POLLUTION STATUS AND CHEMICAL SPECIATION IN
SURFACE WATER AND SEDIMENTS OF TWO RIVERS IN
AKWA IBOM STATE, NIGERIA

By

Ini Udofia UMOREN

MATRIC NUMBER: 109443
B. Sc. Applied Chemistry (Uyo), M. Sc. Analytical Chemistry (Ibadan)

A DISSERTATION IN THE DEPARTMENT OF CHEMISTRY
SUBMITTED TO THE FACULTY OF SCIENCE IN PARTIAL FULFILMENT
OF THE REQUIREMENTS FOR THE DEGREE OF
MASTER OF PHILOSOPHY
OF THE UNIVERSITY OF IBADAN, IBADAN, NIGERIA

JUNE, 2014



CHAPTER ONE
INTRODUCTION

11 ENVIRONMENTAL POLLUTION

The natural environment is clean but due to multifarious activities of man it gets
polluted, resulting in environmental pollution. According to Bora (2013), pollution
refers to the contamination of the environment by harmful and waste materials, which
brings about a significant change in the quality of the surrounding atmosphere.
GESAMP (1993) defines aquatic pollution as the introduction by humans, directly or
indirectly, of substances or energy into the aquatic environment resulting in such
deleterious effects as harm to living resources, hazards to human health, hindrance to
aquatic activities including fishing, impairment of quality for use of water, and
reduction of amenities. Pollutants can be naturally occurring substances or energies,
but are considered contaminants when in excess of natural levels. Different
anthropogenic activities such as mining operations and ore processing industry lead to
increased metal pollution of surface waters and soils mostly near industrial areas, but
their impact can be transported through the surface waters and have adverse effects in
larger areas (Salomons, 1995; Banks et al., 1997).

The aquatic environment is highly fragile, complex and diverse. It includes several
distinct ecosystem types such as freshwater streams, lakes, ponds and rivers, estuaries,
and marine coastal and deep ocean waters that encompass many different biotic and
abiotic components of unique characteristics. Hence, coastal areas are characterised by
highly productive and economically valuable ecosystems as well as intense human
activities capable of interfering with the system function and properties (UNEP/WHO,
1996). In order to check the pollution of waters and soils in industrial regions,
monitoring studies are usually performed to produce data on total trace metal content.



12  TYPES OF ENVIRONMENTAL POLLUTION
There are three major types of environmental pollution, viz:

(@) Air pollution — this is the accumulation of substances in the atmosphere in
sufficient concentrations that endanger human health or produce other measured
effects on living organisms and other materials. Some of the most important air
pollutants are sulphur dioxide, nitrogen oxides, carbon monoxide, 0zone,
hydrocarbons, photochemical oxidants and airborne particulates, with radioactive
pollutants probably among the most destructive ones, specifically when produced by
nuclear explosions. One of the greatest challenges caused by air pollution is global
warming, due to the build-up of certain atmospheric gases such as carbon dioxide.
With the heavy use of fossil fuels in the 20th century, atmospheric concentrations of

carbon dioxide have risen dramatically (Denman et al., 2007).

(b) Soil pollution — Soil pollution is the degradation of the Earth's surface through
misuse of the soil by poor agricultural practices, mineral exploitation, industrial waste
dumping, and indiscriminate disposal of urban wastes. It includes visible waste and
litter as well as pollution of the soil itself. The addition of chemical fertilizers,
pesticides, and fungicides to the soil interferes with the natural processes occurring
within the soil and destroys useful organisms such as bacteria, fungi, and other
microorganisms. Some important soil pollutants include:- hydrocarbons, solvents and

heavy metals (Mastrandrea and Schneider, 2007).

(© Water pollution - Water pollution occurs when the body of water is adversely
affected due to the addition of large amounts of deleterious materials to the water.
When it is unfit for its intended use, water is considered polluted (Chattwal,
2009). Contamination of drinking-water catchments (e.g. by human or animal faeces),
within the distribution system (e.g. through leaking pipes or obsolete infrastructure), or
of stored household water as a result of unhygienic handling are responsible for several
water-borne disease transmissions (WHO, 2010).

1.3  GLOBAL WATER POLLUTION
A good water quality is of global concern due to the vast importance of water to all

categories of life. Water quality is a term used to express the suitability of water to
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sustain various uses or processes. Any particular use will have certain requirements for
the physical, chemical or biological characteristics of water (UNEP/WHO, 1996).
Therefore, freshwater is a finite resource, essential for human existence. Sustainable
development will not be possible without freshwater of adequate quantity and quality.
It has been unequivocally demonstrated that water of good quality is crucial to

sustainable socio-economic development.

Water is essential for life, but it can and does transmit disease from countries to
countries in all continents — from the poorest to the wealthiest. Millions of people are
exposed to unsafe levels of chemical contaminants in their drinking-water. This may
be linked to a lack of proper management of urban and industrial wastewater or
agricultural run-off water, potentially giving rise to long term exposure to pollutants,
which can have a range of serious health implications. It may also be linked to
naturally occurring arsenic and fluoride, which cause cancer and tooth/skeletal
damage, respectively (WHO, 2010).

Sewage, industrial wastes, and agricultural chemicals such as fertilizers and pesticides
are the main causes of water pollution. The effects of human activities on water quality
are both widespread and varied in the degree to which they disrupt the ecosystem
and/or restrict water use. Pollution of water by human faeces, for example, is
attributable to only one source, but the reasons for this type of pollution, its impacts on
water gquality and the necessary remedial or preventive measures are varied. Therefore,
increase of faecal pollution in source water is a serious problem in developing
countries (Bezuidenhout et al., 2002) and this problem is further aggravated where
there is a lack of good sanitation systems and guidelines, thus posing an increased risk
for the outbreak of water borne diseases (Pretorious, 2000). Water-borne diseases Kkill
50,000 people daily (Herschy, 1999), and about 4 million children under the age of
five die in developing countries due to water related problems (USAID, 1990;
UNEP/WHO, 1996; Warner, 1998).

In developing nations, more than 95 percent of urban sewage is discharged untreated
into rivers and bays, creating a major human health hazard. About 90 percent of
wastewater in developing countries is discharged into rivers and streams without any
treatment (UNEP and World Resources, 2000-2001). Although wastewater effluents
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standards regulate discharges of industries into surface water, monitoring to ensure
compliance in Nigeria is not effective. Water pollutants include insecticides and
herbicides, food processing wastes, pollutants from livestock operations, volatile
organic compounds (VOCs), heavy metals, chemical waste and others (UNEP/WHO,
1996).

About three-quarters (approximately 75%) of the Earth's surface is covered with water,
yet 98 percent is salt water and not fit for consumption. Less than one percent of all the
water on Earth is freshwater available for human consumption. An estimated 2.4
billion people lack adequate sanitation and 1.5 billion people are without access to
clean and safe water (WHO/UNICEF, 2000). Freshwater makes up less than three
percent (3%) of the earth's water, but it is the source of virtually all drinking water. In
2002, each US household used an average of 94,000 gallons of water per year. About
55 percent of that water comes from reservoirs, rivers, and lakes. According to the
survey carried out in the year 2000, published in EPA's National Water Quality
Inventory, it was reported that 40 percent of rivers and 45 percent of lakes in United
States of America are considered too polluted for fishing, swimming, or aquatic life
(Chewonki, 2009).

1.4  SURFACE WATER POLLUTION

Surface water is water that is continually moving around, through, and above the earth.
It includes water in streams, rivers, lakes, oceans and so on. Water pollution occurs
where there is any change in the physical, chemical or biological properties of water by
human activities that impair its use for different purposes (Chhatwal, 2009). The quest
for economic growth and development vis-a-vis industrial and urban development
leading to the generation of large volume of solid wastes poses major environmental
risks because of the difficulty in proper management and disposal of this solid waste,
especially in developing countries. Landfills and other solid waste disposal sites are
major targets of pollution because rainfall and groundwater leach these highly
contaminated substances into rivers, streams, lagoons, lakes and other water bodies

which are inadvertently used by people residing in such areas (Asonye et al., 2007).



The effects of human activities on water quality are both widespread and varied in the
degree to which they disrupt the ecosystem and/or restrict water use. Pollution of water
by human faeces, for example, is attributable to only one source, but the reasons for
this type of pollution, its impacts on water quality and the necessary remedial or
preventive measures are varied. Therefore, increase of faecal pollution in source water
is a serious problem in developing countries (Bezuidenhout et al., 2002) and this
problem is further aggravated where there is a lack of good sanitation systems and
guidelines, thus posing an increased risk for the outbreak of water borne diseases
(Pretorious, 2000). Water-borne diseases kill 50,000 people daily (Herschy, 1999), and
about 4 million children under the age of five die in developing countries due to water
related problems (USAID, 1990; UNEP/WHO, 1996; Warner, 1998).

1.5. SOURCES OF SURFACE WATER POLLUTION

Water pollution is caused due to the discharge of harmful chemicals and compounds in
water, which leaves the water unsuitable for drinking and other purposes. This renders
the water useless for humans and also endangers aquatic life (Bora, 2013). The
important sources of water pollution are domestic wastes, industrial effluents and
agricultural wastes. Other sources include oil spills, atmospheric deposition, marine
dumping, radioactive waste, global warming and eutrophication. Among these,
domestic waste (domestic sewage) and industrial waste are the most important sources
contributing to water pollution. Water pollution sources are generally grouped into two
categories based on their origin.

Point source pollution

Point source pollution refers to contaminants that enter a waterway through a discrete
conveyance, such as a pipe or ditch. Examples of point source pollution include
discharges from sewage treatment plant, a factory, or a city storm drain (Chhatwal,
2009). Any drainage outlet delivering polluted runoff into the river is a point source of
pollution because the pollution originates from a single, identifiable source (Harvey,
2008). The different sources and methods of pollution of surface water are presented in
Table 1.1.



Table 1.1. Sources and methods of water pollution

Pollutant Type

Sources

Methods of Pollution

Petroleum
products

Synthetic
Agricultural
Chemicals

Heavy metals

Hazardous
wastes

Excess organic
matter

Manufacture of plastics
Manufacture of lubricants

Refinery products (crude
oil, vehicle fuel, bitumen
for road surfacing,
cooking gas, etc.)

Manufacture of solvents

Manufacture of synthetic
fabrics; nylon, terylene

Pesticides
Insecticides
Herbicides
Fungicides

Mining

Automobile exhaust
Metallurgy

Manufacture of
semiconductors
Manufacture of batteries

Radioactive materials
Corrosive materials
Reactive materials

Chemical fertilizers
Sewage sludge
Animal waste

e Accidental spills from ships,

tanker trucks, pipelines and leaky
underground storage tanks.

Old and faulty machineries in
industrial factories which are
inefficient

Improper refinery processes with the
production of toxic by-products

Accumulation of chemicals in dead
plants and animals which after
decomposition will spread to water
sources during rainfall, increasing
toxicity of water source.

Leaking pipelines

Untreated industrial discharges
which flows into water sources
Emission of oxides of lead
automobiles and power plants which
dissolves in water

Automobile tyre wear

Improper storage of heavy metals in
storage containers

Improper treatment of waste which
are still toxic upon release

Stimulate algae growth and during
decomposition of algae it consumes
oxygen which dissolves in the water,
decreasing the level of oxygen in
aquatic ecosystem and increase the
mortality rate (death rate) of flora and
fauna. Decaying materials leads to
eutrophication.




Table 1.1. Sources and methods of water pollution (contd.)

Pollutant Type Sources Methods of Pollution

¢ Soil erosion and soil
particulates washed by
storms and
floodwaters from
croplands, unprotected *
soils, roads and urban
soils

o Accumulation of sediments will turn
the water murky

Mass flow of mud into water source
system will alter the clarity of water

Sediments

o Acid rain o Dissolves into rainwater which alters
Air pollutant o Emissions of the pH of water i
reenhouse Gases Dissolves into water sources which
g g affects the aquatic ecosystem

o Discharge of warmer water into rivers
e Drawn from rivers and and lakes will alter the species makeup
lakes to be used as of the aquatic ecosystem
coolants in factories Reduced oxygen level, threatening the
and power plants aquatic ecosystem.

Thermal
pollutants

Source: Chhatwal (2009)



Nonpoint sources pollution

Nonpoint source pollution refers to diffuse contamination that does not originate from
a single discrete source. Nonpoint source pollution is often a cumulative effect of small
amounts of contaminants gathered from a large area. Nutrient runoff in storm water
from "sheet flow" over an agricultural field or forest are sometimes cited as examples
of nonpoint source pollution. Pollution arising from nonpoint sources accounts for the
majority of the contaminants in streams and lakes (UNEP, 2005; Chhatwal, 2009).
Nonpoint sources of pollution in urban areas may include parking lots, streets, and
roads where storm water picks up oils, grease, metals, dirt, salts, and other toxic

materials (Harvey, 2008).

1.5.1 Domestic Sewage

Domestic sewage is wastewater generated from the household activities. It contains
organic and inorganic materials such as phosphates and nitrates. Organic materials are
food and vegetable waste, whereas inorganic materials come from soaps and
detergents. The amount of organic wastes that can be degraded by the water bodies is
measured in terms of biological oxygen demand (BOD). Many people are not aware of
the fact that soaps and detergents enrich the water bodies with phosphates. Phosphates
(from soaps and detergents) often lead to algal bloom and eutrophication, which is

most common in stagnant water bodies such as ponds and lakes.

1.5.2 Industrial Effluents

Wastewater from the manufacturing and processing industries causes water pollution.
The industrial effluents contain organic pollutants and other toxic chemicals. Some of
the pollutants from industrial source include lead, mercury, asbestos, nitrates,
phosphates, oils, etc. Wastewater from food and chemical processing industries
contribute more to water pollution than the other industries such as distilleries, leather
processing industries and thermal power plants. Also, dye industries generate
wastewater which changes the water quality especially water colour. Since the water
colour is changed, there is an alteration in the light penetration and hence it disturbs

the aquatic plants and animals.



1.5.3 Agricultural Wastes

Agricultural wastes include manure, slurries and runoffs. Most of the agricultural
farms use chemical fertilizers and pesticides. The runoffs from these agricultural
farmlands cause water pollution to the nearby water sources such as rivers, streams and
lakes. The seepage of fertilizers and pesticides causes groundwater pollution, which is
commonly known as leaching. Although the quantity of agricultural waste is low, the
effects are highly significant. It causes nutrient and organic pollution to both water and
soil. Nutrient pollution causes an increase in the nitrates and phosphates in the water

bodies, which leads to eutrophication (Bora, 2013).

1.5.4 Fossil Fuel

Combustion of fossil fuels produces extremely high levels of air pollutants and is
widely recognized as one of the most important “target” areas for reduction and control
of environmental pollution (Houghton, 2004). Fossil fuels also contribute to soil
contamination and water pollution (through acid rain and urban runoff). However,
there is no reasonable doubt that fossil fuels are among the most serious sources of
environmental pollution. Power-generating plants and transport are probably the
biggest sources of fossil fuel pollution (Nwilo and Badejo, 2005). Common sources of
fossil fuel pollution include industrial (power-generating plants, petroleum refineries,
petrochemical plants, production and distribution of fossil fuels, etc.) and
transportation (automobiles, shipping industry and aircrafts). Fossil fuel combustion is
a major source of carbon dioxide (CO,) emissions and perhaps the most important
cause of global warming (an increase in Earth’s temperature due to the build-up of

certain atmospheric gases such as carbon dioxide) (Mastrandrea and Schneider, 2007).

1.5.,5 Municipal Wastes

The residential sector, markets, supermarkets and other retail outlets are another
significant source of pollution, generating large quantities of solid wastes that may end
up in landfills or incinerators leading to soil contamination and air pollution which in

turn may be carried away by surface runoff into the surrounding water sources.

1.5.6 Radioactive Substances
Radioactive waste is another source of water pollution. Radioactive substances are

used in nuclear power plants, industrial, medical and other scientific processes. They
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can be found in watches, luminous clocks, television sets and x-ray machinery. There
are also naturally occurring radioisotopes from organisms and within the environment.
If not properly disposed of, radioactive waste can result in serious water pollution

incidents.

1.5.7 Oil Spills

In Nigeria, the developments of the petroleum industry release pollutants such as
petroleum hydrocarbon into the coastal environment. Oil spills can have devastating
effects on the environment. While being toxic to marine life, polycyclic aromatic
hydrocarbons (PAHSs), the components in crude oil, are very difficult to clean up, and
last for years in the sediment and marine environment. In 1970, only one oil spill case
of about 150 barrels of crude oil was reported with the number increasing to 14 in
1971 involving 15,110 barrels of crude oil. Between 1974 and 1980 the case of oil spill
had increased from 14 to 105 and in 1982 there were about 1,581 oil spills involving
two million barrels of oil around the world (Sharma, 2005; UNEP, 2005).

According to the Department of Petroleum Resources (DPR) 1997 Annual Reports,
over 6000 spills had been recorded in the 40 years of oil exploration in Nigeria with an
average of 150 spills per annum. In the period 1976 — 1996, about 647 incidents
occurred resulting in the spillage of 2,369,407.04 barrels of crude oil. With only
549,060.38 barrels recovered, 1,820,410.50 barrels of oil were lost to the ecosystem
(as shown in Table 1.2). Oil spill statistics in Nigeria were reported by Shell Petroleum
Development Company (SPDC), Nigeria, between 2007 and 2012 (Figure 1.1). From
the figure 1.1 shows: (a) shows the number of monthly oil spills incidents in 2012, (b)
number of oil spill incidents per year (2007-2012); (c) volume of spills per month; and
(d) volume of oil spills per year. In 2006, the Nigeria Federal Ministry of Environment
assisted by conservation non-governmental organizations, notably the UK World
Wildlife Federation, estimates that oil spilled in the Niger Delta over the past fifty
years was in the range of nine million to thirteen million barrels. Nevertheless, the

region appears to be an ecological disaster especially in most communities.
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Table 1.2. Annual report of oil spills between 1976 and 1996 in Nigeria

Year Numper of  Quantity spilled rgg:\?(;“rgj l\(laitvli?gi:r?etr?te
spills (barrels) (barrel) (barrel)
1976 128 26157.00 7135.00 19021.50
1977 104 32879.25 1703.01 31176.75
1978 154 489294.75 391445.00 97849.75
1979 157 64117.13 63481.20 630635.95
1980 241 600511.02 42416.23 558094.19
1981 238 42722.50 5470.20 37252.30
1982 257 42841.00 2171.40 40669.60
1983 173 48351.30 6355.90 41995.40
1984 151 40.209.00 1644.80 38564.20
1985 187 11876.60 1719.30 10157.30
1986 155 12905.00 552.00 12358.00
1987 129 31866.00 6109.00 25358.00
1988 108 9172.00 2153.00 7202.00
1989 118 5956.00 2092.55 3830.00
1990 166 14150.35 2785.96 12057.80
1991 258 108367.07 1476.70 105912.05
1992 378 51187.90 2937.08 49711.20
1993 453 8105.32 2335.93 6632.11
1994 495 35123.71 2335.93 32878.78
1995 417 63677.71 3110.02 60568.15
1996 518 399036.67 11838.07 387198.60

Source: Department of Petroleum Resources, (DPR) (1997)
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Figure 1.1: Oil spill statistics in Nigeria showing number and volume of spills betwe+en 2007 and 2012 (Source: SPDC Monthly Report, 2012)




1.6  IMPACTS OF WATER POLLUTION

Water is essential for life, but since surface water pollution is trans-boundary in nature,
it can and does transmit disease from countries to countries in all continents — from the
poorest to the wealthiest. Water pollution occurs when the body of water is adversely
affected due to the addition of large amounts of materials to the water. It is established
that developed countries suffer from problems of chemical discharge into the water
sources mainly groundwater, while developing countries face problems of agricultural
run-off in water sources. Polluted water like chemicals in drinking water causes
problem to health and leads to water-borne diseases. The impact of water pollution
depends on the type and amount of contamination, the period of exposure, and on the

characteristics of the waterway itself.

