
Nig. Environ. Soc.; 2: 247-256.

Elinder, C. G. (1985). Cadmium: Uses, occurrence and intake. In: Friberg, L., Elinder, C.
G., Kjellstrom, T., eds. Cadmium and health: A toxicological and epidemiological
appraisal. Vol. I. Exposure, dose, and metabolism. Effects and response. Boca Raton,
FL: CRC Press, 23-64.

Environmental Protection Agency (EPA). (1980a). Ambient water quality criteria for
mercury. Washington, DC: U. S. Environmental Protection Agency, Office of Water
Regulations and Standards. Document no. EPA 440/5-80-058.

Environmental Protection Agency (EPA). (1980b). Exposure and risk assessment for
zinc. Washington, DC: U.S. Environmental Protection Agency, Office of Water
Regulations and Standards (WH-553). EPA440481016. PB85212009.

Environmental Protection Agency (EPA). (1984). Mercury health effects updates: Health
issue assessment. Final report. Washington, DC: U.S. Environmental Protection Agency,
Office of Health and Environmental Assessment. Document no. EPA 600/8-84-019F.

Environmental Protection Agency (EPA). (1985). Cadmium contamination of the
environment: An assessment of nationwide risk. Washington, DC: U.S. Environmental
Protection Agency, Office of Water Regulations and Standards. EPA-440/4-85-023.

Environmental Protection Agency (EPA). (1987). Ambient water quality criteria for zinc-
1987. Washington, DC: U.S. Environmental Protection Agency, Office of Water
Regulations and Standards. EPA440587003. PB87153581.

Environmental Protection Agency (EPA). (1994a). Method 7470A. Mercury in Liquid
Waste (Manual Cold-Vapour Technique) Test Methods for Evaluating Solid Waste.
Office of Solid Waste, U. S. Environmental Protection Agency.

Environmental Protection Agency (EPA). (1994b). Methods for the determination of
metals in environmental samples: Supplement 1. U.S. Environment Protection Agency.
EPAG600R94111.

Environmental Protection Agency (EPA). (1994c). Summary Review of Health Effects
Associated with Mercuric Chloride: Health Issue Assessment. EPA/600/R-92/199. Office
of Health and Environmental Assessment, Washington, DC.

91



Environmental Protection Agency (EPA). (1996). Mercury study report to Congress
Volume II: An inventory of anthropogenic mercury emissions in the United States. U.S.
Environmental Protection Agency. EPA452/R-96-001b.

Environmental Protection Agency (EPA). (1997). Mercury Study Report to Congress,
Volumes | through VIII. Office of Air Quality Planning and Standards and ORD.
(EPA/452/R-97).

Environmental Protection Agency (EPA). (2003). Water quality guidance for the Great
Lakes system. Pollutants of initial focus in the Great Lakes water quality initiative.
Washington, DC: U.S. Environmental Protection Agency. 40 CFR 132.

European Union (EU). (1996). Report of Committee for Veterinary Medicinal Products,
Zinc salts, Summary Report. Brussels, The European Agency for the Evaluation of
Medicinal Products, Veterinary Medicines Evaluation Unit (EMEA/MRL/113/96).

Everall, N. C., Macfarlane, N. A. A. and Sedgwick, R. W. (1989). The interactions of
water hardness and pH with the acute toxicity of zinc to the brown trout, Salmo trutta L.
Journal of Fish Biology; 35: 27-36.

Fabris, N. and Mocchegiani, E. (1995). Zinc, human diseases and aging. Aging (Milano);
7. 77-93.

Fatoki, O. S. and Awofolu, R. (2003). Levels of Cd, Hg and Zn in some surface waters
from the Eastern Cape Province, South Africa. Water SA; 29(4): 375-380.

Fishbase.org (2003). Freshwater fish species in Pra River [West Africa],
[http://fish.mongabay.com/data/ecosystems/Pra.htm], (accessed 2007 February 07).

Fishbase.org (2003). Freshwater fish species in Tano [West Africa],
[http://fish.mongabay.com/data/ecosystems/Tano.htm], (accessed 2007 February 07).

Fishbase.org (2003). Freshwater fish species in Volta River/Lake Volta [West Africa],
[http://fish.mongabay.com/data/ecosystems/\Volta.htm], (accessed 2007 February 07).

Fishman, M. J. (1966). The use of atomic absorption for analysis of natural waters.
Atomic Absorption Newsletter; 5: 102-106.

Forstner, U. (1980). Cadmium in the environment, Part I. In: Nriagu, J. O., ed. Cadmium
in polluted sediments, New York, Chichester, John Wiley & Sons, 305-363.

Fowler, S. W. (1990). Critical review of selected heavy metal and chlorinated
hydrocarbon concentrations in marine environment. Mar. Environ. Res.; 29: 1-64.

Frederickson, C. J. (1989). Neurobiology of zinc and zinc-containing neurons. Int Rev
Neurobiol; 31: 145-238.

92



Friberg, L., Elinder, C. G., Kjellstrom, T. and Nordberg, G. F. (1986). Cadmium and
health, a toxicological and epidemiological appraisal. Vol. Il. Effects and response,
Cleveland, Ohio, CRC Press, 303.

Gavis, J. and Ferguson, J. F. (1972). The cycling of mercury through the environment.
Water Res.; 6: 986-1008.

Geering, H. R. and Hodgson, J. F. (1969). Micronutrient cation complexes in soil
solution: 111. Characterization of soil solution ligands and their complexes with Zn** and
Cu?*. Soil Sci Soc Am Proc.; 33: 54-59.

GESAMP (IMO/FAO/UNESCO/WMO/WHO/IAEA/UN/UNEP Joint Group of Experts
on the Scientific Aspects of Marine Pollution). (1982). The Health of the Oceans. Rep.
Stud., GESAMP; 15: 108 and UNEP Reg. Seas Rep. Stud.; 16:1-108.

Gilmour, C. C. and Henry, E. A. (1991). Mercury methylation in aquatic systems affected
by acid deposition. Environ Pollut; 71: 131-1609.

Glass, G. E., Sorenson, J. A. and Schmidt, K. W. (1991). Mercury deposition and sources
for the upper Great-Lakes region. Water Air Soil Pollut; 56: 235-249.

Glasser, H., Chang, D. P. Y., Hickman, D. C. (1991). An analysis of biomedical waste
incineration. J Air Waste Manag Assoc; 41:1180-1188.

Golomb, D., Ryan, D. and Eby, N. (1997). Atmospheric deposition of toxics onto
Massachusetts Bay-1. Metals. Atmos Environ; 31(9):1349-1359.

Gonzélez, J., Hernandez, L. M., Hernan, A. and Baluja, G. (1985). Multivariate analysis
of water contamination by heavy metals at Dofiana National Park. Bull Environ Contam
Toxicol; 35: 266-271.

Goodwin, F. E. (1998). Zinc compounds. In: Kroschwitz, J., Howe-Grant, M., eds. Kirk-
Othmer encyclopedia of chemical technology. New York, NY: John Wiley & Sons, Inc.,
840-853.

Greenberg, A. E., Clesceri, L. S. and Eaton, A. D. (1992). Standard methods for the
examination of water and wastewater, 18th ed. Washington, DC, American Public Health
Association.

Greenberg, R. R., Gallorini, M. and Gills, T. E. (1979). Cadmium analysis by
radiochemical neutron activation analysis. Environ Health Perspect; 28:1-4.

Guthrie, F. E., and Perry, J. J. (1980). Introduction to Environmental Toxicology,
Elsevier North Holland, New York, 13-25.

Hayashi, M., Yamamoto, K. and Yoshimura, M. (1993). Cadmium, lead, and zinc
concentrations in human fingernails. Bull Environ Contam Toxicol; 50(4): 547-553.

93



Heckel, J. (1995). Using Barkla polarized x-ray radiation in energy dispersive x-ray
fluorescence analysis (EDXRF). J Trace Microprobe Tech; 13: 97-108.

Heiserman, D. L. (1992). Exploring Chemical Elements and their Compounds, McGraw
Hill, U.S.A., 25-35.

Herrero, T. C. and Martin, L. F. L. (1993). Evaluation of cadmium levels in fertilized
soils. Bull Environ Contam Toxicol; 50:61-68.

Heydorn, K. (1995). Validation of neutron activation analysis techniques. In:
Quevauviller PH, Maier EA, & Griepink B eds. Quality assurance for environmental
analysis. Amsterdam, Elsevier, 89-110.

Heyneman, C. A. (1996). Zinc deficiency and taste disorders. Ann Pharmacother; 30:
186-187

Hilson, G. (2001). A contextual review of the Ghanaian small scale mining industry.
MMSD; 76: 5

Holland, H. D. (1978). Physical and chemical transport in river systems. In: Holland, H.
D. ed. The chemistry of the atmosphere and oceans. New York, John Wiley & Sons, 81—
152.

Honda, R., Tawara, K. and Nishijo M. (2003). Cadmium exposure and trace elements in
human breast milk. Toxicology; 186(3): 255-259.

Hooper, P. L., Visconti, L., Gary, P. J. and Johnson, G. E. (1980). Zinc lowers high-
density lipoprotein-cholesterol levels. J Am Med Assoc; 244: 1960-1961.

Hu, H. (1998). Heavy metal poisoning. In: Fauci, A. S., Braunwald, E., Isselbacher, K. J.,
Wilson, J. D., Martin, J. B., Kasper, D. L., Hauser, S. L., Longo, D. L. (eds). Harrison's
principles of Internal medicine, 14th ed., New York, McGraw-Hill, 2564-2569.

Hunt, D. T. E. and Wilson, A. L. (1986). The chemical analysis of water, 2nd ed.,
Cambridge, Royal Society of Chemistry, 204pp.

Hunt, J. (2003). Bioavailability of iron, zinc and other trace minerals from vegetarian
diets. Am J Clin Nutr; 78(3): 633S-639S.

Hurlbut, C. S. (1952). Dana’'s Manual of Mineralogy, 16th ed., New York, John Wiley &
Sons, 195-237.

IARC (1993). Cadmium and certain cadmium compounds. In: IARC monographs on the

evaluation of the carcinogenic risk of chemicals to humans. Beryllium, cadmium,
mercury and exposures in the glass manufacturing industry. IARC monographs, Vol. 58.

94



Lyon, France: World Health Organization. International Agency for Research on Cancer,
pp. 119-146, 210-236.

Institute of Medicine (I0OM). (2001). Food and Nutrition Board, Dietary Reference Intake
for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, lodine, Iron, Manganese,
Molybdenum, Nickel, Silicon, Vanadium and Zinc, National Academy Press,
Washington, DC.

Institute of Medicine (IOM). (2002). Dietary reference intakes for vitamin A, vitamin K,
arsenic, boron, chromium, copper, iodine, iron, manganese, molybdenum, nickel, silicon,
vanadium, and zinc. Institute of Medicine. Food and Nutrition Board, NRC. Washington,
DC: National Academy Press, 442-501.

IPCS (1990). (UNEP/ILO/WHO Joint International Programme on Chemical Safety).
Methylmercury. Environmental Health Criteria 101. IPCS INCHEM Monograph.

IPCS (1992).(UNEP/ILO/WHO Joint International Programme on Chemical Safety).
Cadmium. Environmental Health Criteria 134. IPCS INCHEM Monograph.

IPCS (2001). (UNEP/ILO/WHO Joint International Programme on Chemical Safety).
Zinc. Environmental Health Criteria 221. IPCS INCHEM Monograph.

JECFA (2002) Food standards programme. Geneva, World Health Organization, Joint
FAO/WHO Codex Committee on Food Additives and Contaminants (Codex
Alimentarius Commission CX/FAC 02/16)

Jensen, A. and Bro-Rasmussen, F. (1992). Environmental Contamination in Europe.
Reviews of Environmental Contamination and Toxicology; 125: 101-181.

Johnson, A., Norton, D. and Yake, B. (1990). Transboundary metal pollution of the
Columbia River (Franklin D. Roosevelt Lake). Bull Environ Contam Toxicol; 45: 703-
710.

Kare, J., Bjorn, E. G., Kjell, N. and Amund, M. (2006). Mercury concentration in fillets
of Greenland halibut (Reinhardtius hippoglossoides) caught in the Barents Sea. Sci. Total
Environ; 372: 345-349.

Keitz, E. L. (1980). Atmospheric cycles of cadmium and lead: Emissions, transport,
transformation and removal. McLean, VA: The Mitre Corporation.

Khallaf, M. F., Neverty, F. G. and Tonkhy, T. R. (1994). Heavy metal concentration in
fish and water of the River Nile and fish farms In: National conference on the River Nile,
Assiut Univ., Egypt.

Krell, U. and Roeckner, E. (1988). Model simulation of the atmospheric input of lead and
cadmium into the North Sea. Atmos. Environ.; 22(2): 375-381.

95


http://www.sciencedirect.com/science/journal/00489697
http://www.sciencedirect.com/science/journal/00489697
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235836%232006%23996279998%23637636%23FLA%23&_cdi=5836&_pubType=J&view=c&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=38a9150d362a633708430cef0ab2e1a0

Krishnan, U., Hee, S. S. Q. (1992). Ear wax: A new biological monitoring medium for
metals? Bull Environ Contam Toxicol; 48: 481-486.