Impacts on human health:

Since humans are at the top of the food chain, they are particularly vulnerable to the
effects of non-degradable pollutants. Water contamination is one of the main causes of
most health problems in human beings. Water-borne diseases are infectious diseases
spread primarily through contaminated water. Though these diseases are spread either
directly or through flies or filth, water is the chief medium for the spread of these
diseases and hence they are termed as water-borne diseases. Pathogens — which include
virus, bacteria, protozoa, and parasitic worms — are disease-producing agents found in
the faeces of infected persons. The most predominant waterborne disease, diarrhoea,
has an estimated annual incidence of 4.6 billion episodes and causes 2.2 million deaths
every year (World Watch; World Health Organization). In the past decade, diarrhoea
related to unsafe water has killed more children (under 5 years) than all the people lost
to armed conflict since World War Il (WSSCC, 2004). In 1997, about 5,853 deaths,
due to cholera outbreak, were reported by the World Health Organization in Africa. In
Kano, a total of 5,600 cholera cases and 340 cholera deaths were reported between
December 1995 and May 1996 (Hutin et al., 2003).

In Minamata, Japan, inorganic mercury was used in the industrial production of
acetaldehyde which was discharged into the nearby bay as waste water and was
ingested by organisms in the bottom sediments. This highly toxic element (Hg)
accumulated in the bodies of local fish and eventually in the bodies of people who

consumed the fish and suffered from MeHg (methyl mercury) intoxication, later
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known as the Minamata disease. The disease was first detected in 1956, but the
mercury emissions continued until 1968. Even after the emission of mercury stopped,
the bottom sediment of the polluted water contained high levels of this mercury. More
recently, research has revealed that many chemical pollutants, such as DDT and PCBs,
mimic sex hormones and can interfere with the human body’s reproductive and
developmental functions. These substances are known as endocrine disrupters (Anon.
2007).

In most coastal communities, river water is the main source of drinking water and in
communities close to the Atlantic Ocean, the intrusion of high salinity (seawater) into
the river water makes water unfit for consumption. In such areas, the saying goes:
"Water, water, water everywhere, but none to drink."

With about 1.2 billion people lacking clean water, waterborne infections account for
80 percent of all infectious diseases. Increased water pollution creates breeding
grounds for malaria-carrying mosquitoes, killing 1.2 to 2.7 million people annually,
and air pollution kills about 3 million people a year. Non-sanitary living conditions
account for more than 5 million deaths each year, of which more than half are children
(WHO, 2008).

Water contamination is one of the main causes of most health problems in human
beings. About 2.3 billion people are suffering from water-related diseases worldwide
(UN-WWAP, 2003). In developing countries, more than 2.2 million people die every
year due to drinking of unclean water and inadequate sanitation (WHO/UNICEF,
2000). Water-related infectious and parasitic diseases account for =~ 60% of infant
mortality in the world (Ullah et al., 2009). In Pakistan, contamination of drinking
water with industrial wastes and municipal sewage coupled with the lack of water
disinfection practices and quality monitoring at treatment plants is the main cause of
the prevalence of waterborne diseases (Hashmi et al., 2009a, b; Azizullah et al., 2011).

Increase in algal blooms:

Water pollution can also significantly increase the rate of algal blooms. Urea, animal
manure and vegetable peelings are food for algae. Algae grow according to how much
waste is in a water body. Bacteria feed off the algae, decreasing the amount of oxygen

in the water. The decreased oxygen causes harm to other organisms living in the water.
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These blooms create massive fish die-offs as the oxygen in the water gets depleted ,
and the fish suffocate. Algal bloom and eutrophication lead to the suffocation of fish

and other organism in a water body (Skye, 2013).

Effects on marine life:

Chemical water pollution affects marine life in different ways, depending on the nature
of the polluting agent. Copper and chrome salts are toxic for algae and marine life.
Plankton is strongly affected by numerous pesticides and herbicides. Synthetic
detergents are very toxic for marine life, and water pollution with this agent affect the
microbial flora. Marine life is easily affected, but the most deaths are due to lack of
oxygen in the polluted water, and dumping of pesticides and toxic residue. Water
pollution with heavy metals, especially with mercury, also leads to severe problems
which accumulate on the food chain. The consequences resulting from the pollution of
marine life with mercury, constitutes an alarm signal to the irresponsible behaviour of
humankind (Skye, 2013).

Overall ecological risks:

Water pollution also causes negative impacts within the environment to animals and
their habitats. The entrance of pollutants into waterways can have a wide range of
impacts on the aquatic life. It is possible for the pollutants from industrial effluents
discharged into water bodies to raise the temperature of the water enough to force
fishes to migrate in search of cooler waters which indeed can create an ecological
dead zone (Skye, 2013).

1.7  WATER QUALITY ASSESSMENT

“Water quality” is a term used here to express the suitability of water to sustain various
uses or processes. Any particular use will have certain requirements for the physical,
chemical or biological characteristics of water; for example limits on the
concentrations of toxic substances for drinking water use, or restrictions on
temperature and pH ranges for water supporting invertebrate communities. According
to Bartram and Helmer (1996), water quality monitoring is the foundation on which
water quality management is based. Monitoring provides information that permits

rational decisions to be made on the following:
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= describing water resources and identifying actual and emerging problems of
water pollution,

= formulating plans and setting priorities for water quality management,

= developing and implementing water quality management programmes, and

= evaluating the effectiveness of management actions.

According to Meybeck et al. (1996), water quality requirements or objectives can be
usefully determined only in terms of suitability for purpose or purposes, or in relation
to the control of defined impacts on water quality. For example, water that is to be
used for drinking should not contain any chemicals or micro-organisms that could be
hazardous to health. Similarly, water for agricultural irrigation should have a low
sodium content, while that used for steam generation and related industrial uses should
be low in certain other inorganic chemicals (e.g. heavy metals).

The composition of surface and underground waters is dependent on natural factors
(geological, topographical, meteorological, hydrological and biological) in the
drainage basin and varies with seasonal differences in runoff volumes, weather
conditions and water levels. Large natural variations in water quality may, therefore,
be observed even where only a single watercourse is involved. Human intervention
also has significant effects on water quality. Some of these effects are the result of
hydrological changes, such as the building of dams, draining of wetlands and diversion
of flow. More obvious are the polluting activities, such as the discharge of domestic,
industrial, urban and other wastewaters into the watercourse (whether intentional or

accidental) and the spreading of chemicals on agricultural land in the drainage basin.

Water quality is affected by a wide range of natural and human influences. The effects
of human activities on water quality are both widespread and varied in the degree to
which they disrupt the ecosystem and/or restrict water use. Pollution of water by
human faeces, for example, is attributable to only one source, but the reasons for this
type of pollution, its impacts on water quality and the necessary remedial or preventive
measures are varied. Faecal pollution may occur because there are no community
facilities for waste disposal, because collection and treatment facilities are inadequate
or improperly operated, or because on-site sanitation facilities (such as latrines) drain

directly into aquifers (Meybeck et al., 1996).
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1.7.1 Water Quality Index

The conditions of a particular water body — river, lake, lagoons, ocean, stream, etc. can
fluctuate periodically; therefore, water quality must be measured or examined
periodically to look for trends. Water that is said to be safe for one use may be
unacceptable for another purpose (Majumder, 2009). Assessment of surface water
quality can be a complex process, undertaking multiple parameters capable of causing
various stresses on the overall water quality. Different statistical approaches of the
individual parameter, multi-stressors water quality indices, etc. have been considered

to determine water quality (Bharti and Katyal, 2011).

Several sets of standards, or guidelines for water quality, have been issued from time
to time by various agencies and authorities (such as United States Environmental
Protection Agency (EPA), World Health Organization (WHO), European Union (EU),
Canadian Council of Ministers of Environment (CCME), and other countries) in order
to define the maximum acceptable limit of water pollution by various pollutants.
Standards for ambient water quality are commonly designated according to the

intended use of the water resource (e.g. drinking water, fishing water, irrigation etc.).

Water Quality Index (WQI) is a scale which helps to estimate the overall quality of
water based on the values of water quality parameters. The biggest problem of WQI is
that the quality of water varies with the source of water collection and the standard
range of acceptability which varies between national and international bodies. The
index used for estimation of water quality for drinking cannot give a correct estimation
of water quality for irrigation, recreational, industrial effluents, etc. The drinking water
standards are very high compared to industrial effluents. All over the world, numerous
water quality indices, have been proposed which promptly and efficiently assess the
overall water quality within a particular area (Majumder, 2009).

There are numerous WQI specific to a particular region or area since several national
and international agencies are involved in water quality assessment and pollution
control defining water quality criteria for different uses of water considering different
indicator parameters. Examples of such WQI used for assessing surface water quality
include US National Sanitation Foundation Water Quality Index (NSF-WQI),
Canadian Council of Ministers of the Environment Water Quality Index (CCME-
WQI), British Columbia Water Quality Index (BC-WQI), and Oregon Water Quality
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Index (O-WQI) (Debels et al., 2005; Kannel et al., 2007; Abbasi, 2002). These indices
are based on the comparison of the water quality parameters to regulatory standards
and give a single value to the water quality of a source (Khan et al., 2003; Abbasi,
2002).

The WQI is one of the most widely used of all existing water quality procedures. The
overall results of nine separate tests can be used to determine if a particular stretch of
river is healthy. The WQI consists mainly of nine tests including dissolved oxygen
(DO), fecal coliform, pH, biochemical oxygen demand (BOD), temperature, total
phosphate, nitrates, total solids and turbidity. The results of the nine tests on
completion are recorded and transferred to a weighting curve chart where a numerical
value was obtained (Majumder, 2009). According to Vanloon and Duffy (2000),
guidelines have been established for the physical and chemical properties, complex
ions and organic compounds, radiological and microbiological properties. It is obvious
that a water body that is polluted for some particular use may be useful for another
purpose. Prati et al. (1971) considered 13 different parameters of equal weight in their
system. Values of these parameters are rated from Class 1 (excellent) to Class 5 (heavy
pollution). The Prati Scale (Table 1.3) was used for water classification according to
their pollution level.

1.8 CHEMICAL SPECIATION OF METALS IN SEDIMENTS AND
SURFACE WATER

Chemical speciation can be defined simply as the identification and quantification of
the different species, forms or phases present in a material (Korfali and Jurdi, 2011).
The pollution studies of trace metals in surface water and sediments cannot be better
understood without the examination of the distribution pattern. Metal speciation in
natural waters is of increasing interest and importance because toxicity, bioavailability,
environmental mobility, biogeochemical behaviour, and potential risk in general are

strongly dependent on the chemical species of metals (Korfali and Jurdi, 2011).

Since metal speciation is dependent on the nature and concentration of chemical
species in water, other than the metals themselves, some form of mathematical
treatment of analytical data is usually required. More precisely, less labour-intensive
means for determining and understanding metal bioavailability are also urgently
needed (ANZECC and ARMCANZ, 2000 a,b).
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Table 1.3: Parameters used in the classification of water quality (The Prati Scale)

Parameters Class 1 Class 2 Class 3 Class 4 Class 5
pH 6.5-8.0 6.5-8.4 50-90 39-101 <39->101
DO 7.8 6.2 6.0 1.8 <18
BOD 1.5 3.0 6.0 12.1 >121
NHs-N 0.1 0.3 0.9 2.7 > 2.7
COD 10 20 40 80 >80

CI 50 150 300 620 >620

SS 20 40 100 278 >278

Class 1 = Excellent; Class 2 = acceptable or good; Class 3 = slightly polluted (medium); Class
4 = polluted (fair); Class 5 = heavily polluted (poor).
Source: Prati et al. (1971).
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Apart from water hardness, metal uptake and toxicity in freshwater organisms can be
strongly affected by a range of other important water quality parameters, including pH,
water hardness and the concentration of natural dissolved organic matter. Moreover, in
freshwaters, water hardness co-varies with pH and dissolved organic matter, as well as
other water quality parameters (ANZECC and ARMCANZ, 2000a,b).

Surface waters contain natural organic matter and particles, both of which react with
metals to reduce their bioavailability. Often, more than 90% of the metal present in the
water is adsorbed to particles or complexed with organic matter. Only a small fraction
of the metals found in soils, and natural waters are bioavailable, mainly because a
larger fraction is usually bound with reacting chemicals in the environment making
less of the metal available for uptake by an organism (Tepavitcharova et al., 2011,
Rabadjieva et al., 2009).

Speciation of metals in water is critical to understand metal behaviour in an aquatic
system as that of metal speciation in sediment. The forms of chemical species of toxic
metal in the water column, i.e. the organic and inorganic metal complexes and the free
solvated metal ion could be used as a predictor of bioavailability to particular aquatic
organism. The free ion activity model states that there is a correlation between the
toxicity of a metal to an organism and the thermodynamic activity of the free aqua
metal ion in solution (Morel and Herring, 1993; Campbell, 1995).

The chemical speciation analyses, although useful, are difficult, very expensive, and
not performed regularly. The data on chemical speciation are rarely available, although
some of the chemical species are considered to be responsible for the metal toxicity
and bioavailability. Thermodynamic modelling is an appropriate approach to the
calculation of chemical species distribution because of its facility and rapidity. The
accuracy of the calculations depends on the availability and accuracy of analytical data
as well as on an appropriate thermodynamic database (Tepavitcharova et al., 2010).

The speciation of some metals with inorganic ligands (OH", CI", COs*, SO,*, and
PO,> systems) in surface water bodies are made possible using different geochemical
models. Dissolved species in water can be described as free hydrated ions or aquo-

complexes, or simply complexes. A complex, according to Langmuir (1997), is a

20



dissolved species that exists because of the association of a cation with an anion or
neutral molecule. Therefore, the total analytical concentration of a given metal in water
is the sum of the concentrations of its free ion and complexes and any metal associated
with suspended solids, whether organic or mineral. For example, the total molal

concentration of lead, > Pb, in natural water might equal:
2+ + 0 + 0
Y>Pb=mPb + mPbOH + mPbCO; + mPbHCO; + mPbSO, + mPb (suspended solids)

In most natural waters the concentration of free metal ion, mMn+, is less than the sum
of the concentrations of its complexes (hydroxyl, carbonate, bicarbonate, and sulphate
ions). Severally, only total metal concentrations are determined and reported by most
researchers. However, in recent years it has become increasingly apparent that metal
toxicity is a function of the concentrations of specific metal species, not of the total
metal (Stumm and Morgan, 1996; Langmuir, 1997). In fact, toxicity was often found to
be best predicted by the free metal ion activity (Morel and Herring, 1993). In natural
waters, metal concentration, or those of other metal species, can sometimes be
measured directly, although often with difficulty. Given the appropriate solution
analysis and thermodynamic database, the concentrations of individual species can be
computed using a geochemical equilibrium modelling program such as MINTEQA2
(U.S. EPA, 1991) or PHREEQC (Parkhurst and Appelo, 1999).

19 STATEMENT OF THE PROBLEM AND JUSTIFICATION OF THE
STUDY

The Nigeria coastal environment consisting of rich and diverse ecosystems, natural
resources and large human population, has been subjected to erosion and other forms
of anthropogenic pollution in the past decades. The contamination of soils and natural
water bodies by trace metals is of major concern especially in many industrialized
cities because of their toxicity, persistence and bioaccumulative nature (Arain et al.,
2008, Baig et al., 2009 a & b). The accumulation of trace metals and metalloids in
sediments, sludge and soils has posed serious environmental problems concerning
possible metal transfer from these sample matrices to aquatic life and thereby affecting

the food chain.

Several analytical methods have been employed to estimate water pollution. These

include: monitoring total concentration, comparing results with standards, pollution
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indices (e.g. Prati Scale), geochemical modelling, etc. Pollution monitoring in most
cases usually reports the total content of the pollutants and not their chemical species
which determines the toxicity and bioavailability of the pollutants (Tepavitcharova et
al., 2009). The determination of only total metal concentration does not give an
accurate account of the likely environmental impact (Tessier et al., 1979; Korfali and
Jurdi, 2011). The importance of chemical speciation within a coherent framework is
increasingly being recognized, and detailed understanding of the bioavailability and
toxicity of toxic heavy metals, as well as transport and sedimentation in natural waters,
requires full knowledge of their speciation. Therefore, metal speciation studies in water
and sediments are crucial to the understanding and prediction of metal behaviour and
potential impact in any environmental system (Salomons and Forstner, 1984; Tessier
and Turner, 1995).

The Cross River and Qua Iboe River are two major rivers in Akwa Ibom State used for
recreation, fishing, irrigation and domestic purposes. They are liable to pollution from
diverse sources. Previous studies of water qualities generally determined and reported
total metal concentrations and are limited in scope with regard to speciation of metal
pollutants which gives accurate information on metal bioavailability and toxicity to
aquatic life. However, it has become increasingly apparent that metal toxicity is a
function of the concentrations of specific metal species, not of the total metal (Stumm
and Morgan, 1996; Langmuir, 1997). The two rivers, Cross and Qua Iboe, have little or
no reports on chemical speciation in surface water, although some of these chemical
species are considered to be responsible for metal toxicity and bioavailability and on
the saturation index which are valuable indices for assessing general pollution status

and exposure risks.