Laarman, P. W., Willford, W. A. and Olsen, J. R. (1975). Retention of mercury in the
muscle of yellow perch (Perca flavescens) and rock bass (Ambloplites rupestris). Trans.
Am. Fish. Soc.; 105: 296-300.

Lacerda, L. D., Paraquetti, H. H. M., Marins, R. V., Rezende, C. E., Zalmon, I. R,
Gomes, M. P. and Faria, V. (2000). Mercury content in shark species from the
southeastern Brazilian Coast. Revista Brasileira de Biologia; 60(4): 571-576.

Lange, T. R., Royals, H. E. and Connor, L. L. (1994). Mercury accumulation in
largemouth bass (Micropterus salmoides) in a Florida lake. Arch Environ Contamin
Toxicol; 27: 466-471

Lantzy, R. J. and MacKenzie, F. T. (1979). Atmospheric trace metals: Global cycle and
assessment of man’s impact. Geochim Cosmochim Acta; 43: 511-526.

LaPerriere, J. D., Wagener, S. M., and Bjerklie, A. (1985). Gold-mining effects on heavy
metals in streams, circle quadrangle, Alaska. Water Resour Bull; 21: 245-252.

Lauwerys, R. R. (1986). Health Maintenance of Workers Exposed to Cadmium, The
Cadmium Council, Inc., New York, NY, 4-5.

Lewis, M. R. and Kokan, L. (1998). Zinc gluconate: Acute ingestion. J Toxicol Clin
Toxicol; 36: 99-101.

Lindberg, S., Stokes, P., Goldberg, E., and Wren, C. (1987). Group report: Mercury.
In: Hutchinson, T. W. and Meema, K. M., ed. Lead, mercury, cadmium and arsenic in
the environment, New York, Chichester, Brisbane, Toronto, John Wiley & Sons, 17-34.

Lindberg, S. E., Turner, R. R. and Meyers, T. P. (1991). Atmospheric concentrations and
deposition of mercury to a deciduous forest at Walker Branch Watershed, Tennessee,
USA. Water Air Soil Pollut; 56: 577-594.

Lindgvist, O., Jernelov, A., Johansson, K., and Rodhe, R. (1984). Mercury in the
Swedish environment: global and local sources, Solna, National Swedish Environment
Protection Board; Report No. 1816: 105

Lindgvist, O. (1991). Mercury in the Swedish environment: Recent research on causes,
consequences and corrective methods. Water, Air, and Soil Pollution; Special I1ssue 55(1-
2): 261.

Magos, L. (1971). Selective atomic-absorption determination of inorganic mercury and
methylmercury in undigested biological samples. Analyst; 96: 847-853.

96



Magos, L. and Clarkson, T. W. (1972). Atomic absorption determination of total,
inorganic and organic mercury in blood. J. Assoc. off. Anal. Chem.; 55: 966-971.

Mahaffey, K. R., Corneliussen, P. E. and Jelinek, C. F. (1975). Heavy metal exposure
from foods. Environ Health Perspect; 12: 63-69.

Martin, C. J.,, Le, C. X. C., Guidotti, T. L. (1999). Zinc exposure in Chinese foundry
workers. Am J Ind Med; 35: 574-580.

Mason, R. P. and Lawrence, A. L. (1999). Concentration, distribution, and bioavailability
of mercury and methylmercury in sediments of Baltimore Harbor and Chesapeake Bay,
Maryland, USA. Envir. Toxic. Chem.; 18: 2438-2447.

Mason, R. P., Reinfelder, J. R. and Morel, F. M. M. (1995). Bioaccumulation of mercury
and methylmercury. In: Porcella, D. B., Wheatley, B., eds. Mercury as a global pollutant.
Proceedings of the Third International Conference Whistler, British Columbia, July 10-
14, 1994. Boston, MA: Kluwer Academic Publishers, 915-921.

Matthew, J. and Lawson, A. A. H. (1979). Treatment of common acute poisonings. 4" ed.
Edinburgh: Churchill Livingstone; 129-138.

May, T. W., Wiedmeyer, R. H. and Gober, J. (2001). Influence of mining-related
activities on concentrations of metals in water and sediment from streams of the Black
Hills, South Dakota. Arch Environ Contam Toxicol; 40: 1-9.

McCarthy, H. T. and Ellis, P. C. (1991). Comparison of microwave digestion with
conventional wet-ashing and dry-ashing digestion for analysis of lead, cadmium,
chromium, copper, and zinc in shellfish by flame atomic-absorption spectroscopy. J
Assoc Off Anal Chem; 74(3): 566-5609.

Meili, M. (1991). The coupling of mercury and organic matter in the biogeochemical
cycle - towards a mechanistic model for the boreal forest zone. Water Air Soil Pollut; 56:
333-347.

Merian, E. (1991). Metals and their Compounds in the Environment. Occurence Analysis
and Biological Relevance. UCH, Weinheim-New York-Basel-Cambridge.

Minerals Commission (2000). Minerals Commission of Ghana.
[www.ghanamincom.gsf.fi], (accessed 2006 September 12).

Morales-Rubio, A., Salvador, A. and De la Guardia, M. (1992). Microwave muffle
furnace assisted decomposition of vegetable samples for flame atomic spectrometric
determination of Ca, Mg, K, Fe, Mn and Zn. Fresenius J Anal Chem; 342(4-5): 452-456.

Munaf, E., Takeuchi, T. and Ishii, D. (1991). Continuous monitoring system for total

mercury in waste water by cold vapour atomic-absorption spectrometry and continuous-
microflow analysis. Anal Sci; 7(4): 605-609.

97



Munthe, J., Wangberg, 1., Pirrone, N., lverfeld, A., Ferrara, R., Ebinghaus, R., Feng., R.,
Gerdfelt, K., Keeler, G. J., Lanzillotta, E., Lindberg S. E., Lu, J.,, Mamane, Y., Prestbo,
E., Schmolke, S., Schroder, W. H., Sommar, J., Sprovieri, F., Stevens, R. K., Stratton,
W., Tuncel, G. and Urba A. (2001). Intercomparison of Methods for Sampling and
Analysis of Atmospheric Mercury Species. Atmospheric Environment; 35: 3007-3017.

Muys, T. (1984). Quantitative determination of lead and cadmium in foods by
programmed dry ashing and atomic absorption spectrophotometry with electrothermal
atomization. Analyst; 109: 119-121.

Nater, E. A. and Grigal, D. F. (1992). Regional trends in mercury distribution across the
Great Lakes states, north central USA. Nature (London); 358(6382): 139-141.

National Academy of Sciences/National Research Council (NAS/NRC). (1979). Zinc.
Subcommittee on Zinc, Committee on Medical and Biologic Effects of Environmental
Pollutants, Division of Medical Sciences, National Academy of Sciences/National
Research Council. Baltimore, MD: University Park Press.

National Institute for Occupational Safety and Health (NIOSH 1994). NIOSH manual of
analytical methods. U.S. Department of Health and Human Services, National Institute
for Occupational Safety and Health, Cincinnati, OH.

National Toxicology Program (NTP). (1991). Cadmium and certain cadmium
compounds. In: Seventh Annual Report on Carcinogens, Summary 1991. U.S. National
Toxicology Program, U.S. Public Health Service, Department of Health and Human
Services, 114-121.

Nielson, K. K., Mahoney, A. W. and Williams, L. S. (1991). X-ray fluorescence
measurements of Mg, P, S, Cl, K, Ca, Mn, Fe, Cu and Zn in fruits, vegetables and grain
products. J Food Compos Anal; 4(1): 39-51.

Nishi, Y. (1996). Zinc and Growth. Journal of American College of Nutrition; 15: 340-
344

Nriagu, J. 0. (1980). Cadmium in the Atmosphere and in Precipitation, Cadmium in the
Environment, Part 1, Ecological Cycling, John Wiley & Sons, 71-114.

Nriagu, J. O. (1989). A global assessment of natural sources of atmospheric trace metals.
Nature(London); 338: 47-49.

Nriagu, J. O. and Pacyna, J. M. (1988). Quantitative assessment of worldwide
contamination of air, water and soils by trace metals. Nature (London); 333: 134-139.

Nriagu, J.O. (1979). Global inventory of natural and anthropogenic emissions of trace
metals to the atmosphere. Nature (London); 279: 409.

98



Obasohan, E. E., Oronsaye, J. A. O. and Obano, E. E. (2006). Heavy metal
concentrations in Malapterurus electricus and Chrysichthys nigrodigitatus from Ogba
River in Benin City, Nigeria. African Journal of Biotechnology; 5 (10): 974-982.

Ohnesorge, F. K. and Wilhelm, M. (1991). Zinc. In: Merian, E. ed. Metals and their
compounds in the environment. Occurrence, analysis, and biological relevance.
Weinheim, VCH, 1309-1342.

Organisation for Economic Co-operation and Development (OECD). (1994). Risk
Reduction Monograph No. 5: Cadmium OECD Environment Directorate, Paris, France.

Oze, G., Oze, R., Anunuso, C., Ogukwe, C., Nwanjo, H. and Okorie, K. (2006). Heavy
metal pollution of fish of Qua-Iboe river estuary: Possible implications for neurotoxicity.
The Internet Journal of Toxicology; 3:1.

Pacyna, J. M. (1987). Atmospheric emissions of arsenic, cadmium, lead and mercury
from high temperature processes in power generation and industry. In: Hutchinson, T. C.
and Meema, K. M., ed. Lead, Mercury, Cadmium and Arsenic in the environment, New
York, Chichester, Brisbane, Toronto, John Wiley & Sons, pp. 69-88 (SCOPE 31).

Page, A. L., Bingham, F. T., and Shang, A. C. (1981). Cadmium. In: Lepp, N.W., ed.
Effect of heavy metal pollution on plants, Barking, Essex, Applied Science Publishers; 1:
77-109.

Paquin, P. R., Gorsuch, J. W. and Apte, S. (2002). The biotic ligand model: A historical
overview. Comp Biochem Physiol; 133: 3-35.

Parks, J. W., Lutz, A. and Sutton J. A. (1989). Water column methylmercury in the
Wabigoon/English River-Lake System: Factors controlling concentration, speciation, and
net production. Canadian Journal of Fisheries and Aquatic Sciences; 46: 2184-2202.

Patterson, J. (2002). Introduction—comparative dietary risk: balance the risks and
benefits of fish consumption. Comments Toxicol; 8(4-6): 337-344.

Paul, T. G., James, V. C. and Norman, R. C. (2004). Caudal fin mercury as a non-lethal
predictor of fish-muscle mercury. Environmental Chemistry; 2(2): 96-99.

Perwak, J., Goyer, M., Nelken, L., Schimke, G., Scow, K., Walker, P., Wallace, D., and
Delos, C. (1980). An exposure and risk assessment for zinc. Washington DC,
Environmental Protection Agency (EPA/440/4-81/016).

PMMC (2001) Company Profile: Precious Minerals Marketing Corporation. PMMC,
Accra.

Prasad, A. S., Beck, F. W., Grabowski, S. M., Kaplan, J. and Mathog, R. H. (1997). Zinc

deficiency: Changes in cytokine production and T-cell subpopulation in patients with
head and neck cancer and in noncancer subjects. Proc Assoc Am Physicians; 109: 68-77.

99



Prasad, A. S. (1996). Zinc deficiency in women, children and infants. Journal of
American College of Nutrition; 15: 113-120.

Rada, R. G., Wiener, J. G., and Winfrey, M. R. (1989). Recent increases in atmospheric
deposition of mercury to north-central Wisconsin lakes inferred from sediment analyses.
Arch Environ Contam Toxicol; 18 (1-2): 175-181.

Rashed, M. N. (2001). Cadmium and lead levels in fish (Tilapia nilotica) tissues as
biological indicator for lake water pollution. Environ. Monitor. Assess.; 68: 75-89.

Rose, J., Hutcheson, M. S., West, C. R., Pancorbo, O., Hulme, K., Cooperman, A.,
DeCesare, G., Isaac, R. and Screpetis, A. (1999). Fish Mercury Distribution in
Massachusetts, USA Lakes. Environmental Toxicology and Chemistry; 18(7): 1370-
1379.

Rubinstein, N. I., Lores, E. and Gregory, N. R. (1983). Accumulation of PCBs, mercury
and cadmium by Nereis virens, Mercenaria mercenaria and Palaemonetes pugio from
contaminated harbor sediments. Aquatic Toxicology; 3: 249-260.

Salomons, W. and Forstner, U. (1984). Metals in the hydrocycle. Berlin, Springer, 349
Pp.

Sato, K. and Sada, K. (1992). Effects of emissions from a coal-fired power plant on
surface soil trace element concentrations. Atmos Environ Pt; 26A: 325-331.

Sax, N. I. and Lewis, R. J. (1987). Zinc. In: Sax, N. I. and Lewis, R. J. eds. Hawley’s
condensed chemical dictionary. New York, VVan Nostrand Reinhold, 1250-1258.