This work aimed at determining the physicochemical characteristics and metal
speciation in surface water and sediments. The PHREEQCI (pH-Redox-Equilibrium-
Computer programming language-Interactive) model, due to its rapidity and facility,
will be applied to determine the ionic species and saturation indices in surface water
while the European Union Binding Corporate Rules (BCR) reference method will be

applied to sediment speciation.

22



1.10 AIMS OF THE STUDY

The aims of this research, therefore, are to determine the:
physicochemical characteristics of surface water of Cross River and Qua Iboe
River;
levels of trace metals - Cd, Pb, Cr, Cu, Zn, Ni and Co in surface water and
bottom sediment samples;
speciation of trace metals in sediments using the European Union Binding
Corporate Rules (BCR) reference sequential extraction protocol;
metal speciation in surface water by estimating the activities of various ionic
species of the metal ions using PHREEQCI model from the measured ion
concentrations; and,

mineral saturation indices using speciation modelling of PHREEQCI.
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CHAPTER TWO

LITERATURE REVIEW

2.1  WATER QUALITY

“Water quality” is a term used to express the suitability of water to sustain various uses
or processes. Any particular use will have certain requirements for the physical,
chemical or biological characteristics of water; for example, limits on the
concentrations of toxic substances for drinking water use, or restrictions on
temperature and pH ranges for water supporting invertebrate communities.
Consequently, water quality can be defined by a range of variables which limit water
use. Although many uses have some common requirements for certain variables, each
use will have its own demands and influences on water quality. Water quality is
affected by a wide range of natural and human influences. The most important of the
natural influences are geological, hydrological and climatic, since these affect the
quantity and the quality of water available. Their influence is generally greatest when
available water quantities are low and maximum use must be made of the limited
resource; for example, high salinity is a frequent problem in arid and coastal areas
(UNEP/WHO, 1996).

2.1.1 Some Water Quality Parameters

The major water quality problems are: low dissolved oxygen (DO), high turbidity,
organic matter and ammonia contents, severe Cr and Cu pollution and high acute and
chronic toxicity. These results in the loss of aquatic life which is inimical since a
greater percentage of the coastal population depend largely on natural waters for their
daily sustenance and survival. Some water quality parameters include temperature, pH,
turbidity, electrical conductivity, salinity, total acidity, total alkalinity, total dissolved
solids, hardness, dissolved oxygen, chemical oxygen demand, biochemical oxygen
demand, chloride, ammonia nitrogen, nitrates and nitrites nitrogen, sulphates,
phosphates and oil and grease (APHA-AWWA-WEF, 2005).
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2.2  Surface Water Pollution of Some Nigerian Rivers

Surface water include water in streams, rivers, lakes, oceans. Coastal pollution has
been increasingly recognized as a significant and expanding environmental problem in
many developing nations. In Nigeria, the marine environment is subjected to
contamination by persistent organic pollutants (POPs) and metals largely due to the
discharge of untreated domestic and industrial waste waters, agricultural waste water,
boat traffic, oil transportation, oil pipeline leakages/spillages and atmospheric fallouts
(Odukuma and Okpokwasili, 1997; Otokunefor and Obiukwu, 2005; Rim-Rukeh et al.,
2006; Abu and Egenonu, 2008; Nduka et al., 2008; Udotong et al., 2008). Aquatic
animals are exposed to chemicals in both the dissolved (ambient water) and dietary

(sediment or prey) phases.

Typically, water quality criteria are defined based on the measurements of metal
concentrations in seawater. However, given the recent recognition of the quantitative
importance of dietary metals as sources for metal accumulation in marine animals
(Wang and Fisher, 1999; Wang, 2002), it is desirable to consider metal dietary
exposure when developing realistic water quality criteria. Most communities and
beaches along the coast are used for recreation by the public while the entire coast is
used mainly for commercial fish farming. Fish growth largely depends on the quality
of the culture medium. Physicochemical parameters are known to affect the biotic
components of any aquatic environment (Ugwumba and Ugwumba, 1993; Owhonda et
al., 2007) and some of these parameters like pH, salinity, and dissolved oxygen are
fundamental to the basic metabolic activities of the fish and are very vital to its
survival most especially in brackish water environment (Francis et al., 2007; Owhonda
et al., 2007).

According to Abu and Egenonu (2008), the input of environmental pollutants of all
sorts in aquatic systems in Nigeria is a common phenomenon. The degree of pollution
in the region and many other parts of Nigeria is attributed to the lack of governmental
control regarding anthropogenic inputs into the water ways. The activities of oil
exploration including gas flaring, pipeline leakages, crude oil spillages and other
nefarious activities has led to the introduction of different forms of contaminants and
pollutants to the environmental media especially in the Western Niger Delta

environment. Other industrial and municipal discharges such as untreated effluents,
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indiscriminate dumping of domestic and municipal solid wastes, dumping of metal
scraps, the use of agrochemicals by farmers and the washing of agricultural farmland
by surface run-off into the surrounding lakes, streams and rivers are also major sources
of these contaminants in the environment. Also, lumbering activities, forestry
operations, dredging activities and domestic sewage inputs may lead to wide scale
contamination of surface water in the area (Odukuma and Okpokwasili, 1997; Krantz
and Kifferstein, 1998; Morrison et al., 2001; Alam et al., 2006; Abu and Egenonu,
2008).

In an extensive study on some physicochemical characteristics and heavy metal
profiles of some Nigerian rivers, streams and waterways, Asonye et al. (2007) reported
that 93% of all samples studied had high turbidity values which was higher than WHO
and EEC standards, 57% of the entire samples had conductivity values above normal

limits and 81% of the entire samples had pH values above WHO and EEC limits.

Olaifa (2006), reported that the total hydrocarbon (THC) and heavy metal contents of
surface water, bottom water and sediments (intertidal and waterbed) in coastal areas of
Cross River and Akwa Ibom States are affected by a major oil spill. The author
attributed higher concentrations of Pb during the dry season than rainy seasons to a
reduction in the water levels during the dry season thereby causing greater
concentrations of pollutants. Francis et al. (2007) investigated monthly variation of the
physicochemical parameters of the Andoni River, a tributary of Imo River, between
1999 and 2000 and reported the following ranges of values for some of the
physicochemical parameters studied: 26.05-32.1 °C for temperature, 6.38-8.90 for pH,
12.0-22.0 mgL™ for salinity, and 5.00-12.3 mgL™ for dissolved oxygen.

In Orogodo River, Agbor, Rim-Rukeh et al. (2006) reported that the water quality
status of some sampling stations corresponds to a polluted stream as values of
measured parameters exceeded standard values for drinking water. The authors
reported that the water was slightly acidic and exceeded the acceptable levels for
drinking water with pH values ranging from 5.10-6.10, due to the formation of humic
acid from decayed organic matter. The authors added that low concentration of
dissolved oxygen, 2.17 — 6.80 mgL™, was below the level that could support aquatic

life, while relatively high levels of BOD, 21.0-38.2 mgL™, was reported, which

26



exceeded the WHO limit of 10.0 mgL™ for drinking water. In all the sampling stations,
the authors reported the following ranges of values occurred : temperature - 25.7-29.6
°C; turbidity, 0.8-29.4 NTU; conductivity, 41.8-8177 pScm™; TSS, 1.72-221mgL™;
TDS, 41.0-2078 mgL™; NOs, 9.70-28.0 mgL™; PO,*, 5.18-28.67 mgL™ and SO,%,
21.7-36.8 mgL™. In another study, Rim-Rukeh et al. (2007) reported levels of some
water quality parameters from the Western Niger Delta as follows: pH (5.6-6.9),
temperature (26.9-28.6°C), turbidity (23-63 NTU), electrical conductivity (52—
184pScm™), DO (5.4-7.2 mgL™), BOD (21-57 mgL™), TDS (6.0-217 mgL™), PO,*
(0.19-1.72 mgL™), SO,* (25-36.8 mgL™), and NO3™ (20.3-28.0 mgL™).

The seasonal variation of some physicochemical properties of River Ethiope in Abraka
was also investigated by Agbaire and Obi (2009). The results obtained for the two
seasons (dry and wet) showed higher values during the dry season except for DO and
TSS and were given as (values for wet season in parenthesis): pH - 6.82 (6.82),
temperature - 29.15 (27.73) °C, conductivity - 87.2 (81.7) uS cm™, TDS - 0.34 (0.26)
mgL™, TSS - 15.21 (16.21) mgL™, DO - 17.45 (16.80) mgL™, BOD- 4.38 (4.50) mgL"
! total hardness - 2.42 (2.43) mgL™ and alkalinity - 1.65 (1.45) mgL™.

According to Abowei (2010), the mean levels of some physicochemical parameters in
Nkoro River, a tributary of the Andoni River in the Niger Delta, was reported as
follows: pH range of 6.68 to 7.03, which was characteristic of a tidal brackish water
environment. The author added that salinity values ranged from 12.84+0.30%o to
13.30+0.10%o0, showing gradual increase in salinity values from the upstream stations
to downstream stations along the creek, and dissolved oxygen values ranged from 6.0
t0 10.0 mgL™.

However, Davies et al. (2008) reported lower dissolved oxygen values (4.48 mgL™) in
wet season than dry season (5.14 mgL™) for Woji Creek in Rivers State and attributed
it to reduced photo-period and photosynthetic activities of aquatic plants. According to
Otokunefor and Obiukwu (2005), the levels of some physicochemical parameters of
effluent receiving water body around Port Harcourt refinery had very high
concentrations (mgL™) of phenol (11.06), oil and grease (7.52), ammonia (8.52), COD
(91.76), TDS (390.6), sulphate (30.74) and phosphate (6.21) in observation pond
wastewater.  Also, Udosen (2000) reported the following mean values of
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physicochemical variables of four different streams in Itu area of Akwa Ibom State:
DO (1.99+0.12 mgL™), BOD (0.40+0.04 mgL™), TDS (53.00+31.99 mgL™), TSS
(30.00+18.86 mgL™) and TS (88.00+27.41 mgL™), temperature (26.04+0.32 °C) and
pH (6.77+1.34).

Ohimain et al. (2008) reported that the dredging of an oil well access canal in a
tributary of Warri Rivers triggered physicochemical changes of the water body,
particularly pH, TDS, conductivity, TSS, turbidity, sulphate, DO, BOD and COD.
Consequently, the pH of the dredged canal was decreased from 7.2 to 4.0, dissolved
oxygen (DO) decreased considerably from 6.0 mgL™ to 0.4 mgL™®, while BOD
increased from 1.0 mgL™ to 18.0 mgL™. COD, oil and grease, conductivity, TDS and
sulphate values similarly increased, while nitrate and alkalinity values decreased after
dredging. At the dredged canal, turbidity and TSS increased rapidly after dredging,
attaining a value of 11,398 NTU and 8200 mgL™ respectively.

Nubi and Nubi (2010) reported mean values of some physicochemical parameters of
some upstream samples of River Ona, a major river in Ibadan, Southwest Nigeria as:
DO - 4.940.3 mgL™, COD - 54.5+0.5 mgL™®, PO, - 0.47+0.09 mgL™* SO, -
20.65+0.85 mgL™, while the downstream stations recorded mean values for the same
parameters respectively as: 3.72+0.37 mgL™?, 211.20+59.6 mgL™, 1.06+0.20 mgL™
and 23.6+3.2 mgL™. Results obtained were ascribed to the influence of industrial
effluents discharged, and other anthropogenic pollutants, into the river. According to
Longe and Omole (2008), the assessment of the pollution status of River Illo in Otta -
Ogun State, revealed the following average concentrations of measured parameters:
2.24 mgL* for DO, 313 mgL* for BOD, 783 mgL* for COD, and 621 mgL* for total
solids. The authors asserted that the river was a significant sink for wastes but had

limited assimilative capacity.

2.3 SURFACE WATER QUALITY OF SOME OTHER RIVERS AROUND
THE WORLD

In Ghana, Fianko et al. (2010) investigated the physicochemical status of the Densu

River basin and reported the following ranges (mean levels in parenthesis): ammonia -

0.21 - 2.10 mgL™ (1.19+0.02 mgL™), nitrate - 0.13 - 5.21 mgL™ (2.07+0.01 mgL™),

and PO,>—P - 0.54 - 1.04 mgL™ (0.84+0.01 mgL™). The authors also reported that the
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river was found to be circum-neutral and fresh with pH ranging between 6.54 and 7.84.
The river recorded BOD values ranging from 6.91 to 18.8 mgL™. They added that the
increased concentrations of nutrients and organic pollutants were as a consequence of

anthropogenic inputs, particularly from domestic, agricultural and municipal sources.

The pollution parameters and water quality index of Nairobi River was assessed by
Dulo (2008), in order to ascertain whether the water meets the surface water quality
criteria for water supply. The author observed that anthropogenic activities along the
river contributed to the high level of pollution of the river. The author reported the
following mean levels pH, 7.04; turbidity, 41.5 NTU; suspended solids, 116 mgL™;
dissolved oxygen, 4.32 mgL™"; BOD, 183 mgL™ and COD, 49.5 mgL™. The river was
classified as being bad, attributable to industrial and municipal sewerage discharges

into the river.

In a two-day study of the Bebar River in Malaysia, Gasim et al. (2007) asserted that
the main sources of pollutants generating both organic and inorganic wastes were
found to originate from illegal logging, agricultural activities, un-sustainable
development and household activities of indigenous people living along the bank of
the river. The following concentration range of some physicochemical properties of the
river system was reported: pH - 3.53 to 4.32; electrical conductivity (EC) - 53.0 to
62.15 uSem™; TDS - 57 to 120 mgL™; turbidity - 1.5 to 17.15 NTU; and dissolved
oxygen - 0.54 to 1.76 mgL™.

In a baseline study of Ennore Creek, Chennai - India, Jayaprakash et al. (2005)
reported high values of temperature at the stations near the thermal power plant (34.2—
37.4 °C), high pH values (7.9 — 8.2) attributable to the influence of seawater
penetration and the biological activities within the Ennore Creek. Low DO value of
0.54 mgL™ was attributable to the closeness of the stations to the effluent discharge
points in the Creek, and to the combined effect of temperature, photosynthetic action
and biochemical degradation of wastes entering the Ennore Creek. High salinity values
(17.8 — 31.9%), indicating a gradual increase and combined effect of seawater through
the Creek were also reported. Sodium and potassium concentrations reveal similarity
with salinity concentration, hence, the positive correlation of Na* vs. salinity (r = 0.94,

0.84) and K™ vs. salinity (r = 0.53, 0.67) indicates that they are strongly interrelated.
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In another related study of the physicochemical parameters and quality assessment of
Kosi River in Uttarakhand — India, Bhandari and Nayal (2008) reported the following
concentration range of values: 0.041-0.05 mgL™ for NOs', 0.12-0.17 mgL™ for CI*,
24.3-54.3 mgL™? for TDS, 0.32-0.45 mgL™ for SO,*, 0.04-0.063 mgL™ for PO,%,
21.33-24.00 mgL™ for COD and 6.56-9.03 mgL™ for BOD. The authors concluded that
all the variables studied were within the maximum permissible limit set by WHO
except turbidity and BOD values which exceeded the WHO permissible values.

In the Pondicherry mangroves of southeast coast of India, Satheeshkumar and Khan
(2009) asserted that the mangrove was polluted due to the discharge of domestic,
industrial and agricultural wastes through small tributaries and channels into the Bay
of Bengal. The authors reported the following concentrations: salinity - 6.36 — 36.77
ppt; dissolved oxygen - 3.45 — 5.49 mgL™; pH - 7.11 — 8.52; electrical conductivity -
26.7 — 52.0 mScm™; sulphide - 2.8 — 47.2 mgL™; soil parameters (%): sand - 63.7 —
87.3; silt - 9.9 — 29.3; clay - 3.1 — 18.0 and organic matter - 0.94 — 3.94% for
Pondicherry mangroves, India. The authors added that the water quality revealed high
salinity values in all four stations studied during the summer thereby playing a

dominant role in water quality.

2.4 HEAVY METAL POLLUTION OF SURFACE WATER AND SEDIMENTS
Heavy metals have densities greater than 5.0gcm™ and are toxic. These include
aluminium, arsenic, beryllium, bismuth, cadmium, chromium, cobalt, copper, lead,
mercury, nickel, selenium, strontium, thallium, tin, titanium, and zinc. These metals
and their compounds are discharged from industries, agricultural farmlands, municipal

urban effluents, etc. into surface waters to cause pollution (Izoafuo et al., 2004).

Heavy metals are present in both natural and contaminated environments. In natural
environments, they occur at low concentrations. However, at high concentrations, they
result in public health impacts. Heavy metals may be released into the environment
from metal smelting and refining industries, scrap metal, plastics/rubber industries, and
various consumer products and from burning of wastes containing these elements.
When released into the air, the element travel long distances and are deposited onto the

soil, vegetation and water depending on their density. Once deposited, they are not
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degraded but persist in the environment for many years, poisoning humans through
inhalation, ingestion and skin absorption. Acute exposure leads to nausea, anorexia,

vomiting, gastrointestinal abnormalities and dermatitis.

According to Nriagu and Pacyna (1988), the major sources of metal pollution in
marine and freshwater systems come from domestic wastewater effluents (especially
As, Cr, Cu, Mn and Ni), coal-burning power plants, power plants (As, Hg and Se in
particular), non-ferrous metal smelters (Cd, Ni, Pb and Se), iron and steel plants (Cr,
Mo, Sb and Zn) and dumping of sewage sludge (As, Mn and Pb). Some metals such as
Cd, Co, Cr, Cu, Pb and Zn, however, are known to form discrete solid phases under
specific soil conditions, when they occur in elevated concentrations, and due to
diagenetic processes or pollution. Several mineral structures such as Cu,(OH),COsg,
Pb3(PQOy4)2, Pbs(PO4)3Cl, Zn3z(OH)s(CO3)2, Zn3(PO4)2#H,0, and ZnSiO, were identified

in soils which in turn gets into water bodies (Jenny, 1986).

The major sources of environmental exposure to lead include industrial, vehicular
emissions, paints and burning of plastics, papers, etc., while mercury derives its
sources from electronics, plastic waste, pesticides, pharmaceutical and dental wastes
and cadmium (Cd), electronics, plastics, batteries and contaminated water. Poor waste
management poses a great challenge to the well-being of riverine residents,
particularly those living near the river banks where all wastes, including human
wastes, are dumped into the river. The poor disposal and handling of waste thus lead to
environmental degradation, destruction of the ecosystem, and pose great risks to public
health. Many of these communities lack solid waste regulations and proper disposal
facilities, including harmful wastes. Such wastes may be infectious, toxic or
radioactive (UNEP, 2009).