Schmitt, C. J. and Brumbaugh, W. G. (1990). National contaminant biomonitoring
program: Concentrations of arsenic, cadmium, copper, lead, mercury, selenium, and zinc
in US freshwater fish, 1976-1984. Arch Environ Contam Toxicol; 19: 731-747.

Sharrett, A. R., Orheim, R. M. and Carter, A. P. (1982). Components of variation in lead,
cadmium, copper, and zinc concentration in home drinking water: The Seattle study of
trace metal exposure. Environ Res; 28: 476-498.

Solomons, N. W. (1998). Mild human zinc deficiency produces an imbalance between
cell-mediated and humoral immunity, Nutr Rev; 56: 27-28

Spear, P. A. (1981). Zinc in the aquatic environment: chemistry, distribution, and
toxicology. National Research Council of Canada Publication; NRCC 17589: 145.

Stokinger, H. (1981). Patty's industrial hygiene and toxicology. In: Clayton, G. D.,
Clayton, F. E., eds. 3rd ed, vol. I1A. New York, NY: John Wiley & Sons, 1769-1792.

Swedish Expect Group. (1971). Methylmercury in fish. A toxicological epidemiological
evaluation of risk. Nord. Hyg. Tidskr.; 4: 19-364.

100



Taylor, M. D. (1997). Accumulation of Cadmium derived from fertilisers in New Zealand
soils. Science of Total Environment; 208: 123-126.

Thornton, 1. (1992). East Sources and pathways of cadmium in the environment. IARC
Sci Publ; 118: 149-162.

Thornton, T. W. (1996). Metals in the global environment: Facts and misconceptions.
Ottawa, International Council on Metals and the Environment.

Timbrell, J. A. (1995). Introduction to toxicology. 2™ edition. London: Taylor and
Francis, 76-77, 118-121

Tsuchiya, K. (1978). Cadmium studies in Japan: a review, Amsterdam, Oxford, New
York, Elsevier Science Publishers, 376.

United Nations Environmental Programme (UNEP). (2002). Global Mercury Assessment
— Excerpts of the full report, Geneva, Switzerland, 1-22.

Van Assche, F. J. and Ciarletta, P. (1992). Cadmium in the Environment: Levels, Trends
and Critical Pathways, Edited Proceedings Seventh International Cadmium Conference -
New Orleans, Cadmium Association, London, Cadmium Council, Reston VA,
International Lead Zinc Research Organisation, Research Triangle Park NC.

Voegborlo, R. B., Adimado A. A. and Ephraim J. H. (2007). Total mercury distribution
in different tissues of Frigale Tuna (Auxis thazard thazard) from the Atlantic coastal
waters of Ghana, Gulf of Guinea. Environ Monit Assess; 132: 503-508.

Wagner, H. P., Dalglish, K. and McGarrity M. J. (1991). Determination of zinc in wort
and beer by graphite furnace atomic absorption spectrometry. J Am Soc Brew Chem;
49(1): 28-30.

Wallace, R. A. (1971). Mercury in the environment, the human element, Oak Ridge, Oak
Ridge National Laboratory, ORNL NSF-EP-1.

Ward, N. I. (1987). The future of multi-(ultra-trace) element analysis in assessing human
and disease: a comparison of NAA and ICPSMS. In: Ward NI ed. Copenhagen, World
Health Organization; Environmental Health; No. 20: 118-123

Ward, S. M. and Neumann, R. M. (1999). Seasonal variations in concentrations of
mercury in axial muscle tissue of Largemouth Bass. North American Journal of Fisheries
Management; 19: 89-96.

Weast, R. C. (1974). Handbook of chemistry and physics, 55th ed., Cleveland, Ohio,
CRC Press, 500.

101



Weatherley, A. H., Lake, P. S. and Rogers, S. C. (1980). Zinc pollution and the ecology
of the freshwater environment. In Nriagu, J. O., editor. Zinc in the environment. Part I:
ecological cycling. John Wiley, New York, 337-417

Webb, J., Mainville, N., Mergler, D., Lucotte, M., Betancourt, O., Davidson, R., Cueva,
E. and Quizhpe, E. (2004). Mercury in Fish-eating Communities of the Andean Amazon,
Napo River Valley, Ecuador. EcoHealth; 1: suppl. 2.

Wester, R. C., Maibach, H. I. and Sedik, L. (1992). In vitro percutaneous absorption of
cadmium from water and soil into human skin. Fund Appl Toxicol; 19: 1-5.

Wiener, J. G. and Spry, D. J. (1996). Toxicological significance of mercury in freshwater
fish. In: Beyer WN, Heinz GH, Redmon AW (eds) Environmental contaminants in
wildlife: interpreting tissue concentrations. Lewis Publishers, Boca Raton, FL, 299

Williams, F., Robertson, R., Roworth, M. (1999). Scottish Centre for Infection and
Environmental Health: Detailed profile of 25 major organic and inorganic substances, 1%
ed. Glasgow: SCEIH

Winfrey, M. R. and J. W. Rudd. 1990. Environmental factors affecting the formation of
methylmercury in low pH lakes. Environ. Toxicol. Chem.; 9: 853-869.

World Health Organization (WHO). (1976). Mercury. Geneva, World Health
Organization. Environmental Health Criteria; 1: 132.

World Health Organization (WHO). (1986). Health impact of acidic deposition. Sci. total
Environ; 52: 157-187.

World Health Organization (WHO). (1990). Methyl mercury. Geneva, Switzerland:
World Health Organization. International Programme on Chemical Safety; 101:
Monograph.

World Health Organization (WHO). (1991). Inorganic mercury. Geneva, Switzerland:
World Health Organization. International Programme on Chemical Safety; 118: 168.

World Health Organization (WHO). (1992). Cadmium. International Programme on
Chemical Safety (IPCS). Environmental Health Criteria; 134: Monograph.

World Health Organization (WHO). (1996). Zinc. Trace elements in human nutrition and
health. World Health Organization, 72-104

World Health Organization (WHO). (2001). Zinc. Geneva, Switzerland: World Health

Organization. International Programme on Chemical Safety. Environmental Health
Criteria; 221: Monograph.

102


http://www.springerlink.com/app/home/contribution.asp?wasp=m1ghqpxvrj5c7cvkybrl&referrer=backto&backto=issue,13,27;journal,1,5;linkingpublicationresults,1:110812,1;
http://www.springerlink.com/app/home/contribution.asp?wasp=m1ghqpxvrj5c7cvkybrl&referrer=backto&backto=issue,13,27;journal,1,5;linkingpublicationresults,1:110812,1;

World Health Organization (WHO). (2003). Elemental mercury and inorganic mercury
compounds: Human health aspects. Concise International Chemical Assessment
Document. CICAD 50. Geneva.