Numerous studies have demonstrated that the concentrations of metals in suspended
and bed sediments can be sensitive indicators of contaminants in hydrological systems
(Salomons and Forstner, 1980; Luoma, 1990). The presence of trace metals in
sediments are affected by particle size and composition of the sediments (Sakai et al.,
1986). More than 97% of the mass transport of heavy metals to the oceans is

associated with river sediments (Jain and Sharma, 2001).
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24.1 Heavy Metal Pollution of Some Nigerian Rivers

Essien et al. (2009a) examined the burden of Zn, Cu, Ni, Pb, Cr and V in patches of
asphyxiated mangrove swamp areas within Qua Iboe Estuary mangrove ecosystem by
sediments and surface water analysis in order to ascertain the anthropogenic influences
on them. The authors asserted that although heavy metal concentrations in surface
water of the asphyxiated swamp were low, their accumulative effect was significant.
The authors also added that the concentrations of Cu and Pb in surface water of this
ecosystem exceeded the water quality criteria while Ni and Cr were under the
maximum concentration for drinking water quality and protection of aquatic life. In a
related studies, Oze et al. (2006) reported that surface water from Qua Iboe River
estuary was polluted with trace metals investigated except for Mn and Zn with the
following mean concentrations (n=10): Ni - 0.21+0.01 mgL™, Cr - 0.53+0.01 mgL™,
Cd - 0.03+0.01 mgL™, Mn - 0.14+0.09 mgL™* and Pb - 0.3+0.1 mgL™.

Benson and Etesin (2008) reported mean seasonal concentrations of heavy metals (in
mgL™) in surface water from Iko River - Akwa Ibom State during the dry season (with
wet season values in parenthesis) as: Fe - 3.29 (3.60) mgL*; Pb - 0.004 (0.006) mgL™;
Cu - 0.13 (0.13) mgL™*; Cd - 0.04 (0.02) mgL™*; Zn - 0. 35 (0.51) mgL™*; Mn, 0.11
(0.03) mgL™; Ni - 0.42 (0.25) mgL™ and V - 0.23 (0.14) mgL™. The authors
concluded that the dry season samples recorded higher concentration of metals

compared with the wet season samples, except for Fe and Pb.

The heavy metal pollution profiles of surface water from about nine different river
systems in Rivers State (Anieze River, Orashi River, Abuloma River, lwofe River,
Okirika River, Ozubo River, Tombia River, Woji River and Ozubuko-Ama-well
stream) was assessed during the dry season and wet season by Nduka and Orisakwe
(2010). The authors reported higher concentrations (mgL™) of heavy metals during the
two seasons, dry and wet season (in parenthesis) as: Pb - 0.56+0.02 (0.48+0.01) and Ni
- 0.72+0.01 (0.68+0.00) for Tombia River; Cd - 0.16+0.04 (0.13+0.02), Cr - 0.23+0.02
(0.20+0.01), Pb - 0.59+0.03 (0.52+0.02) and Ni - 0.65+0.01 (0.58+0.00) for Okirika
River; Cd - 0.17£0.03 (0.14+0.02) and Pb - 0.58+0.04 (0.53+£0.02) for Ozubo River
and Fe - 9.09+0.00 (8.50+0.01) for Orashi River.
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The concentration ranges of heavy metals, according to Rim-Rukeh et al. (2007), of
some waters used for drinking and domestic purposes in the Niger Delta, Nigeria was
reported as (in mgL™): Fe (6.07 — 15.71), Zn (0.04 — 0.24), Pb (0.01 — 0.17), Ni (0.01 —
0.13), V (0.01 — 0.20) and Hg (0.001 — 0.002). Asonye et al. (2007) reported that the
heavy metal profile of some Nigerian rivers, streams and waterways showed that Pb,
Cd, Cr, Zn and Mn levels in some samples were above the guidelines of WHO and
EEC, with about 55% of all the samples exceeding recommended level of 0.20 ppm for
Fe, 15% exceeded 0.05 ppm for Cr, 11% exceeded 0.003 ppm for Cd, 7% exceeded 3.0
ppm and 0.10 ppm for Zn and Pb respectively. To this effect, the authors concluded
that heavy metal pollution and toxicity might pose serious health risks to communities
residing around and using the available surface water for their domestic, commercial

and socio-cultural purposes.

Oribhabor and Ogbeibu (2009) reported the minimum and maximum concentrations of
some heavy metals in a Niger Delta mangrove (Buguma) Creek as: 7.21-228.5 mgL™
for Ca, 51.18-428.3 mgL™ for Mg, 0.01-6.78 mgL™ for Fe, 0.010-0.43 mgL™ for Zn,
0.01-0.61 for Pb, 0.01-0.11 for Cd, 0.01-1.49 mgL™ for Cr, 0.01-2.73 mgL™ for Ni,
while Hg and the total hydrocarbon content was approximately 0.01 mgL™ throughout

the study period.

According to Oguzie and lzevbigie (2009), the mean metal concentrations (mg/kg) for
the upstream river sediments and the reservoir sediments (in parenthesis) of Ikpoba
River in Benin City were as follows: 0.01 (0.01) for Cd, 0.28 (0.21) for Cr, 1.09 (0.92)
for Cu, 3.23 (2.75) for Fe, 0.98 (0.01) for Ni, 1.26 (1.19) for Pb, 0.01 (0.03) for V and
2.36 (1.95) for Zn. Also, Aderinola et al. (2009) reported levels of heavy metals in
surface water from Lagos Lagoon as: As (0.01+0.00) mgL*, Cu (0.20+0.14) mgL ™,
Mn (0.09+ 0.04) mgL ™" and Zn (0.53+ 0.36) mgL " and asserted that metal levels were
generally below the WHO guideline limit for drinking water. The authors added that
metal concentrations (mgL™) of Cd (0.35+0.30), Cr (0.06+0.03), Pb (0.260.12) and
Ni (0.14+0.08) were above the guideline values of WHO (2004).

2.4.2 Heavy Metals Pollution of Some Rivers around the World
Abdel-Satar et al. (2010) reported elevated levels of some heavy metals in majority of

surface water samples of Lake Qarun, Egypt as: > 50pgL™ for Zn, 20ugL™ for Cu,
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50ugL*for Pb, 10pgL*for Cd, and attributable to the anthropogenic sources such as
fertilizers and pesticides, other than natural sources of metal input. The concentrations
of metals (ugL™) in Hindon River water, India, was reported by Suthar et al. (2009)
showing a wide variation as: Cd - 2.40 — 24.1; Cu - BDL — 4373; Cr - 31 331, Fe -
BDL — 1247; Mn - 1.7 — 868; Zn - 0.5 — 836 and Pb - 30 — 902. Higher metal levels

were attributed to impact of industrial and urban wastewater discharge to the river.

Violintzis et al. (2009) reported higher pollution level of particulate elements in
sediment samples from coastal environments of Thermaikos Bay, Greece, with ranges
(mean values in parenthesis) as: Cd - 3-95 (37) pgg *; Pb - 55-348 (153) pgg™; Cr -
125-440 (339) pgg *; Co - 45-183 (95) pgg *; Ni - 71-311 (188) pgg'; Cu - 47-376
(129) pgg™; Zn - 147-851 (432) pgg* and As - 19-86 (53) pgg ™. The authors
asserted that most metals had significant contributions from anthropogenic sources
particularly at the inner part of the Bay and were found at concentrations that could

adversely affect the marine biota.

Seasonal concentrations of heavy metals in coastal waters of Alang-Sosiya, India
during the summer, monsoon and winter seasons, according to Srinivasa-Reddy et al.
(2005) showed that the concentrations of all metals were the highest in the winter
season followed by the monsoon and summer. They concluded that, high degree of
dispersion of metals into waters at low temperatures and low tides during the winter

may be an explanation for the highest concentration of heavy metals.

2.5 SEDIMENT  QUALITY: HEAVY METALS AND OTHER
PHYSICOCHEMICAL PARAMETERS
Sediment is the loose sand, clay, silt and other soil particles that settle at the bottom of
a body of water. Sediments form a natural buffer and filter system in the material
cycles of water and is an important habitat as well as the main nutrient source for
aquatic organisms (Adeyemo et al., 2008). In estuarine ecosystems, sediments are
important sinks for metals and may also serve as an enriched source of metal for
benthic organisms (Campbell et al., 1988; Cheggour et al., 2005). River sediments are
basic components of our environment, and it also constitutes a major source of

persistent, bioaccumulative toxic chemicals which may pose threats to ecological and
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human health even after contaminants are no longer released from point and nonpoint

sources (Lasheen and Ammar, 2009).

Apart from being a sink for pollutants, sediments are potential sources of pollution
toxicity to aquatic organisms and are known to sequester hydrophobic chemical
pollutants entering water bodies such as estuaries (McCready et al., 2006). It is
established that the total concentrations of trace metals in sediments cannot predict
their bioavailability and toxicity, in spite of the somewhat convenient measures of

metal pollution in sediments (Luoma, 1989; Di Toro et al., 1990).

Heavy metals such as Cd, Hg, Pb, Cu and Zn are regarded as serious pollutants of
aquatic ecosystems because of their environmental persistence; toxicity and ability to
be incorporated into food chains (Forstner and Wittman, 1983). Nearly all metals in the
aquatic environment reside in water sediments while the fractions in the biota are small
(Ademoroti, 1996a). The concentrations of harmful and toxic substances are of many
orders of magnitude higher in sediments and biological tissues than in water itself.
Globally, high concentrations of trace metals and organic pollutants have been found
frequently in sediments near industrialized and urbanized harbours and lakes (NRC,
1989; Bryan and Langston, 1992; Simpson et al., 1996).

In a study of Lagos lagoon, Aderinola et al. (2009) reported low mean levels of heavy
metals in the sediments, with values falling within the acceptable limits of national and
international standards (FEPA, 1999; WHO, 2008). The authors reported mean metal
(As, Cd, Ni, Cr, Cu, Fe, Pb, Mn and Zn) concentrations (in mgkg™) as: 0.08+0.04;
1.15+0.09; 0.8740.08; 0.62+0.19; 0.60+0.27; 19.39+6.65; 0.45+0.60; 2.04+1.05 and
0.73+0.34, respectively.

In another related development, Essien et al. (2009b) examined the burden of Zn, Cu,
Ni, Pb, Cr and V in patches of asphyxiated mangrove swamp areas of Qua Iboe estuary
and reported their concentrations ranges in sediments as: 36.3 — 179.4, 29.2 — 43.2, 3.6
—37.4,39.6 —93.8,0.15-0.53 and 2.9 — 9.3, respectively.

The determination of physicochemical quality of sediments of the lower reaches of

Okpoka Creek, a tributary of the Upper Bonny estuary, gave the following results: pH
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- 5.22+0.27; THC - 0.24+0.05 pgg™"; TOM - 3.78+1.56%; TOC - 1.43+0.17%; and
conductivity - 5077+848 pScm* (Davies and Abowei, 2009). However, the authors
asserted that TOC and TOM values exceeded the FEPA and US-EPA guideline limits

in sediments, which was indicative of organic pollution in the estuary.

In Lake Qarun, Egypt, Abdel-Satar et al. (2010) reported elevated levels of heavy
metals in lake sediments with highest concentrations (ugg™) as: 419 for Zn, 195 for Cu,
147 for Pb, and 27 for Cd. The authors attributed high levels of these metals to
anthropogenic source such as agricultural fertilizers and pesticides and also from

sewage discharges entering the lake through El-Bats and EI-Wadi drains.

Muohi et al. (2003) reported higher metal concentrations obtained from Makupa Creek
and Port Reitz Creek sediments in the Mombasa city of Kenya. Mean values reported
for the Makupa Creek was: Cu - 102+46; Zn - 10174£840; Pb - 103+36; Cd - 51.0+14.3
as compared to Port Reitz Creek system whose values were reported as Cu - 21.6+7.1;
Zn - 57.1£17.9; Pb - 26.2+11.6; Cd - 1.38+0.70. The authors attributed the higher
elemental values particularly at Makupa Creek to industrial activities and nearby

municipal dumpsite.

According to Kishe and Machiwa (2003), levels of Cd, Cr, Cu, Pb, Hg and Zn in
sediment samples from Mwanza Gulf of Lake Victoria, Tanzania were reported with
concentration levels (in ppm) as: Cu - 26.1+4.8, Hg - 0.2+0.05, Pb  30.7+5.6 and Zn -
45.4+13.1. The authors added that heavy metals concentration in the sediment
decreased with increasing distance from the shoreline except for Cd and Cr whose
highest concentrations were found at approximately 2000m from the shoreline. On the
other hand, the authors added that sediment samples collected at the shores within the
urban area of Mwanza showed elevated levels of Pb (54.6+11.1 ppm) and Zn
(83.7£21.5 ppm) with the highest concentrations of Cd (7.0+2.1 ppm), Cr (12.9£1.0

ppm) and Hg (2.8+0.8 ppm) recorded at sampling stations adjacent to the river mouth.

In another related study, Mostafa et al. (2009) reported the concentration ranges (ugg™
DW) of heavy metals in the coastal sediments from Hadhramout (mean in parenthesis)
as: 5.4 — 24.2 (12.4) for Ni; 6.0 — 27.5 (12.8) for Co; 23.8 — 242 (72.1) for Mn; 0.3 —
2.6 (1.5) for Cd; 448 — 2915 (1498) for Fe; 3.1 — 51 (20.4) for Cu; 10.6 — 90.6 (55.6)
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for Zn; 5.7 — 25.3 (10.9) for Cr and 5.3 — 23 (10.3) for Pb. Also, Prieto et al. (2008),
reported the following concentrations (mgkg™) ranges of sediment metals in Bilbao
estuary: As - 8.3 —285, Hg - 0.2-11.0,Cd - 0.2 —-12, Zn - 145 - 1740 and Sn - 1.6 —
20. The authors attributed high levels of Zn (1740 mgkg™) and As (285 mgkg™) in
some sites of the study area to the generation and accumulation of metal slag from the

steel industry through the 19th and 20th centuries.

Suthar et al. (2009) assessed the level of heavy metals (Cd, Cr, Cu, Fe, Mn, Zn and Pb)
in water and sediments of Hindon River in industrialized city Ghaziabad, India. From
the 6 stations covering the upstream and downstream sites of Hindon selected for this
study, the authors reported the ranges of metal concentration (mgkg™?) in river
sediments as: Cd - 1.15 — 3.47; Cu - 9.42 — 195.1; Cr - 42.9 — 250.4; Fe 221 —238; Mn
- 61 —202; Zn - 4.0 — 85.0; and Pb - 5.1 — 59.1 and concluded that industrial and urban
(municipal) discharges from the river catchment areas were the major sources of heavy

metals in the river.

Jumbe and Nandini (2009) evaluated the degree of heavy metal contamination in lakes
and the extent to which the sediment quality of the lakes of Bangalore city, India has
deteriorated using lake bed sediments using comparative sediment quality guidelines
from various derived criteria. According to the authors, the extent of sediment quality
deterioration was more pronounced in Cu (203.50 ppm) and Ni (97.64 ppm) followed
by Pb (206.0 ppm) and Cd (8.38 ppm) whereas Cr (96.70 ppm) failed a single
sediment quality guideline while Zn (220.0 ppm), Mn (176.0 ppm) and Co (47.7 ppm)
remained within the safety levels of sediment quality guidelines prescribed for the

study.

In a related study, levels of heavy metals in surficial sediments from 14 locations of
the south coast of the Caspian Sea were assessed by Sohrabi et al. (2010). The authors
reported the concentration ranges (mean in parenthesis) as: 13.1 — 33.5 (23.7) ugg™ for
Pb; 18.0— 69.9 (38.6) ugg™ for Ni; 0.62 - 1.5 (0.9) ugg™ for Cd; 30.1- 87.9 (51.5) ugg™
for Zn, 5.9 — 26.4 (14.0) ugg™ for Cu and 1.8 — 4.0 (2.52) % for Fe. The authors added
that Cd and Cu showed the least concentrations at most studied locations and asserted

that the coastal area of the Caspian Sea was becoming increasingly polluted with
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massive load of contaminants discharged into the Caspian Sea from various

anthropogenic sources.

In an environmental assessment within the Montevideo Harbour in summer and
winter, Muniz et al. (2004) reported that muddy sediments with high organic matter
content dominated the study area and results obtained showed that sediments were
highly polluted with Zn (312+102 pgg™) Pb (85+31 ugg™), Cu (89+25 ugg™), Cr
(162462 ugg™), and Hg (0.63+0.3 ugg™) and moderately with Ni (30+2 ugg™) and Ag
(1.2+0.4 ugg™).

The concentrations of heavy metals in the fine fraction (<63 mm) of 19 surficial
sediment samples from the border region of Baja California (Mexico) and California
(USA) were determined. The concentration ranges (ugg™) of the metals obtained were:
Cu-4.9-23;2Zn-39-188; Ni-16 —44; Cr-56 —802; Pb - 6 — 21; Cd - 0.08 - 0.64;
Ag - 0.01 — 0.28; and Mn - 392 — 1506; the intervals (percentage) for Fe and Al were
1.36 — 4.6 and 3.61 — 8.55, respectively (Villaescusa-Celaya et al., 2000).

Cheung et al. (2003) reported that anthropogenic activities such as industrialization
and urbanization lead to the accumulation of heavy metals in sediments and water of
rivers in the Pearl River Delta region, South China. According to the authors, most
sediment samples were heavily contaminated with Cd, Pb, and Zn in accordance with
the classification by Hong Kong Environmental Protection Department. The authors
asserted that although the concentrations of heavy metals in overlying water were low;
their accumulations were significant with high levels of nickel (Ni) and zinc (Zn) in
water found at certain locations, suggesting the occurrence of some local

contamination.

Abdel-Satar et al. (2010) reported average concentrations of nutritive salts - nitrite,
nitrate and ammonia in lake sediment of Lake Qarum, Egypt as: 0.89, 9.44 and 156.4
Hgg™ respectively and attributed it to contamination from accidental release of sewage
into the lake from El-bats and EIl-Wadi drains. The authors noted that ammonia
accounted for a major proportion of total soluble inorganic nitrogen, while the low
nitrite level was attributable to the rapid conversion of nitrite to nitrate ions by

nitrifying bacteria.
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Mostafa et al. (2009) reported particle size distribution and organic matter of the
surface sediments of Hadhramout coastal area, Gulf of Aden in Yemen, as their
relative percentages as: 0.3 — 7.3% for silt, 0.3 — 2.4% for clay, 90.3 — 99.4% for sand
and 0.1 — 0.4% for organic matter. The coastal sediments were dominated by sand

fraction (>92%), while organic matter, clay and silt were generally very low.

Cheung et al. (2003) also investigated the effects of anthropogenic activities,
industrialization and urbanization on the accumulation of heavy metals and nutrients in
sediments and water of the Pearl River Delta region of South China and reported the
ranges of total phosphorus and nitrogen concentrations in sediments as: 0.02 to 0.12%
and 0.06 to 0.64%, respectively. The authors noted that the concentration of NO3™-N in
surface water was under the maximum contaminant level (10 mgL ™) for portable

water.

In an assessment of metals concentration in surface sediments from Lake Macquarie,
New South Wales, Australia, using normalization models to estimate enrichment
relative to natural background concentrations and by comparing concentrations with
sediment quality guidelines (SQGs) and effects range median quotients (ERMQ) to
assess the potential for ecological harm, Roach (2005) reported that industrial activity
and catchment development were responsible to significant metal contamination in the
lake. According to the author, of all metals examined (Ag, As, Cd, Cr, Cu, Hg, Ni, Pb,
Se, Zn) only Cd, Pb, Hg, Se, Ag and Zn were enriched in surface sediments throughout
the lake with the greatest contamination found in the north of the lake and, for
selenium, also in areas adjacent to two power stations. The author added that SQGs
possibly overestimated effects for arsenic, which has naturally high concentrations in

the lake and underestimated the potential for ecological effects in coarser sediments.

2.6 SPECIATION OF METALS IN SEDIMENTS BY SEQUENTIAL
EXTRACTION

The purpose of sequential extraction of metals from environmental samples is to

provide relevant information on possible toxicity when they are discharged into the

environment. Trace metals are often distributed among many components of sediments

and are associated with them in different ways. The nature of this association is often

referred to as speciation and it is the chemical species or form of these metals that
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determines the mobility and bioavailability of the sediment metals to other
environmental matrices with a favourable physicochemical conditions. Chemical
speciation, therefore, is the identification and quantification of the different species,
forms, or phases present in a material. However, the determination of specific chemical
forms is difficult and imprecise (Loska and Wiechula, 2002; Gao et al., 2008).

The determination of only total metals in sediments does not give an accurate estimate
of the likely environmental impacts, since toxicity depends principally on chemical
forms (Akcay et al., 2003). Fractionation procedures can indicate the propensity for
metals to be remobilized and can help distinguish those metals having a lithogenic
origin from those with an anthropogenic origin.
Soil and sediment components involved in sorption of trace elements are:

~ Oxides (hydrous, amorphic), mainly of iron and manganese and, to a much

lesser extent, aluminum and silicon

~ Organic matter and biota

~ Carbonates, phosphates, sulfides, and basic salts

~ Clays
Of all these components, clay minerals, hydrated metal oxides, and organic matter are
considered to be the most important group in contributing to and competing for the
sorption of trace elements (Kabata-Pendias and Pendias, 2001). Metals of
anthropogenic origin (the adsorptive and exchangeable) occur mainly in the early
fractions whereas metals having a lithogenic source (the dentrital and primary mineral
phases) are found in the residual fraction. The oxidizable fraction (Fe-Mn oxide and
organic matter bound) have a scavenging effect and may provide a sink for metals. The
release of metals from this matrix will most likely be affected by the redox potential
and pH (Singh et al., 2005).

Sequential extraction was first designed for the selective removal of trace elements
bound to operationally defined soil and sediment fractions (Tessier et al., 1979;
Salomons and Forstner, 1980). The use of sequential extraction procedures to evaluate
the risk in environmental contaminated soils and sediments has increased since some
procedures provide comparative information on trace metal mobility with changing
environmental conditions such as pH or redox potential. Therefore, this may help to

evaluate sources (i.e. particulate/soluble sources) to the mobility (Pueyo et al., 2008).
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Different protocols have been reported for the study of metal speciation. The theory
behind any protocol is that the most mobile metals are removed in the first fraction,
and this continues in order of decreasing mobility. Although many different protocols
have been reported, the Tessier et al. (1979) and the European Union Binding
Corporate Rules (BCR) schemes are the most widely adopted (Rao et al., 2008). The
principal difference between the two schemes is that the first two steps of the Tessier
scheme (the exchangeable and carbonate bound fractions) were replaced by a single
step (acid-soluble fraction) in the BCR scheme (Tessier et al., 1979; Ure et al., 1993,;
Rauret et al., 1999). In addition, larger extractant volume, longer duration of extraction
and more concentrated reductants are used in the revised BCR scheme. Furthermore,
the optimized BCR procedure has significant advantage in checking the performance
of methods and laboratories generally not obtainable for the other procedures, because
it is currently the only scheme that is standardized and has certified reference samples
available (Rao et al., 2008).

Due to inconsistencies in trace metal extraction using the original BCR protocol
(Sahuquillo et al., 1999), the development of the 3-step optimized BCR procedure by
Rauret et al. (1999) became necessary. The modified BCR procedure is a good option
for the analysis of contaminated soils and sediments and results obtained has been used
to predict the metal mobility in soils and sediments (Tokalioglu and Kartal, 2005;
Tokalioglu et al., 2006; Kartal and Tokalioglu, 2006; Pueyo et al., 2008). The
optimized BCR protocol has received wide application to a variety of environmental
media including roadside soils and urban river sediments (Sutherland and Tack, 2007).
All procedures facilitate fractionation. Tessier et al. (1979) named these fraction's
exchangeable, carbonate bound, Fe and Mn oxide bound, organic matter bound, and

residual.

According to Pueyo et al. (2008), sequential extractions are useful in identifying
different sources of contamination, and in obtaining additional information on the
solubility of secondary minerals formed by pyrite oxidation. Thus, the effectiveness of
the BCR procedure has proved to be a useful tool for predicting short- and long-term

mobility of trace elements, even in complex environmental matrices.
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Table 2.1. Chemical reagents and analytical conditions for the Tessier, optimized and modified BCR sequential extraction procedure

Tessier et al. (1979) sequential extraction

The optimized BCR sequential extraction procedure

Modified BCR (This study) sequential extraction procedure

procedure (Rauret et al. (1999)
Opel_fa_tlpnal Chemical rge-lgents and Opel_fa_tlpnal Chemical reagents and conditions Ope_ra_tl_onal Chemical reagents and conditions
definition conditions definition definition
Step 1: 1 g is extracted at room temp. for|Step 1: To a 1-g aliquot add 40 ml of 0.11 M|Step 1: Toa 1-g aliquot add 20 mL 0.11 M CH;COOH.

Exchangeable

Step 2:
Carbonate

Step 3:
Reducible

Step 4:
Oxidisable

Step 5:
Residual

1 h with 8 ml of 1 M MgCl, (pH
7) with continuous agitation.

To Step 1 residue add 8 ml of 1
M NaOAc adjusted to pH 5 with
HOAc, shake for 5 h at room
temperature

To Step 2 residue add 20 ml of
0.04 M NH,OH*HCI in 25%
HOAC at 96 °C for 6 h

To Step 3 residue add 3 ml of
0.02 M HNO; and 5 ml of 30%
H,0, (pH 2) and heat to 85 8C
for 2 h; add 3 ml of acidified
H,0,, heat to 85 8C for 3 h;
finish with 5 ml of 3.2 M
NH,OAc in 20% HNO; and
agitate for 0.5 h

To Step 4 residue add 2 ml of conc.
HCIO, and 10 ml of HF, heat to
dryness; add 1 ml of HCIO, and 10
ml of HF, heat to near dryness;
finish with 1 ml of HCIO,, with the
residue dissolved in 12 M HCI

Exchangeable
(Acid-soluble)

Step 2:
Reducible

Step 3:
Oxidisable
(organic matter)

Step 4:
Residual

HOAc, shake for 16 h at 225 °C;
extractable separate extract from the
solid residue by centrifugation at
3000Xg for 20 min

To Step 1 residue add 40 ml of 0.5 M
NH,OH.HCI from a 1- | solution
containing 25 ml of 2 M HNO; (pH
1.5), shake for 16 h at 22+5 °C;
centrifuge at 3000Xg for 20 min

To Step 2 residue add 10 ml of H,0,
(pH 2-3), 1 h at room temperature;
heat to 85+2 °C for 1 h; add a further
10 ml of H,0, and heat to 85+2 °C for
1 h; add 50 ml of 1 M NH,OACc (pH 2)
and shake for 16 h at 22+5 °C;
centrifuge at 3000Xg for 20 min.

To Step 3 residue add 3 ml of distilled
H,O, 7.5 ml of 6 M HCI and 2.5 ml of
14 M HNOj3; leave overnight at 20 °C,
boil under reflux for 2 h, cool and
filter.

Exchangeable
(Acid-soluble)

Step 2:
Reducible

Step 3:
Oxidisable
(organic
matter)

Step 4:
Residual

Shaking at 22 + 5 °C for 16 h , separate extract
from the solid residue by centrifugation at
3000Xg for 20 min

To Step 1 residue add 20 mL of 0.5 M NH,OH-
HCI (adjusted to pH = 1.5 with HNO3) Shaking
at 22 + 5 °C for 16 h, centrifuge at 3000Xg for
20 min.

To Step 2 residue add 5 mL 8.8 M H,0,/another 5
ml 8.8 M H,0,. Add 25 mL 1.0 M CH;COONH,
(adjusted to pH = 2.0 with HNO3). Digest at room
temp. for 1 h with occasional shaking, heat at 85+2
°C for 1 h, then remove the cover and reduce the
volume to a few millilitres, cover the tube and
heat at 85 + 2 °C for 1 h, and then remove the
cover and reduce the wvolume to near
dryness/shaking at 22 + 5 °C for 16 h.

To Step 3 residue add 10 ml HNO; and HCIO,
(HNO3-HCIO,, 4:1 v/v). Hot plate wet digestion
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Senol and Tokalioglu (2006) reported the concentration of metals (Cd, Co, Cr, Cu, Fe,
Mn, Ni, Pb, and Zn) in street sediment samples determined by FAAS using the
modified BCR sequential extraction procedure. The authors reported the mobility
sequence based on the sum of the BCR sequential extraction stages as: Cd = Zn
(90%) > Pb (84%) > Cu (75%) > Mn (70%) > Co (57%) > Ni (43%) > Cr (40%) > Fe
(17%). From the results of enrichment factor analysis, the criteria for examining the
impact of the anthropogenic emission sources of heavy metals, it was observed that
Cd, Pb, and Zn in the dust samples were the highest enriched metals averaging 190,
111, and 20, respectively. The authors, according to result of principal component
analysis (PCA), also added that the sampling area was mainly influenced by three

pollution sources, namely; traffic, industrial, and natural sources.

Maximum recoveries for heavy metals were observed for all three steps of BCR
protocol at 32 h total shaking period by Arain et al. (2008). The authors observed that
levels of water extractable heavy metals were low compared to those values obtained
by acid-soluble fraction of the BCR protocol.

In another related development, Arain et al. (2009) applied three extraction methods,
ultrasonic assisted extraction (USE), microwave assisted extraction (MSE), and
conventional single extraction (CSE), in conjunction with the modified three-stage
BCR sequential extraction procedure (SEP) to examine the levels of Cd, Cu, Cr, Ni, Pb
and Zn from lake sediment samples, in order to know whether these techniques could
reduce extraction time and improve reproducibility. The modified three-stage BCR and
the developed alternative single extraction methods were validated by the analysis of
certified reference material BCR 601. The authors reported that the recoveries of total
extractable metal contents in BCR 601, obtained by three single extractions ranged
from 93.3-102%, 88.9-104% and 81.2-96.2% for CSE, USE and MSE, respectively.
The precision of a single extraction methods was found in the range of 3.7-9.4% for all

metals (n = 6).

According to Sutherland and Tack (2003), the standardized sequential extraction
procedure (optimized BCR) was applied to two contaminated certified reference soils
from Montana, US (SRM 2710 and SRM 2711) for Cu, Pb and Zn. Four operationally

defined fractions were isolated, acid extractable, reducible, oxidizable, and residual (by
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aqua regia). The authors employed the fraction-specific concentrations, percentages
and recoveries for Cu, Pb and Zn to explore differences between the optimized BCR
procedure and three other sequential extraction schemes with published data for SRM
2710 and 2711 (i.e. Tessier scheme, Geological Survey of Canada scheme and the
original BCR scheme). Results obtained showed significant differences between the
four schemes, even for schemes that are closely associated (i.e. the original and

optimized BCR schemes).

2.7 METAL SPECIATION OF WATER USING GEOCHEMICAL MODEL

Kersten and Forstner (1995) refers to speciation as those aspects of metal chemistry
including precipitation-dissolution, adsorption-desorption, and complex formation in
relation to pH; redox conditions; and the content of soluble chelating agents. Bodek et
al. (1988) identified a group of properties or processes that are important for the
environmental behaviour of metals, including volatilization, photolysis, sorption,
atmospheric deposition, acid/base equilibria, polymerization, complexation, electron-
transfer reaction, solubility and precipitation equilibria, microbial transformation, and
diffusivity. According to Templeton et al. (2000), the recommended IUPAC definition
of speciation might be more useful. In that definition, “speciation” refers to the
distribution of an element among defined chemical species, which are the specific
forms of an element defined as to the isotopic composition, electronic or oxidation
state, and/or complex or molecular structure. The oxidation state of the metal is often a
significant feature of its speciation due to its impact on other processes. A well-known
example is the high mobility of Cr (V1) compared to Cr (111) which demonstrates the

significance of oxidation state.

According to Miller (2001), speciation has a direct influence on the environmental
availability of chemicals, their behaviour over time, and attenuation under transport
conditions. Speciation provides a better quantification of toxicity than use of total
metal determinations. It controls the interaction of trace metals with aquatic organisms,
the movement of metals in saturated and unsaturated subsurface environments, and the
precipitation or dissolution of trace metals in response to different remediation
techniques. The primary purpose of speciation modelling is to calculate mineral
saturation indices, which are indicators of saturation state of a mineral with respect to a

given water composition. The saturation index (SI) of a selected mineral phase is the
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degree of saturation and can be a means of evaluating water quality data to determine
if certain minerals have a tendency to dissolve or precipitate out of solution, in order to

reach equilibrium (Croxford et al., 2004).

Most chemical analytical laboratories generally determine and report total metal
concentrations. However, in recent years it has become increasingly apparent that
metal toxicity is a function of the concentrations of specific metal species, not of the
total metal (Stumm and Morgan, 1996; Langmuir, 1997). In fact, toxicity was often
found to be best predicted by the free metal ion activity (Morel and Herring, 1993). In
natural waters, its concentration, or those of other metal species, can sometimes be
measured directly, although often with difficulty.

Alternatively, given the appropriate solution analysis and thermodynamic database, the
concentrations of individual species can be computed using a geochemical equilibrium
modelling program such as MINTEQAZ2 (U.S. EPA, 1991) or PHREEQC (Parkhurst
and Appelo, 1999). Errors in the thermodynamic database of the earlier versions of
MINTEQA2 (Serkiz et al., 1996) have been corrected in version 4.0 (1999).
PHREEQC is a geochemical modelling program designed by the United States
Geological Survey (USGS) developed by Parkhurst and Appelo (1999), to perform a
wide variety of low temperature aqueous geochemical calculations. PHREEQC is
based on an ion-association aqueous model and has capabilities for the following:

(i) speciation and saturation-index calculations;

(if) batch-reaction and one-dimensional (1D) transport calculations involving
reversible reactions, which include aqueous, mineral, gas, solid-solution,
surface-complexation, and ion-exchange equilibria, and irreversible reactions,
which include specified mole transfers of reactants, kinetically controlled
reactions, mixing of solutions, and temperature changes; and

(iii) inverse modelling, which finds sets of mineral and gas mole transfers that
account for differences in composition between waters, within specified

compositional uncertainty limits.

In PHREEQCI, input is arranged in keyword data blocks, which can appear in any
order. Data fields for a keyword are read in a free format; thus they are not column
dependent. For speciation modelling, analytical data for a solution composition

(SOLUTION keyword) are needed. Geochemical modelling is often used to
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understand and predict leaching of toxic contaminants in soils and sediments but more
recently, it has also been successfully applied to highly alkaline (pH > 11) waste
products from industrial processes to understand and control the leaching behaviour of

heavy metals (Cornelisa et al., 2008).

2.7.1 Theory and Applications of PHREEQCI Model

Geochemical modelling enables the quantitative speciation of elements based on
species stability constants. PHREEQCI is a geochemical modelling package capable of
describing chemical reactions and transport processes in water. It is based on the
equilibrium chemistry of aqueous solutions with other components, such as minerals,
gases, solid solutions, and sorbing surfaces. A solid solution forms when compounds
containing similar properties, such as size and charge, precipitate to form a
homogeneous solid compound (Halim et al., 2005).

The PHREEQCI model uses solution ion concentration data to determine saturation
indices for the soluble solution ions. The PHREEQCI code simulates chemical
reactions and transport processes in water using the observed field data. The model has
an inverse modelling capability, which attempts to find sets of mineral and gas mole
transfers that account for differences in composition between waters while accounting
for specified uncertainties (Parkhurst and Appelo, 1999). Therefore, PHREEQCI is
able to determine the potential for any precipitation of secondary mineral and
amorphous phases from within the original solution chemistry under any specified
environmental conditions. In order to do this, the model has to balance the chemistry
between the secondary, aqueous and gaseous phases taking place by using a series of

geochemical reactions (Croxford et al., 2004).

lon-association and specific- interaction are the two current approaches to calculate the
above mentioned properties. In dilute aqueous solutions, the activity of solute species
(&) is defined as:
3 = (m.y)
where m; is the concentration of species i in molal units;
yi is the activity coefficients.

An alternative means of calculating ion activity coefficients in dilute solutions is

provided by the Debye-Huckel theory, which attempts to calculate the effect of
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electrostatic interactions among ions on their free energies of formation. To evaluate
the cumulative effect of attractive and repulsive forces, a charge-weighted function of
species concentration known as ionic strength (1) is defined as:

| =05) mz;

where z; is the charge on the ion of species i.

Therefore, for dilute solutions (I < 107%), the activity coefficients (7) from the Debye-

Huckel equation is given as:
log,, 7 = _Aziz\/T

where A is a constant.