World Health Organization (WHO). (2005). Mercury in drinking water. Background
document for development of WHO Guidelines for Drinking-water Quality.

Zienab, I. S. (2006). A study of heavy metals pollution in some aquatic organisms in
Suez canal in Port- Said harbor. Journal of Applied Sciences Research; 2(10): 657-663

103



APPENDIX |

450

400 y = 0.3379x + 165.31 ¢
R?=0.0835

350

300

250

200

150 1 .

Hg Concentration (ng/g)

100 1 .

50 ‘ ‘ ‘ ‘ ‘ ‘
50 100 150 200 250 300 350 400

Fresh Weight (g)

Fig. 4.0 Relationship between Hg concentration on wet basis and fresh weight for
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Table 4.5 Results for Tilapia zilli

Zn Cd Hg

SAMPLE Concentration | Concentration | Concentration
LABEL WEIGHT(g) | LENGTH(cm) | (mg/kg) (mg/kg) (ng/g)
DOM A1l 150.62 18.90 11.05 ND 268.41
DOM A2 146.00 17.90 5.90 ND 134.02
DOM A3 168.11 18.70 6.46 ND 250.28
DOM A4 95.32 15.70 7.75 ND 325.88
DOM A5 157.70 19.50 8.94 ND 143.80
DOM A6 111.90 17.40 8.27 ND 168.44
DOM A7 121.54 17.80 9.73 ND 259.25
DOM A8 223.90 21.60 9.71 ND 262.79
DOM A9 151.32 19.10 ND ND 166.71
DOM A10 368.13 25.00 5.20 0.10 243.30
DOM A1l 220.53 21.30 ND ND 403.05
DOM A12 187.40 19.70 9.14 ND 166.08
DOM A13 85.51 15.80 ND ND 96.33

Table 4.6 Results for Chrysichthys nigrodigitatus

Zn Cd Hg

SAMPLE Concentration | Concentration | Concentration
LABEL WEIGHT(g) | LENGTH(cm) | (mg/kg) (mg/kg) (ng/g)
DOM B1 177.73 23.50 11.38 ND 409.49
DOM B2 222.40 26.70 11.97 ND 318.91
DOM B3 265.75 26.50 (2662 0.10 182.75
DOM B4 171.20 23.30 4.47 ND 299.24
DOM B5 188.43 25.10 11.93 ND 346.38

Table 4.7 Results for Oreochromis niloticus

Zn Cd Hg

SAMPLE Concentration | Concentration | Concentration

LABEL | WEIGHT(g) | LENGTH(cm) | (mg/kg) (mg/kg) (ng/qg)

DOM D1 286.75 22.50 5.48 ND 90.79

DOM D2 246.40 22.70 ND ND 228.87

DOM D3 250.30 22.20 2.58 ND 176.26

120




Table 4.8 Results for Heterobranchus sp.

Zn Cd Hg
SAMPLE Concentration | Concentration | Concentration
LABEL | WEIGHT(g) | LENGTH(cm) | (mg/kg) (mg/kg) (ng/q)
DOM F1 264.60 30.10 4.13 ND 35.51
DOM F2 261.22 31.20 2.58 ND 34.77
DOM F3 335.85 33.50 4.52 0.10 38.28
DOM F4 302.20 35.00 6.67 ND 35.12
DOM F5 299.10 32.30 3.16 ND 35.25
Table 4.9 Results for Sarotherodon melanotheron
Zn Cd Hg
SAMPLE Concentration | Concentration | Concentration
LABEL | WEIGHT(g) | LENGTH(cm) | (mg/kg) (mg/kg) (ng/q)
DOM G1 324.10 24.80 ND 0.10 87.61
DOM G2 152.40 20.00 ND ND 82.72
DOM G3 145.81 19.80 ND ND 316.42
DOM G4 321.22 25.00 ND 0.10 98.58
NKOTUMSO
Table 4.10 Results for Oreochromis niloticus
Zn Cd Hg
SAMPLE Concentration | Concentration | Concentration
LABEL WEIGHT(g) | LENGTH(cm) | (mg/kg) (mg/kg) (ng/g)
NKT Al 136.91 17.00 M2 ND 95.76
NKT A2 189.98 20.00 3.88 ND 224.43
NKT A3 204.44 21.50 4.46 ND 116.59
NKT A4 138.66 17.90 6.46 ND 137.32
NKT A5 99.71 15.70 4.96 ND 130.91
NKT A6 143.30 18.00 2.94 ND 99.05
NKT A7 144.91 17.70 5.08 ND 88.31
NKT A8 166.56 16.70 6.30 0.10 68.04
NKT A9 94.61 16.10 7.50 ND 59.79
NKT A10 56.14 14.00 7.43 ND 157.19
NKT A1l 126.80 17.20 3.64 ND 135.97
NKT Al12 221.63 21.40 8.07 ND 127.33
NKT A13 118.28 16.60 6.65 ND 161.59
NKT Al4 262.42 21.10 1.29 ND 247.51
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Table 4.11 Results for Tilapia zilli

Zn Cd Hg
SAMPLE Concentration | Concentration | Concentration
LABEL | WEIGHT(g) | LENGTH(cm) | (mg/kg) (mg/kg) (ng/g)
NKT D1 82.67 15.80 5.62 ND 97.60
NKT D2 68.81 15.30 5.12 ND 95.38
NKT D3 66.85 14.20 6.73 ND 57.16
NKT D4 54.92 13.50 6.54 ND 97.15
NKT D5 41.12 11.30 7.17 ND 66.84
NKT D6 82.70 15.60 12.38 ND 59.67
Table 4.12 Results for Heterobranchus sp.

Zn Cd Hg
SAMPLE Concentration | Concentration | Concentration
LABEL | WEIGHT(g) | LENGTH(cm) | (mg/kg) (mg/kg) (ng/g)
NKT E1 642.81 45.50 7.06 ND 43.04
NKT E2 663.01 47.50 8.32 ND 1.02
NKT E3 85.50 15.80 3.60 ND 142.27
NKT E4 142.00 26.40 1/ ND 168.44
Table 4.13 Results for Labeo coubie

Zn Cd Hg
SAMPLE Concentration | Concentration | Concentration
LABEL | WEIGHT(g) | LENGTH(cm) | (mg/kg) (mg/kg) (ng/q)
NKT F1 154.71 19.80 2.29 ND 106.58
NKT F2 207.01 21.30 0.89 ND 190.76
NKT F3 204.81 21540 3.17 ND 114.32
NKT F4 200.01 21.10 2.59 ND 104.74
NKT F5 133.22 19.10 ND ND 100.83
NKT F6 204.11 21.60 0.20 ND 110.90
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DUNKWA-ON-OFFIN

Table 4.14 Results for Oreochromis niloticus

Zn Cd Hg
SAMPLE Concentration | Concentration | Concentration
LABEL WEIGHT(g) | LENGTH(cm) | (mg/kg) (mg/kg) (ng/g)
DUN Al 118.90 17.70 4.13 ND 259.76
DUN A2 85.90 15.50 5.55 0.10 73.49
DUN A3 93.82 16.00 5.39 ND 80.88
DUN A4 135.45 17.20 5.22 ND 105.53
DUN A5 116.71 17.30 5.59 ND 111.12
DUN A6 121.10 17.50 5.80 ND 230.93
DUN A7 139.75 18.60 7.37 ND 192.41
DUN A8 121.88 16.80 6.20 ND 63.92
DUN A9 104.48 17.10 455 0.10 166.05
DUN A10 132.10 18.00 6.90 ND 169.79
Table 4.15 Results for Chrysichthys nigrodigitatus
Zn Cd Hg
SAMPLE Concentration | Concentration | Concentration
LABEL WEIGHT(g) | LENGTH(cm) | (mg/kg) (mg/kg) (ng/q)
DUN B1 171.41 23.00 5.66 ND 756.83
DUN B2 125.77 21.50 6.30 ND 301.03
DUN B3 96.77 20.50 8.09 ND 630.35
DUN B4 79.44 17.40 8.65 ND 264.39
DUN B5 91.40 18.30 11.45 ND 413.58
Table 4.16 Results for Labeo coubie
Zn Cd Hg
SAMPLE Concentration | Concentration | Concentration
LABEL WEIGHT(g) | LENGTH(cm) | (mg/kg) (mg/kg) (ng/g)
DUN C1 179.67 19.40 10.02 ND 131.93
DUN C2 133.92 19.00 8.56 0.10 120.75
DUN C3 191.16 20.30 7.14 ND 155.46
DUN C4 186.40 20.10 7.31 ND 157.90
DUN C5 105.09 16.70 7.02 ND 152.81

123




Table 4.17 Results for Brycinus specie

Zn Cd Hg
SAMPLE Concentration | Concentration | Concentration
LABEL | WEIGHT(g) | LENGTH(cm) | (mg/kg) (mg/kg) (ng/g)
DUN DI 289.42 24.90 5.58 0.10 153.33
DUN D2 129.86 19.00 7.92 0.10 173.52
DUN D3 99.82 18.40 9.21 ND 97.90
Table 4.18 Results for Hepsetus odoe
Zn Cd Hg
SAMPLE Concentration | Concentration | Concentration
LABEL | WEIGHT(g) | LENGTH(cm) | (mg/kg) (mg/kg) (ng/q)
DUN E1 117.51 23.70 9.78 ND 794.59
DUN E2 11751 24.90 11.02 ND 379.50
Table 4.19 Results for Mormyrus sp.
Zn Cd Hg
SAMPLE Concentration | Concentration | Concentration
LABEL | WEIGHT(g) | LENGTH(cm) | (mg/kQg) (mg/kg) (ng/g)
DUN F 66.81 22.50 10.02 ND 48.61
Table 4.20 Results for Papyrocranus afer
Zn Cd Hg
SAMPLE Concentration | Concentration | Concentration
LABEL | WEIGHT(g) | LENGTH(cm) | (mg/kg) (mg/kg) (ng/q)
DUN G 131.93 10.10 11.63 ND 53.29
Table 4.21 Results for Heterobranchus sp.
Zn Cd Hg
SAMPLE Concentration | Concentration | Concentration
LABEL WEIGHT(g) | LENGTH(cm) | (mg/kg) (mg/kg) (ng/g)
MUDFISH 288.50 32.50 12.85 ND 65.72
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BUABENSO

Table 4.22 Results for Synodontis sp.

Zn Cd Hg

SAMPLE Concentration | Concentration | Concentration
LABEL | WEIGHT(g) | LENGTH(cm) | (mg/kg) (mg/kg) (ng/q)

BUA Al 160.81 26.40 3.46 ND 215.97
BUA A2 278.40 32.00 3.47 0.10 132.69
BUA A3 158.66 27.10 3.63 ND 141.50
BUA A4 113.15 24.00 4.43 ND 225.26
BUA A5 142.20 25.50 5.38 ND 280.43
BUA A6 174.82 28.00 2.75 ND 198.10
BUA A7 171.10 23.60 2.86 ND 152.50
BUA A8 79.41 21.30 2.20 ND 277.80
BUA A9 84.90 18.60 4.16 ND 269.47
BUA A10 83.40 19.80 1.90 ND 382.74
BUA Al1l 63.92 17.70 el 7 ND 157.67
BUA Al12 60.51 17.20 3.19 ND 473.28
BUA A13 54.20 16.70 2.70 ND 460.93
BUA Al4 46.21 18.30 ND ND 649.40
BUA A15 52.10 17.30 ND ND 306.22
BUA Al16 39.21 16.00 ND ND 289.14
BUA Al7 42.32 16.40 ND ND 128.87
BUA A18 33.32 15.90 ND ND 176.56
BUA Al19 28.84 15.60 ND ND 206.19
BUA A20 25.61 15.30 ND ND 173.16
BUA A21 26.60 15.20 ND ND 340.94
BUA A22 24.32 13.50 ND 0.10 115.46
BUA A23 43.53 16.90 ND ND 160.01

Table 4.23 Results for Chrysichthys nigrodigitatus
Zn Cd Hg

SAMPLE Concentration | Concentration | Concentration
LABEL | WEIGHT(g) | LENGTH(cm) | (mg/kg) (mg/kg) (ng/g)

BUA B1 127.10 23.20 ND ND 276.00
BUA B2 135.90 23.60 ND ND 211.06
BUA B3 92.91 22.70 ND ND 411.16
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Table 4.24 Results for Tilapia zilli

Zn Cd Hg
SAMPLE Concentration | Concentration | Concentration
LABEL | WEIGHT(g) | LENGTH(cm) | (mg/kg) (mg/kg) (ng/q)
BUAT1 84.31 16.80 ND ND 153.63
BUA T2 121.94 18.40 ND ND 179.29
Table 4.25 Results for Schilbe mystus

Zn Cd Hg
SAMPLE Concentration | Concentration | Concentration
LABEL | WEIGHT(g) | LENGTH(cm) | (mg/kg) (mg/kg) (ng/q)
BUA S1 24.53 15.50 ND ND 105.32
BUA S2 35.50 14.10 ND ND 112.73
AWISAM
Table 4.26 Results for Synodontis sp.