At higher ionic strengths, for example sea water (10 < I < 0.1), the Debye-Huckel
equation is inadequate because the major ion content is constant and therefore can be
modified to take into account the finite size of the hydrated ions of interest, giving the

extended Debye-Huckel equation (Truesdale-Jones) given as:

Az? (1)°5 e _ AzZ 1
[1 + Ba (1)°°] [1+ Ba+/1]

log,, 7, = —

where « is the size parameter for ionic species and A and B are empirical parameters.
A and B are functions of only pressure and temperature (Satapathy and Panigrahi,
2005). The values of A, B, and « for various ions are listed in Table 2.2 below. Note
that the product Ba has a numerical value of about 1. Furthermore, a values for many

ions have not been measured experimentally.

These geochemical programmes can be used for mass balance modelling, equilibrium
speciation and saturation modelling and equilibrium mass transfer modelling. The
development of conceptual geochemical models is enhanced by saturation index
calculations that can identify the equilibrium state of minerals. Speciation modelling
provides saturation indices that indicate which reaction is thermodynamically possible,
which minerals may be dissolving and which may be precipitating in an aquifer
system. Speciation models calculate the thermodynamic properties of aqueous
solutions, including the molalities and activities of aqueous species and saturation
indices of minerals. Molality is used in thermodynamic calculations where a
temperature independent unit of concentration is needed.
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Table 2.2. Values of constants for use in the Debye-Hickel equation at 1
atmosphere pressure

T (°C) A B (x10%) lon o (x10)
0 0.4883 0.3241 ) 5.0
Ca,
5 0.4921 0.3249 Mg? 55
10 0.4960 0.3258 Na* 40
+ -
15 0.5000 0.3262 K CI, 35
SOAZ+
20 0.5042 03273 Lo, co, 5.0
25 0.5085 0.3281 NH,", 5.4
2 2
30 0.5130 0.3290 SrZ:’ Ba ; 25
Fe<", Mn<",
40 0.5221 0.3305 R 5.0
50 0.5319 03321 M AP Fe®', 6.0
60 0.5425 0.3338 9.0

Source: Garrels and Christ (1965)
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2.7.2 Distribution of Aqueous Species

Dissolved species in water can be described as free ions or aguo-complexes, or simply
complexes. A complex is a dissolved species that exists because of the association of a
cation with an anion or neutral molecule (Langmuir, 1997). A ligand is an anion or
neutral molecule that can combine with a cation to form a complex. The total
analytical concentration of a given metal in water is the sum of the concentrations of
its free ion and complexes and any metal associated with suspended solids, whether
organic or mineral. For example, the total molal concentration of lead, > Pb, in natural

water might equal:

2+ + 0 + 0
>Pb =mPb + mPbOH + mPbCO; + mPbHCO; + mPbSO, + mPb (suspended

solids)

2+
In most natural waters the concentration of free lead ion, mPb , is less than the sum of

the concentrations of its complexes, which in this case are lead complexes with
hydroxyl, carbonate, bicarbonate, and sulphate ions. Speciation modelling uses ion
concentration of water to calculate the distribution of aqueous species by using an ion-
association aqueous model (Debye-Huckel equation). It requires only a SOLUTION
(or SOLUTION_SPREAD) keyword data block for each water analysis for which
saturation indices are to be calculated. Input is arranged in keyword data blocks. The
different species or forms of the metals present are adequately distributed with their
corresponding concentrations (molalities), activities, log molalities, log activities and

log activity coefficients.

According to Tepavitcharova et al. (2010), the chemical behaviour of the metals and
their species in water systems depends on the anion concentrations (e.g. OH~, COs%,
HCOs, SO, CI, PO, NO,, NO3) and on the metal ability to coordinate
predominantly with some of the anions. Therefore, the accuracy of the calculations
depends on the availability and accuracy of analytical data as well as on an appropriate
thermodynamic database.

2.7.3 The Saturation Index Calculations
The Saturation Index (SI) of a selected mineral phase is the degree of saturation.

According to Croxford et al. (2004), saturation index can be a means of evaluating
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water quality data to determine if certain minerals have a tendency to dissolve or
precipitate out of solution, in order to reach equilibrium. Thermodynamically, the
potential for dissolution or precipitation of solid can be expressed as the computed
saturation index (SI):

SI = log,, [ﬂj
KSP

where, IAP is the empirical ion-activity product for a given mineral in the water of
interest and Ksp is the equilibrium solubility product constant for the same mineral at
the temperature and pressure of the water. The Sl of the different mineral phases (e.g.
PbSO,) could be calculated and the feasibility of precipitation of the mineral could be

evaluated under the modelling solution conditions from the equation:

Sl = Iog(:?—Pj = Iog[(CPbb fl)(CSO} fz)] — log K¢p

SP

where C_,., C, are the concentrations of Pb®*, SO, and f;, f, are the ionic

Pb2* 2
activity coefficient (read from the simulation results). The equation demonstrated that
the SI of PbSO, was correlated with the concentrations of Pb?*, SO, and the

coefficient of ionic activity.

The saturation index is typically either negative or positive and rarely 0. If SI > 0, then
the solution is super-saturated with respect to the mineral phase, and precipitation will
be likely, and this suggests that water may be scale forming. The scale, typically a
carbonate residue, could clog or reduce the flow in pipes, cause build-up on hot water
heaters, impart an alkali taste to the water, reduce the efficiency of the water heaters,
and cause other aesthetic problems. When Sl < 0, then the solution is below saturation
(undersaturated) of the specified mineral phase, and dissolution of the solid phases will
be expected and the water may be more likely to have a greater corrosive potential. If
SI =0, then the solution is in equilibrium with the specified mineral phase, i.e. there is
no thermodynamic tendency for net dissolution or net precipitation of the mineral.
Thus, saturation index indicates what should happen thermodynamically, however; it
does not indicate the rate at which the process will proceed. Concentrations of
inorganic elements, pH, alkalinity, temperature of aqueous solutions obtained from this
database were used as inputs for geochemical modelling using PHREEQC (Parkhurst
and Appelo 1999).
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In routine water analysis, the major constituents reported are Ca®*, Na', Mg®*, K",
HCO,, SO42+, CI, NO, and dissolved SiO,, and the minor constituents include

Fe?*/Fe®*, Cu®, F, etc. In most surface and ground waters, the major ions meet the
drinking water standards. In fact, most of the surface and groundwater contamination
are caused by constituents in trace amounts (e.g. heavy metals and organic
compounds), not the major ions (Miller, 2001). Nevertheless, routine water analyses
are necessary to ensure the suitability of the water for human use. A broad spectrum of
chemical reactions controls the composition of water in contact with soils, sediments,
and rocks. Elements and compounds are leached from the rocks while changing

conditions can cause the precipitation of new solids.

Speciation study of metals provides adequate information on the bioavailability and
potential toxicity of the metals to the biota under various environmental conditions. In
a study of aqueous metal speciation using AQUACHEM software interfaced with
PHREEQC geochemical model, Korfali and Jurdi (2011) reported that a high
percentage of Pb, Zn and Ni were present as carbonate complex species while the free
hydrated ions were low percentages, whereas Cd recorded highest percentage as free
hydrated ion followed by carbonate complex species. The authors concluded that the
sensitivity attempt of free hydrated ion of Ni, Zn, Pb, and Cd in reservoir water
revealed dependence of Zn and Cd on pH and alkalinity, while Ni and Pb were only
dependent on pH. The toxicity of any metal is dependent on its speciation which in

turn is strongly dependent on pH and solution composition.

During metal transport, trace metals undergo numerous changes in their speciation due
to dissolution, precipitation, sorption and complexation phenomena. According to
Akcay et al. (2003), trace element concentration of river basins does not only depend
on anthropogenic inputs - industrial and domestic wastes, but also on the geochemical
composition of the area. Thus, the natural and anthropogenic introduction of
contaminants into the soil, surface and groundwater would lead to the hydro chemical
facies where the underground water quality changes in response to its flow path
history which is dependent on pollution status of the overall environment (Awofolu et

al., 2007; Olabaniyi and Owoyemi, 2006). The surface water chemistry exchanges
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matter with the various mineral phases and dissolved gases resulting in a dissolution or
precipitation of minerals. Equilibrium is most commonly used to assess whether the

surface water is in equilibrium with respect to one or more minerals (Subyani, 2005).

In a related study of surface and ground water of an abandoned mine tailings in Adak,
Vasterbotten District - Northern Sweden, using PHREEQC calculations, Bhattacharya
et al. (2006) reported that almost all the water samples were undersaturated with
respect to the investigated minerals due to low pH (3 — 4). Under low pH conditions,
water remains undersaturated (as the PHREEQC results indicate), thereby facilitating

precipitation of trace elements.

The pollution level of surface natural waters as well as wastewaters in the region of a
lead-zinc company in Kardjali city, Bulgaria, were also investigated by Tepavitcharova
et al. (2010) using PHREEQCI thermodynamic modelling. In natural waters, the
authors reported that the studied trace metals especially the hard ‘acids’ (i.e. Fe** and
AI*") existed mostly as hydroxy species — Fe(OH),", AIOH**, and AI(OH),*, followed
by the phosphate species AIPO, and Al , (OH), PO,*; while the soft ‘acids’ (Mn?",

Zn** and Cd?*") existed mainly as free uncomplexed metal ions (Me**) with small
concentrations of MeSO,4, MeCO3 and MeCl, (Me = Zn, Cd) species; and the Cu** and
Pb** (another soft ‘acids’) coordinated with softer CO5> ions in water and existed
mainly as MeCO3 and PbHCO;" followed by free Me?* ions and MeOH".

According to Tepavitcharova et al. (2011), a combined approach consisting of
monitoring and thermodynamic modelling was used to calculate the concentration of
trace element species in water samples of a broad salinity range (fresh, marine and
hyper-saline water) and to explain their chemical behaviour. The authors reported that
the predominant species in fresh waters were the free ions of Mn®* (73.6%), Zn*
(58.0%) and Cd** ions (78.3%) as well as carbonate species CuCOj; (81.8%), PhCO3
(77.2%) and hydroxy species Fe(OH)s (55.2%) and Fe(OH)," (35.6%); also, an
increase in chloride species MeCl,2 " (n = 1 — 4, Me = Mn, Zn, Cu, Pb and Cd) and of
the hydroxy species Fe(OH)," for Fe was calculated for sea and hyper-saline water.

In a related study of thermodynamic modelling of the PHREEQC program for
phosphorus removal and recovery by FePO,4-2H,0 precipitation, Zhang et al. (2010)

reported some factors of FePO4-2H,0 precipitation including pH, Fe**:PO4*  molar
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ratio (Fe/P), initial PO,® concentration, alkalinity, ionic strength, and temperature.
According to the authors, increasing the pH from 1.0 to 5.5 leads to a significant
increase in Sl, and the maximum Sl range for FePO,4-2H,0 precipitation was observed
at the pH of 5.0 — 6.0.

In another related study to determine the water quality in Yola area using PHREEQC
speciation model, Obiefuna and Orazulike (2010) reported activities and concentration
of some ionic species in surface water of Yola as: Na - 2.2 — 211.0 (73+89,0) mgL™; K
- 1.2 — 9.0 (5.0¢2.4) mgL™; Mg - 12.0 — 84.0 (35.0+19.1) mgL™; Ca - 8.0 — 37.0
(26.0+9.3) mgL™; Fe - 0.0 — 0.73 (0.30+0.26) mgL™; and major anions such as NOs -
9 — 59 (35+19) mgL™; CI" - 28 — 455 (146+138) mgL™*; HCOs - 49 — 273 (137+63)
mgL™?: SO,% - 2 — 29 (18+8) mgL™. According to the authors, Fe may occur in
solution both as Fe*® or Fe™ oxidation state. The redox conditions in oxygenated
waters favour the most oxidized form (Fe**). Ferrous ions (Fe?*) form complexes with
a number of ligands, a strong FeHCO3 and FeCO3 appears likely to be the major form
in natural water containing dissolved CO,. Chemical speciation of Fe in surface water
samples indicated that 1.912 x 107 m (22.58%) of Fe is in the free ionic form (Fe®"),
5.723 x 10® m as FeHPO,, and 4.179 x 10® m as FeHCO;" (bicarbonates) and 1.704 x
10® m as FeCOs, while 4.088 x 10° m as Fe(OH)s, 7.852 x 10 m as Fe(OH)," and
1.854 x 107" m as Fe(OH),.
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CHAPTER THREE

MATERIALS AND METHODS
3.1 DESIGN OF STUDY
The study design included the following components:
(@) Selection of rivers for the study

Two major rivers, Cross River and Qua Iboe River, were selected for the study. In each
of these two rivers, six sampling stations located within different riverine communities
and cities along the rivers where sites have been adequately impacted owing to different

anthopogeinc activities were selected. These stations included:

(i) Cross River

= Okopedi Itu,
= Ayadehe,

= Nwaniba,

= Oron,

= James Town, and
= Ibaka.
(ii) Qua Iboe River

= |wuokpom 1,

= |wuokpom 2,

= |wuoachang,

= Eketal,

= Atabong,and

=  Marina.
(b)  Study of surface water quality parameters

Location of sampling points: Surface water samples were collected at the selected

locations chosen for the study.
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Frequency and duration of sampling: Surface water samples were collected monthly at

each sampling point for the period of 12 months between June 2009 and May 2010.

Number of samples collected: At each sampling point, one composite sample was

collected monthly.

Parameters determined in surface water:

i. Physicochemical parameters included:

Temperature, pH, alkalinity, turbidity, total dissolved solids (TDS), electrical
conductivity (EC), total hardness, dissolved oxygen (DO), chemical oxygen demand
(COD), biochemical oxygen demand (BODs), chloride (CI"), fluoride (F "), ammonia
(NH,"), nitrate (NO3"), nitrite (NO, "), phosphate (PO,*), sulphate (S04°).

Ii. Heavy metals determined were Cd, Pb, Cr, Cu, Ni, Zn, and Co.

(© Study of bottom sediments

Location of sampling points: Bottom sediment samples were collected from the various

locations chosen for the surface water study

Frequency and duration of sampling: Sediment samples were collected bi-monthly at

each sampling point for the period of 12 months, between June 2009 and May 2010.

Number of samples collected: At each sampling point, one composite sample of bottom
sediments was collected.
Parameters determined in bottom sediments:
i. Physicochemical parameters included:
Temperature, pH, electrical conductivity (EC), nitrate (NOs), nitrite (NO;),
phosphate (PO,¥), sulphate (SO4*), total organic carbon (TOC), total organic matter

(TOM), particle size analysis — sand, silt and clay.

ii. Heavy metals determined were Cd, Pb, Cr, Cu, Ni, Zn, and Co.

(d) Modelling for chemical speciation using PHREEQCI

Concentrations of some physicochemical parameters and total metals in surface water
determined were fitted into the water-speciation model, PHREEQCI to calculate the
concentrations of the different metal complexes and species present in the water, and the

saturation states of various minerals in the river.
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3.2. DESCRIPTION OF THE STUDY AREA

The study area, Akwa Ibom State, is one of the South-South states of Nigeria, located in
the eastern Niger Delta region of Nigeria. The entire coastal South-South Niger Delta is
sub-divided into the Western Niger Delta (consisting of Delta and Edo States), Central
Niger Delta (consisting of Bayelsa and Rivers States) and the Eastern Niger Delta

(consisting of the Atlantic section of Akwa Ibom and Cross River States).

Geographically, Akwa Ibom State, lies between latitudes 4° 32’ and 5° 33’ North and
longitudes 7°25’ and 8°25' East, and is bordered by Abia State on the North, Cross River
State on the East, Rivers State and Abia State on the West, and on the South by the
Atlantic Ocean. The entire Niger Delta region falls within the tropical rain forest zone
with an ecosystem which is diverse and supportive of numerous species of terrestrial and
aquatic flora and fauna and human life. There are three major river systems (i.e. Cross,
Qua Iboe and Imo Rivers) with many lakes, estuaries and tributaries found within the
State, located in the estuary of the Gulf of Guinea (the Atlantic Coast). This research was

limited to two major rivers - Cross and Qua Iboe.

(@) Cross River

The Cross River flows from the neighbouring Cameroon Republic through Ikom and
Obubra (in Cross River State); Afikpo (in Abia State); Okopedi Itu, Oron to Ibaka-Mbo
(Akwa Ibom State) into the Atlantic Ocean, covering about 352 km (Figure 3.1). The
river is a major source of water for the highly populated and predominantly rural
population of the area.

Geographically, the six sampling stations selected are located within the lower course
and major communities along the bank of the river, lying between latitudes 4°30" and
5°15" North and 8°00" and 8°15’ East as shown in Figure 3.1. The stations include
Okopedi Itu, Ayadehe, Nwaniba, Oron, James Town and Ibaka; covering a distance of
about 95 kilometres (from Okopedi to Ibaka) (Table 3.1).
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Fig. 3.1. Map of study area showing sampling stations along Cross River
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Table 3.1. Sampling stations and human activities near the sampling locations from Cross River system

Sampling Station ~ Station Code  Latitude Longitude Description/anthropogenic activities at stations
1. Okopedi SC-1 511N 750" Markets, agr_lcultural farmlands, garbage dumping, boatyard,
faecal pollution.
Agricultural farmland, beach markets, discharges (used engine
2. Ayadehe SC-2 5°12'N 8°03'E oil) from heavy duty truck maintenance yards, small scale
dredging.
Sawmill industry, wood materials soaked in the estuary, saw dust
3. Nwaniba SC-3 5°04'N 8°06'E dumped around the beach, agricultural farmlands, used engine
oil/exhaust emissions from machines (dredging and sawmill).
4. Oron SC-4 40 43' N 2 15'E Seml-harbo_ur ac'_uw_tles, tourism, recreation, urban discharges
through drains, fishing, markets, sea transport, etc.
5. James Town SC-5 4°39'N 817 E Fishing, dredging, beach market, fish smoking.
6. Ibaka SC-6 4°38' N 29 19'E Mini-port, tourism, recreation, institutional, discharge of

untreated effluents from petrol/diesel stations, open defecation.
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(b)  Qua Iboe River

The Qua Iboe River is a confluence of rivers from different sources rising from Umuahia
in Abia State, and flowing through Eket and Ibeno communities of Akwa Ibom State into
the Gulf of Guinea (Atlantic Ocean) (Figures 3.2). The river receives inputs of municipal
wastes, municipal/urban runoff, untreated industrial discharges from food processing
industries, as well as other solid wastes (garbages, metal scraps, etc.) mainly at Atabong,
Marina and lwuochang stations of the river. The river system serves as a major source of
water for the predominantly rural population of the area whose major occupation is
commercial fish farming, noting that fish growth depends largely on the quality of the
culture medium and other agricultural practices. The Eket/Ibeno community plays host to
the multinational oil giant, Exxon-Mobil. The study area lies between latitudes 4°30’ and
4°40" N and 7°45’" and 8°15" E. Six (6) stations were selected for the study. These
included: lwuokpom 1, and Iwuokpom 2, lwuoachang, Eketai, Atabong and Marina
(Figure 3.2 and Table 3.2).