Zn Cd Hg
SAMPLE Concentration | Concentration | Concentration
LABEL | WEIGHT(g) | LENGTH(cm) | (mg/kg) (mg/kg) (ng/qQ)
AW Al 98.41 19.00 5.05 0.09 288.81
AW A2 85. 91 19.20 4.08 ND 157.82
AW A3 149.74 20.8 4.64 ND 422.66
AW A4 64.90 15.00 Ba2 [ ND 271.79
AW A5 112.42 21.00 5.37 ND 336.39
AW A6 131.82 24.40 4.63 ND 278.68
AW A7 171.60 24.80 6.39 ND 184.36
AW A8 69.21 20.90 5.39 ND 259.97
AW A9 93.63 20.30 18.16 ND 188.19
AW A10 69.90 17.50 8.15 ND 265.33
AW All 106.65 24.00 7.35 ND 795.94
AW Al12 80.41 18.50 8.45 ND 348.37
AW A13 107.60 23.00 7.84 ND 180.80
AW Al4 113.51 23.40 9.16 ND 302.53
AW A15 100.90 20.20 3.61 ND 324.18
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AW A16 92.30 22.00 3.68 ND 173.12
AW A17 87.44 21.50 5.45 0.09 275.04
AW A18 103.42 19.80 5.26 ND 369.77
AW A19 93.41 21.50 5.99 0.10 216.72
AW A20 53.21 16.70 5.84 ND 417.48
AW A21 63.32 19.00 6.37 ND 177.89
AW A22 90.32 20.00 5.80 ND 205.58
AW A23 65.20 19.00 7.43 ND 369.50
AW A24 50.51 16.60 8.25 ND 229.55
AW A25 86.66 18.50 7.80 ND 255.67
AW A26 50.53 18.40 9.31 ND 270.49
AW A27 65.88 16.00 2.87 ND 446.19
AW A28 40.48 15.50 3.85 ND 311.72
AW A29 49.92 15.00 4.46 ND 140.86
AW A30 50.11 16.00 8.15 ND 227.50
Table 4.27 Results for Sediments and Soil (Control)

SAMPLE LOCATION Mean Zn Mean Cd Mean Hg

concentration concentration concentration
(mg/kg) (mg/kg) (ng/g)

Sediments Dominase 23.54 ND 144.55
Soil Dominase S5 ND 97.45
Sediments Nkotumso 20.44 ND 1010.08
Soil Nkotumso 25.50 ND 137.80
Sediments Dunkwa-on-Offin 25.81 ND 186.15
Soil Dunkwa-on-Offin 81.49 ND 44,61
Sediments Buabenso 34.93 ND 424.30
Soil Buabenso 8.45 ND 72.60
Sediments Awisam 21.58 ND 96.11
Soil Awisam 57.46 ND 61.55
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APPENDIX 111
PICTURES

Picture 2. Front View of Dunkwa Continental Goldfields Dredge showing Dredging
buckets.
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Picture 3. Side View of Dunkwa Continental Goldfields Dredge

ore is concentrated in a flat pan.
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2006/09/29

Picture 5. Mercury-Gold amalgam is formed by bringing mercury into contact with
concentrated ore.

2006/09/29

Picture 6. Burning of mercury-gold amalgam to expel mercury and recover gold
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Picture 7. Alluvial gold obtained after burning mercury-gold amalgam.

2006/09/29

-

Picture 8. An Excavator removing the top soil to expose the gold bearing ore.
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2006/09/29

Picture 9. Blocks from buildings that have been pulled down to make land available
for mining.

e

oy Offin River after

Picture 10. Dug mine pit at the river bank that h been filled
been left overnight.
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2006/09/29

Picture 11. River water been pumped out of the mine pit back into the Offin River
which is just behind the Excavator.

Picture 12. A lady fetching river water for use.
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Picture 13. Pictures of various species of fish

Oreochromis niloticus

Tilapia zilli Brycinus sp.
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http://www.fishbase.org/Photos/PicturesSummary.cfm?ID=1412&what=species
http://www.fishbase.org/Photos/PicturesSummary.cfm?ID=2396&what=species
http://www.fishbase.org/Photos/PicturesSummary.cfm?ID=4530&what=species
http://www.fishbase.org/Photos/PicturesSummary.cfm?StartRow=1&ID=1390&what=species
http://www.fishbase.org/Photos/PicturesSummary.cfm?ID=1412&what=species�
http://www.fishbase.org/Photos/PicturesSummary.cfm?ID=2396&what=species�
http://www.fishbase.org/Photos/PicturesSummary.cfm?ID=4530&what=species�
http://www.fishbase.org/Photos/PicturesSummary.cfm?StartRow=1&ID=1390&what=species�

Heterobranchus sp. Papyrocranus afer

Labeo coubie

Synodontis sp. | Schilbe mystus
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http://www.fishbase.org/Photos/ThumbnailsSummary.php?ID=2321
http://www.fishbase.org/Photos/PicturesSummary.cfm?StartRow=1&ID=2440&what=species
http://www.fishbase.org/Photos/ThumbnailsSummary.php?ID=2434
http://www.hippocampus-bildarchiv.de/
http://www.fishbase.org/Photos/PicturesSummary.cfm?StartRow=1&ID=2447&what=species
http://www.fishbase.org/Photos/ThumbnailsSummary.php?ID=2321�
http://www.fishbase.org/Photos/PicturesSummary.cfm?StartRow=1&ID=2440&what=species�
http://www.fishbase.org/Photos/ThumbnailsSummary.php?ID=2434�
http://www.hippocampus-bildarchiv.de/�
http://www.fishbase.org/Photos/PicturesSummary.cfm?StartRow=1&ID=2447&what=species�

	THESIS COVER PAGE
	THESIS
	CHAPTER TWO
	2.0 LITERATURE REVIEW
	2.1 MERCURY
	2.1.1 Introduction
	2.1.5.1 Acute Effects
	Acute (short-term) inhalation exposure to high levels of elemental mercury in humans results in central nervous system (CNS) effects, such as hallucinations, delirium, and suicidal tendencies. Gastrointestinal effects and respiratory effects, such as ...
	2.2.2 Sources and Route of Human Exposure
	3.7.1 Operation of Automatic Mercury Analyzer Model HG-5000
	Hu, H. (1998). Heavy metal poisoning. In: Fauci, A. S., Braunwald, E., Isselbacher, K. J., Wilson, J. D., Martin, J. B., Kasper, D. L., Hauser, S. L., Longo, D. L. (eds). Harrison's principles of Internal medicine, 14th ed., New York, McGraw-Hill, 256...