3.3 SAMPLING AND SAMPLE PRE-TREATMENT

3.3.1 Collection of Surface Water Samples

(a) Sampling for physicochemical analysis

Surface water samples were collected from the middle axis and the bank of the river in
polyethylene bottles from each station for physicochemical analyses. The sampling
containers were previously washed with detergent, deionised water, 10 % (v/v) HNOs3,
and with deionised water again. The containers were pre-rinsed with the surface water to
be collected before samples were taken. The samples were collected just below the
surface of water with the bottle pointing downward, filled gradually and then capped
under water when full. Fast changing parameters (such as temperature, pH, total
dissolved solids and electrical conductivity) were measured in-situ using portable
pH/EC/TDS/Temperature Meter (HANNA HI 991301 model) while dissolved oxygen,
was measured using DO-meter (YSI 550A Model).

For the other parameters such as alkalinity, BOD, COD, chloride, fluoride, nitrate, nitrite,
sulphate and phosphorus, samples were preserved in an ice chest without adding any
reagent and taken to the laboratory. In the laboratory, samples were stored in a
refrigerator maintained at below 4 °C for between 6 hours to 7 days prior to analysis. All

samples were collected in polyethylene containers (for phosphates glass was used).
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Fig. 3.2. Map of study area showing sampling stations along Qua Iboe River
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Table 3.2. Sampling stations and human activities near the sampling stations for Qua Iboe River

Samplin
Stat'zn d Station Code  Latitude Longitude Description/anthropogenic activities at sites
i

1. lwuokpom 1 SQ-1 454 N 8.00 E Fishing, wood industry and market wastes.

2. Iwuokpom 2 Q-2 454N 799 E Fishing, market Wastes,_boat park, fuel and lubricating oil
leakages from boat-engines.

3. Iwuochang Q-3 457 N 797E Flshlng., market/domestic wastes disposal, boatyard, open
defecation.

4. Eketai Q-4 461N 794 E Ag_n(_:gltural farmlands, laundry and commercial car wash
activities.

5. Atabong Q-5 463N 792 E Urb_an/dralnage dlscha_lrge, abattoir, effluents fro_m_f_uel
stations, auto-mechanic workshop, car-wash activities.

6. Marina SQ-6 4.60 N 790 E Urban/drainage discharge.
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(b)  Sampling of surface water for trace metal analysis

Water samples for trace metal analysis were collected into separate 1000 mL
polyethylene bottles and acidified in-situ with 2.0 mL of conc. HNO; (to bring the pH of
the sample to 2.0 or less). These were then placed in an ice-chest and taken to the
laboratory for analysis. Samples were filtered through Whatman No. 1 filter paper and
stored in polyethylene bottles and kept at <4°C until analysis. All samples were collected

as composite samples which served as the true representative of the samples.

3.3.2 Sampling of Bottom Sediment

Bottom sediment samples, at depth of 0 — 5.0 cm, were collected bimonthly during the
one-year study period (June 2009 — May 2010) from the twelve (12) sampling stations of
Cross River and Qua Iboe River systems. Samples were collected as composites, using a
stainless steel hand trowel from each point where water sample was taken. Samples were
stored in pre-labelled polythene bags to indicate the code, date and time of collection,
kept in an ice-chest and taken to the laboratory. In the laboratory, the samples were air-
dried for four days at ambient temperature, coarse materials — small stones, wood, and
other large materials were removed by hand picking, and the samples then pulverized
using an agate mortar and pestle. The homogenized sediment samples were passed
through a 2.0 mm nylon sieve (samples for electrical conductivity were passed through a
0.5 mm sieve) and then stored in clean labelled paper bags until analysis.

3.4  ANALYSIS OF WATER SAMPLES
Water samples were analysed by standard procedures of the American Public Health
Association (APHA-AWWA-WEF, 2005).

3.4.1 Determination of Physicochemical Parameters

3.4.1.1 Determination of temperature

Temperature was determined in-situ by using a digital temperature meter (HANNA, HI
991301 Model). The instrument calibration was done by inserting the glass electrodes of
the instrument into ice-water (ice-blocks) and later into steam to ascertain its accuracy.
The thermometer bulb was inserted into a 50 mL capacity beaker containing a portion of
the surface water sample, and the temperature was read after about 2 minutes

equilibration time.
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3.4.1.2 Determination of pH (Electrometric Method)

The pH of the water samples was determined using a digital portable pH meter
(HANNA, HI 991301 Model) with a glass electrode.

Instrument calibration: The digital pH meter was initially calibrated using standard
buffers 4.0 (potassium hydrogen phthalate) and 7.0 (mixture of potassium di-hydrogen
phosphate and disodium hydrogen phosphate).

Procedure: About 40 mL portion of the sample was taken into a 50 mL capacity glass
beaker and the pH glass electrode (probe) was inserted into the beaker and the reading
was taken at a steady digital display and recorded accordingly. The glass electrode of the
pH meter was thoroughly rinsed with deionised water after each determination to prevent

cross-contamination.

3.4.1. 3 Determination of total alkalinity (Titration Method)

Principle:
The total alkalinity is usually determined by titration of the sample with standard
hydrochloric acid to the end-point of a bromocresol green indicator.

Reagents for alkalinity determination:

Sodium carbonate, 0.025M: 5.0g of primary standard sodium carbonate, Na,COs3, was
weighed and dried at 250 °C for 4h and cooled in a dessicator. 2.5g of the dried
Na,CO3; was accurately weighed and transferred into a 1000 mL volumetric flask.
This was followed by the addition of 500 mL deionised water to dissolve it and the
solution was made up to 1000 mL with the deionised water.

Standard hydrochloric acid, 0.100M: 8.4 mL of concentrated HCl was accurately
measured out and diluted with deionised water to 1L in a volumetric flask. This was
standardized against 0.025M Na,COg solution, using bromocresol green indicator.

Standard hydrochloric acid, 0.020M: 200 mL of 0.100M standard HCI was measured out
and diluted to 1000 mL with deionised water. This was standardized by titrating it
against 15 mL 0.025M, Na,CO3 using bromocresol green indicator.

Bromocresol green indicator solution, pH 4.5: 100 mg bromocresol green sodium salt
was dissolved in 100 mL deionised water.
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Sodium thiosulphate solution, 0.050M: This was prepared by dissolving 25¢g of
Na,S,03.5H,0 in CO,-free deionised water and diluting to 1000 mL in a volumetric
flask.

Procedure:

100 mL of the surface water sample was pipette into a 250 mL conical flask and one drop
of 0.05M Na,S,03; was added (to eliminate residual free available chlorine which may
bleach the indicator). Three drops of bromocresol green indicator solution were also
added. This was titrated with standard 0.02M HCI until the first colour change from blue

to faint yellow was observed.

Calculation:

vol. of HCI x Molarity of HCI x 100,000
volume of water sample (mL)

Total alkalinity (mgCaCO, L™) =

3.4.1.4 Determination of turbidity

Principle:
Turbidity is based on the comparison of the intensity of light scattered by the sample
under defined conditions with the intensity of the light scattered by a standard reference

suspension under the same conditions.

Reagents:

Hydrazine sulphate: About 1.0g of hydrazine sulphate was accurately weighed and
dissolved in turbidity free distilled water. The prepared solution was transferred into
a 100 mL standard flask and made up to 100 mL using turbidity free distilled water.

Hexamethylenetetramine: 10 g of hexamethylene tetramine was weighed and dissolved
in turbidity free distilled water. The solution was transferred in to a 100 mL standard

flask and made up to mark using turbidity free distilled water.

Standard 4000 NTU Solution: Exactly 10 mL of hydrazine sulphate solution and
hexamethylenetetramine solution were mixed in a 1:1 ratio in a 100 mL standard
flask. The solution mixture was allowed to stand for 24 hours after which the volume
was made up to 100 mL using turbidity free distilled water to obtain the standard
4000 NTU solution.

Procedure:

64



Sample water was added to the sample cell up to the horizontal mark. The sample cell
was gently wiped with soft tissue and placed in the turbidity meter such that the vertical
mark in the sample cell coincided with the mark in the turbidity meter. The sample cell
was covered and the reading was taken after a stable reading was obtained using a
portable Turbidimeter (HACH-Model 2100P).

Calibration:
The instrument was calibrated with a primary standard reference suspension, formazin

polymer (as recommended by HACH for calibration following the manufacturers’ guides

3.4.1.5 Determination of total dissolved solids (TDS)
Total dissolved solid (TDS) was measured by electrometric method using digital high
range TDS meter (HANNA Instruments, HI 991301 model).

3.4.1.6 Determination of electrical conductivity (EC)

The electrical conductivity was measured in-situ immediately after the water sample was
collected, because conductivity changes with storage time. This was done by
electrometric method using a high range Conductivity meter (HANNA Instruments HI
991301 model) and readings recorded accordingly.

3.4.1.7 Determination of total hardness
Principle:
Ethylenediaminetetraacetic acid (EDTA) titrimetric method was used in the

determination of total hardness.

Reagents:

The reagents required in testing for total water hardness include:

Sodium Hydroxide, 1.0 N: 40.0g of sodium hydroxide was dissolved in 1000 ml of water.

Standard 0.01 M EDTA solution: Sodium ethylenediaminetetraacetate dihydrate
Na,H,EDTA.2H,0 was dried at 80°C for 1.0 h and cooled in a dessicator. 3.723 g
was accurately weighed and dissolved in water and diluted to 1000 mL. The solution
was standardised against standard zinc sulphate solution. The solution was stored in

polyethylene bottle.
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Erio T indicator: 0.2 g of the solid indicator was dissolved in 15 mL of triethanolamine
and 5 mL of absolute ethanol.

Buffer (pH 10) reagent: 143 ml of concentrated ammonium hydroxide (NH4OH) was
added to 16.9 g of ammonium chloride (NH4Cl) and diluted to 250 mL with water.

Procedure:

50 mL of surface water sample was placed in a 250-mL conical flask and 2 drops of Erio
T indicator was added followed by the addition of 0.50 mL of hardness buffer to hold the
pH at around 10. The colour of the mixture turned red if any hardness was present. The
0.01 M EDTA reagent from a burette was added slowly with continuous swirling until
the red colour just disappears, giving way to a blue end-point. Blank was run in a similar

way as samples.

Calculations:

V x A x 1,000
volume of sample (mL)

Total hardness (mgL ™ CaCO ,) =

V = volume of EDTA titrated (mL)
A = Molarity of EDTA solution (molL ™)

3.4.1.8 Determination of dissolved oxygen (by Electrometric method)

Apparatus:
= Battery-powered DO-meter (YSI 550A Model). This is a meter designed
specifically for dissolved oxygen measurement.

= Oxygen-sensitive membrane electrode.

Procedure:

The calibration procedure as described in the manufacturer’s operational manual was
followed. Generally, electrodes were calibrated by reading against air or against a sample
of known dissolved oxygen content. This “known” sample was one for which dissolved
oxygen concentration had been determined by the Winkler method. The zero end of a
calibration curve was determined by reading against a sample containing no dissolved
oxygen, prepared by adding excess sodium sulphite, Na,SOs, and a trace of cobalt
chloride, CoCly, to the sample. The electrode was rinsed in a portion of the sample which
was to be analysed for dissolved oxygen. The electrode was immersed in water, ensuring

a continuous flow of water past the membrane to obtain a steady response on the meter.
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The manufacturer’s instructions provided with the kits were closely followed. The
surface water was sampled away from the bank and below the water surface level with
much care not to allow any air bubbles in the sample during collection (as this may result
in a false high reading). The water was allowed to gently fill the DO sample bottle from
bottom to top and the lid was replaced on the bottle while it was still under water. The
DO level was immediately determined in-situ using the DO meter. The DO test was

repeated three times.

3.4.1.9 Determination of chemical oxygen demand

Principle:

The organic matter present in sample gets oxidized completely by potassium dichromate
(K2Cr,07) in the presence of sulphuric acid (H,SO,), silver sulphate (AgSO,4) and
mercury sulphate (HgSO,) to produce CO; and H,O. The sample is refluxed with a
known amount of K,Cr,0O; in the sulphuric acid medium and the excess K,Cr,O7 is
determined by titration against ferrous ammonium sulphate, using ferroin as an indicator.
The dichromate consumed by the sample is equivalent to the amount of O, required to

oxidize the organic matter.

Reagents:

Sulphuric acid (d = 1.84).

Standard potassium dichromate solution, 0.0417 molL™: Dissolve 12.259 g of K,Cr,0;
primary standard grade, dried at 103 °C for 2 hours, in distilled water and dilute to
10L.

Dilute standard potassium dichromate (K,Cr,05) solution, 0.0417 molL™: 100 mL of the
standard potassium dichromate solution was diluted to 1.0 L.

Standard ferrous ammonium sulphate solution, 0.250 molL™: 98 g of
Fe(NH,4)2(S04),2.6H,0 analytical grade crystals was dissolved in deionized water
followed by the addition of 20 mL of H,SO, (d = 1.84). The solution was left to cool
and diluted to 1.0 L. This solution may be standardised against the standard
potassium dichromate solution as follows:

10.0 mL of standard 0.0417 molL™ K,Cr,0- solution, was diluted to about 100 mL
and 30 mL H,SO, (d = 1.84) was added and allowed to cool. The solution was

titrated with the ferrous ammonium titrant, using 2 or 3 drops of ferroin indicator.
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Dilute standard ferrous ammonium sulphate solution, 0.025 molL™. 100 mL of the
standard ferrous ammonium sulphate solution was diluted to 1.0 L with deionised
water. The solution was standardised daily against the dilute standard potassium
dichromate, 0.0417 molL™.

Silver sulphate, reagent powder. This reagent may be used either directly in powdered
form or in saturated solution, or it may be added to the sulphuric acid (about 5 g of
Ag,SO, to 1 litre of H,SO4; 1-2 days are required for dissolution).

Mercuric sulphate, analytical grade crystals.

Ferroin indicator solution. 0.695¢g of ferrous sulphate, FeSO4.7H,0, was dissolved in
water, and 1.485 g of 1, 10-phenanthroline monohydrate was added, shaken until
dissolved and diluted to 100 mL.

Sulphamic acid, analytical grade (required only if the interference of nitrites is to be
eliminated).

Anti-bumping granules that have been previously heated to 600 °C for 1 hour.

Procedure:

If the sample contains more than 100 mgL™ chloride after evaporation or dilution, the
following approach was adopted:

To 20.0 mL of sample or aliquot in in a 200 mL conical flask, 0.5 g HgSO4 was added
with thorough shaking. This addition was sufficient to complex 40 mg of chloride ion or
2000 mgL™" when 20.0 mL of sample are used. If more chloride is present, more HgSO.
is added to maintain a HgSO,4:Cl ratio of 10:1. The condenser to the flask was attached
and the mixture refluxed for 2 hours and left to cool and then the condenser was washed
with distilled water. The mixture was diluted to about 150 mL with distilled water,
cooled to room temperature, and the excess dichromate titrated with standard ammonium
ferrous sulphate using 2-3 drops of ferroin indicator. The end-point was observed when
the colour changed sharply from blue-green to reddish-brown, although the blue-green
may reappear within several minutes. In the same manner, a blank sample consisting of
20 mL of distilled water together with the reagents was refluxed and titrated as in with

the sample.

Calculation:

(A - B) x C x 1,000

cob (mgL™ Yy =
volume of sample (mL)
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where: A = volume of ferrous ammonium sulphate used for blank (mL)
B = volume of ferrous ammonium sulphate used for sample (mL)

C = molarity of ferrous ammonium sulphate (mol L™)

3.4.1.10 Determination of biochemical oxygen demand

Principle:

The sample is filled in an airtight bottle and incubated at 24 °C for 5 days. The dissolved
oxygen (DO) content of the sample is determined before and after five days of incubation
at 24 °C and the BOD is calculated from the difference between initial and final DO.

Procedure:

The BOD test takes 5 days to complete and is performed using a dissolved oxygen test
kit. Two dissolved oxygen bottles (one clear and one black) were filled with sample
water, holding them for two to three minutes between the surface and the river bottom.
The initial concentration of dissolved oxygen in one bottle of the mixture of sample and
dilution water, and in one of the bottles containing only dilution water were determined
immediately using the method described in Section 3.4.1.8. The other bottles were placed
in the incubator (those containing the sample, or the mixture of sample and dilution
water, and that containing the plain dilution water to act as a blank). The blank dilution
water and the diluted samples were incubated for 5 days in the dark at 20 °C. After 5
days, the dissolved oxygen in the diluted samples and the blank were determined using

an electrometric method.

Calculation:
BOD (mgL?) = Do, -~ DO,
fractional dilution (mL)
Where,
DO, = DO before incubation (mgL™)
DOs = DO after 5 days incubation (mgL™)
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3.4.1.11 Determination of chloride (Mohr method)

Principle:

The amount of chloride present in water can be easily determined by the titration of a
given sample of water with silver nitrate solution. The silver nitrate reacts with chloride
ion in a 1:1 ratio. The quantitative precipitation of AgCl is obtained before the red silver

chromate is formed from excess AgNO3; which marks the end of titration.

Reagents:

Standard Silver nitrate, AQNO3 (0.0282 N): 4.791 g of AgNO3 was weighed into a 100
mL beaker containing 50 mL deionized water. The solution was transferred into a
100 mL volumetric flask and diluted to volume with deionized water.

Phenolphthalein indicator solution: 0.5 g of phenolphthalein was dissolved in 50 mL of
95 percent ethanol followed by the addition of 50 mL of distilled water. Dilute CO,-
free solution of NaOH (0.02 molL™) was added one drop at a time until the indicator
turned faintly pink.

Standard Sodium Chloride solution, NaCl: 1.648 g of NaCl was weighed into a 100 mL
beaker containing 50 mL of deionized water. Using a glass rod, the salt was dissolved
completely and the solution transferred quantitatively to a 100 mL volumetric flask.
The solution was made up to mark with deionized water. The solution was
standardized against 0.0282 N NaCl.

Potassium Chromate indicator, K,CrOy: 25.0 g of potassium chromate was weighed into
a 500 mL beaker containing 300 mL deionized water. A few drops of AgNO;
solution was added until slight red precipitate was formed. The solution was left to
stand for 12 hours and filtered through a filter paper. The filtrate was transferred into

a 1000 mL volumetric flask and made upto mark with deionized water.

Procedure:

50 mL of the water sample was pipette into a 100 mL conical flask and 1.0 mL of
potassium chromate indicator was added. Standard silver nitrate solution was then
titrated against the sample, a few drops at a time, until the first
permanent reddish coloration appeared. A blank titration was also carried out.

Calculation:

(V, - V,) x Normality x 35.45 x 1000
volume of sample taken (mL)

Conc. of chlorides (mgL™) =
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Where, Vs = volume of AgNO; required by sample (mL)

Vp = volume of AgNOj; required by the blank (mL)

Equivalent weight of chlorine = 35.45

3.4.1.12 Determination of fluoride

Reagent:

1, 2 - cyclohexylene dinitrotetraacetic acid (CDTA) otherwise called TISAB: 28.5 mL of
glacial acetic acid, 29 g NaCl, 2 g of disodium EDTA and 250 mL of distilled water were
mixed (with stirring) in a 500 mL beaker. The solution was cooled in an ice bath
followed by the addition of 3 M NaOH until a pH of 5.0 to 5.5 was reached. The solution
was transferred into a 500 mL standard flask and made up to mark with deionized water

and stored in a plastic bottle.

Procedure:

500 pgmL™ fluoride standard was prepared by pipetting 5.0 mL of the 1000 pgmL™
fluoride standard solution into a 10-mL volumetric flask and diluted to the mark with the
TISAB. 50 mL of water sample, which contains the TISAB at the same concentration as
used for the standard calibrations was pipette into a 100 mL plastic beaker and the
solution stirred at a constant rate using a magnetic stirrer. The ISE was rinsed with
deionized water and blot dry. The electrode probe was inserted into the sample solution
and concentration read when stable. 1.0 mL of the 500 pgmL™ F-standard solution was

pipetted into the water sample solution and the reading was also recorded when stable.

Calibration of the electrode:

25 mL of the most dilute fluoride standard was pipette into a 50 mL volumetric flask and
diluted to the mark with the TISAB. The flask was stoppered and the solution thoroughly
mixed. This solution was transferred into a 100-mL plastic beaker and placed on a
stirring plate with constant stirring using a magnetic stirrer. The fluoride ISE was
connected to a pH meter and the meter set to the mV mode. The electrode was rinsed
with deionized water and blot dry with soft tissue. The electrode probe was inserted into
the standard solution and mV value recorded when stable. The four steps above were
repeated for each of the remaining fluoride standards. The slope (S) was estimated from
the difference in the mV readings for each factor of ten increase in the fluoride ion
concentration. A graph of the mV reading for the diluted fluoride standards versus the
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log of the actual fluoride ion concentration was plotted and the data points with a linear
least-squares line were fitted and from the equation for the line, the slope (S) was

obtained.

3.4.1.13 Determination of ammonia
Principle:
An intensely blue compound, indophenol, is formed by the reaction of ammonia,

hypochlorite, and phenol catalyzed by sodium nitroprusside.

Reagents:

Phenol solution: 11.1 mL liquefied phenol (>89%) was mixed with 95% (v/v) ethyl
alcohol to a final volume of 100 mL. (This was prepared weekly).

Sodium nitroprusside, 0.5% w/v: 0.5 g sodium nitroprusside [NasFe(CN)sNO.2H,0] was
dissolved in 100 mL deionised water and stored in amber bottle for up to 1 month.
Alkaline citrate: 200 g tri-sodium citrate (Na3CsHs07.2H,0) and 10 g sodium hydroxide

was dissolved in deionised water and diluted to 1000 mL.

Sodium hypochlorite (NaOCI), commercial solution, about 5% (v/v): 5.0 mL of NaOCI
was mixed with 95 mL of deionized water and made upto 100 mL.

Oxidizing solution: This was prepared by mixing 100 mL alkaline citrate solution with
25 mL sodium hypochlorite (This was freshly prepared daily).

Stock ammonium chloride solution: NH4CI crystals were dried for about 1 hour at 100°C.
3.819¢ of the salt was accurately weighed, dissolved in deionized water and made up
to 1.0 litre.

1.00 mL =1.0 mg N = 1.22 mg NHs.
Standard ammonium chloride solution: The stock ammonium chloride solution and

water was used to prepare a calibration curve ranging between 0.5 — 2.0 mgL™.

Procedure:

25 mL surface water sample was pipette into a 50 mL conical flask followed by the
addition of 1.0 mL phenol solution, 1.0 mL sodium nitroprusside solution, and 2.5 mL
oxidizing solution with thorough mixing after each addition. The sample was covered
with paraffin wrapper film for colour development at room temperature (24 to 27 °C) in
subdued light for at least 1 hour, and was left for colour stability for 24 hours. The
absorbance was measured at 640 nm a visible spectrophotometer (HACH-DR 3800 SC).

A reagent blank was also prepared but without the sample.
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Calculations:

(Conc. from calibration curve — blank) x 1000
Volume of sample (mL)

Conc.of ammonia (mgL_l) =

3.4.1.14 Determination of nitrate

Principle:
This method is based upon the reaction of the nitrate ion with brucine sulphate in a 13 N
H,SO,4 solution at a temperature of 100°C. The colour of the resulting complex is

measured at 410 nm. Temperature control of the colour reaction is extremely critical.

Reagents:

Distilled-deionised water was used in the preparation of all reagents and standards.

Sodium chloride solution (30%): 300g NaCl was dissolved in distilled-deionised water
and diluted to 1000 mL in a volumetric flask.

Sulphuric acid solution: 500 mL conc. H,SO,4 was carefully added to 125 mL distilled-
deionised water. The solution was cooled and kept tightly stoppered to prevent
absorption of atmospheric moisture.

Brucine-sulphanilic acid reagent: A 1.0g brucine sulphate [(C23H26N204), H2SO4.7H,0]
and 0.1g sulphanilic acid (NH,C¢H4SO3sH.H,O) were dissolved in 70 mL hot
distilled-deionised water, followed by the addition of 3.0 mL conc. HCI. The solution
was left to cool, mixed and diluted to 100 mL with distilled-deionised water. This
was stored in a dark bottle at 5 °C.

Potassium nitrate stock solution, 1.0 mL = 0.1 mg NO3z-N: A 0.7218g anhydrous
potassium nitrate (KNO3) was dissolved in distilled-deionised water and diluted to
1000 mL in a volumetric flask. This was preserved with a 2.0 mL chloroform.

Potassium nitrate standard solution, 1.0 mL = 0.001 mg NO3-N: Dilute 10.0 mL of the
stock solution (6.5) to 1.0 litre in a volumetric flask. This solution was prepared fresh
weekly.

Acetic acid (1:3): 100 mL glacial acetic acid (CH3;COOH) was diluted with 300 mL of
distilled-deionised water.

Sodium hydroxide (1.0 N): 40.0g of NaOH was dissolved in distilled-deionised water,

cooled and diluted to 1000 mL in a standard volumetric flask.
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Instrument Calibration: Appropriate volumes (2.0, 4.0, 6.0, 8.0 and 10.0 mL) of nitrate
working solution were measured into a series of tubes to cover the range 10 to 50 pg
NOgs". These contents in the tubes were mixed by swirling in a cold water bath. This was
followed by addition of 10.0 mL H,SO, and then 0.5 mL of brucine sulphanilic acid
reagent, and heated in a 100 °C water bath for 25 minutes. The rack of tubes was
immersed in the cold water bath and allowed to cool to room temperature. Then, the
absorbance of the solution was read at 410 nm using a visible spectrophotometer (HACH
DR 3800 SC). Blank determination was done following the same procedure. Deionized

water was used in place of nitrate working solution.

Procedure:

The pH of surface water samples were adjusted to approximately 7.0 with acetic acid or
sodium hydroxide solution. The solution was then filtered where necessary to remove
turbidity. Sample tubes were placed in a rack to handle samples, standards and reagent
blank. 10.0 mL of samples was pipette into the tubes. The contents of tubes were mixed
by swirling and the rack placed in cold water bath (0 - 10°C). 10.0 mL of sulphuric acid
solution was pipette into each tube and mixed by swirling. The tubes were allowed to
come to thermal equilibrium in the cold bath. Equilibration of temperatures in all tubes
was ensured before continuing. Then, 0.5 mL brucine-sulphanilic acid reagent was added
to each tube (and was carefully mixed by swirling and then the rack of tubes was placed
in the 100°C water bath for exactly 25 minutes.

The rack of tubes was removed from the hot water bath and immersed again in the cold
water bath and allowed to reach thermal equilibrium (20-25°C). Then, the absorbance
was read against the reagent blank at 410 nm using a visible spectrophotometer (HACH
DR 3800 SC).

Calculation:

(Concentration from calibration curve — blank)

Conc.of nitrate (ugmL’l) = volume of sample (L)

3.4.1.15 Determination of nitrite

Principle:
Nitrite reacts, in strongly acid medium, with sulphanilamide. The resulting diazo

compound is coupled with a-(1-naphthyl)-ethylenediamine dihydrochloride to form an
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intensely red coloured azo-compound. The absorbance of the dye is proportional to the
concentration of nitrite present. The method is applicable in the range of 0.01 - 1.0 mgL™

nitrite nitrogen.

Reagents:

Hydrochloric acid, 3.0 molL™: 1 part concentrated HCI was combined with 3 parts
deionized water

Sulphanilic acid reagent: 1.6 g sulphanilic acid was dissolved in 30% acetic acid.

Commercial DPD indicator solution.

Acetic acid, 30% (v/v): 30 mL of acetic acid solution dissolved in 70 mL of deionized
water.

Sulphanilamide (CgHgN,0O,S) solution: In a 500 mL volumetric flask, 25 mL of HCI was
added to 400 mL of deionized water. This was followed by the addition of 2.5 g of
sulphanilamide with stirring and the solution was made up to 500 mL volume.

Nitrite and nitrate free distilled water: 1.0 mL of concentrated sulphuric acid and 0.2 mL
of manganous sulphate (MnSQO,) solution were added to 1.0 L of deionized water.
The solution was made pink with 1-3 mL potassium permanganate solution (440 mg
KMnO, in 100 mL deionized water). The solution was redistilled in an all
borosilicate glass. The first 50 mL of the distillate was discarded and each subsequent
100 mL fraction of distillate was tested by the addition of DPD indicator, discarding
those with a reddish colour that indicated the presence of permanganate.

N-1-naphthylethylenediamine dihydrochloride solution, (C12H14N2.2HCI): 0.25 g of N-1-
napthylethylenediamine dihydrochloride was dissolved in approximately 400 mL of
deionized water in a 500 mL volumetric flask and the solution was made up to 500
mL volume.

Stock nitrite solution. 0.4926 g of dried anhydrous sodium nitrite, NaNO, (24 hours in
desiccator) was dissolved in deionized water (free of nitrite and nitrate) and diluted to
1000 mL. The solution was preserved with 2 mL chloroform per litre (1.0 mL = 100
ug NO2'N).

Working nitrite solution. 10.0 mL of the stock nitrite solution was diluted to 1.0L (1.0
mL = 1.0 pgNO2'NL™) with deionized water free of nitrite and nitrate.
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Calibration:

Appropriate volumes (2.0, 4.0, 6.0, 8.0 and 10.0 mL) of working nitrite solution were
measured into a series of tubes to cover the range 0.1 to 1.0 pg NO,". These tubes and its
contents mixed by swirling in a cold water bath. After cooling at room temperature, the
absorbance of the solution was read at 540 nm using a visible spectrophotometer (HACH
DR 3800 SC). Blank determination was done following the same procedure using
deionized water instead of nitrite working solution. A calibration curve was plotted from

the readings.

Procedure:

To 10 mL of each sample in 50 mL volumetric flask, 2 mL of 3.0 M HCI acid was added
and the solution obtained diluted to about 30 mL with deionized water. 2 mL sulphanilic
acid reagent was added, stirred, and allowed to stand for 5 minutes. This was followed by
the addition of 10 mL of N-1-napthylethylenediamine dihydrochloride solution, and the
solution was stirred and made up to volume. The absorbance was read against the reagent
at 540 nm after 20 minutes with a visible spectrophotometer (HACH DR 3800 SC).

Calculation:

(conc. of sample — blank) x 50
volume of sample (mL)

Conc. of nitrite (mgL™") =

3.4.1.16 Determination of phosphates

Principle:

In a dilute orthophosphate solution, ammonium molybdate reacts under acid conditions
to form a hetero-poly acid, vanamolybdophosphoric acid. In the presence of vanadium,
yellow vanamolybdophosphoric acid is formed. The intensity of the yellow colour is
proportional to the phosphate ion concentration.

Reagents:

Phenolphthalein indicator aqueous solution: 0.5 g of phenolphthalein was dissolved in
50 mL of 95 percent ethanol followed by the addition of 50 mL of distilled water.
Dilute CO,-free solution of NaOH (0.02 molL™) was added one drop at a time until
the indicator turned faintly pink.

Sulphuric acid, approximately 2.5 molL™: With thorough mixing, 140 mL of sulphuric
acid (d = 1.84) was carefully added to water, cooled and made up to 1.0L.
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Potassium persulphate, K,S,0g solution: 5.0 g of K,S,0g solid was dissolved in 100 mL
deionized water.

1.0 N Sodium hydroxide, NaOH: 4.0g of sodium hydroxide crystal was weighed into a

cleaned 50 mL capacity beaker and was quantitatively transferred into a 100 mL capacity

standard flask and diluted to mark with deionised water.

Hydrochloric acid, HCI: 50 mL of conc. HCI was added to about 40 mL deionised water
in a 100 mL capacity standard flask and diluted to mark with deionised water.

Vanadate-molybdate reagent:

Solution A: This solution was prepared by dissolving 12.5g of ammonium molybdate
(NH4)sM070,4.4H,0 in 150 mL deionised water.

Solution B: This solution was prepared by dissolving 0.125g of ammonium metavanadate
NH4VO3 by heating to boiling in 30 mL deionised water. The solution was cooled
and 33 mL HCI was added to it. Solution B was cooled to room temperature. Later,
Solution A was poured into solution B in 500 mL standard flask. The mixture was
thoroughly mixed and diluted to mark.

Standard phosphate solution: 219.5 mg of anhydrous potassium di-hydrogen phosphate
KH,PO, was dissolved in deionised water and diluted to 100 mL.

1.0 mL of the solution is equivalent to 50.0pg PO,*.

Phosphate working solution: 5 mL of the stock phosphate solution was diluted to 500

mL with deionized water.
1.0ml =2.5pg PO >-P

Procedure:

50 mL of mixed water sample was measured into 250 mL conical flask and a drop of
phenolphthalein indicator solution (i.e. 0.05 mL) was added. Then 1.0 mL of sulphuric
acid solution was boiled gently on the pre-heated hot plate until a final volume of 10 mL
was reached. The sample solution was cooled and diluted to 30 mL with deionised water,
and then a drop of phenolphthalein indicator solution was added. The pink colour
imparted to the sample solution was neutralized to a faint pink colour by NaOH solution.

Finally, the sample solution was made up to 100 mL with deionised water.

Colour development:

35 mL of digested water sample was measured into a thoroughly cleaned 50 mL
volumetric flask; followed by the addition of 10 mL of vanadate-molybdate reagent, and
diluted to the mark with deionised water. A blank sample was similarly prepared by
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substituting 35 mL of deionised water for the digested water sample. A yellow colour
developed after the sample solution was allowed to stay for 15-20 minutes. Standard
solutions of 0, 4, 8, 10, 12, 14 and 20 mgL™ concentrations were prepared from the stock
standard solution and treated in same way as the samples for colour development. The
calibration curve was plotted by reading the absorbance of the standard solutions after

colour development using a visible spectrophotometer (HACH DR 3800 SC) at 470nm.

Calculations:

conc. of PO,”" in mg x 1000
volume of sample (mL)

Conc.of phosphate (mgL™) =

3.4.1.17 Determination of sulphate

Principle:

Sample solution containing sulphate is treated with BaCl, to form a colloidal suspension
of barium sulphate that is dispersed in solution. The absorbance is measured and is
proportional to the sulphate concentration in the sample.

Reagents:

Conditioning reagent: This was obtained by placing 30 mL conc. HCI, 300 mL distilled
water, 100 mL 95% ethanol and 75 g NaCl in a container followed by the addition of
50 mL glycerol, with thorough mixing and made up to the final volume to 500 mL.

Barium chloride (BaCl,) crystals, to pass through 20 to 30 mesh sieve.

Stock standard sulphate solution (1.0 mL = 1.0 mg SO4*): This was prepared by
dissolving 147.9 mg of anhydrous sodium sulphate, Na,SO,, in deionized water in a

1000 mL volumetric flask, and diluting to the mark with distilled water.

Preparation of calibration standards and blanks: To five 50 mL glass stoppered standard
flasks (four for standards and one for the blank), 10, 20, 30 and 40 mL of the standard
sulphate solution were added to the four standard flasks and deionized water was added
to the fifth standard flask. About 2.0 mL of the conditioning reagent was added to all five
standard flasks and final volume made up to the 50 mL mark. A blank sample was
similarly prepared by substituting 100 mL of deionised water for the water sample. The
absorbances of the different solutions were measured using a visible spectrophotometer
(HACH DR 3800 SC) at 420nm.
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Procedure for sample determination:

A 100 mL of surface water sample was placed into a 300 mL beaker. Exactly 5.0 mL of
the conditioning reagent was added, and the solution mixed with a magnetic stirrer.
While the solution was being stirred, about 0.5g of BaCl, was added and stirring
continued. After exactly 1.0 minute, the absorbance of the solution was read at 420 nm in
a 1 cm cell using a visible spectrophotometer (HACH DR 3800 SC).

Calculation:

(conc. of SO 42" in sample - blank) x 1000
volume of sampletaken (mL)

Conc.of sulphate (mgL™) =

3.4.1.18 Determination of trace metals in surface water

The method employed involved digestion of water sample with concentrated nitric acid.
The metal concentration in the digest was then determined using Flame Atomic
Absorption Spectrophotometer (FAAS).

Sample Digestion for Trace Metal Analysis:

200 mL of a well-mixed/filtered water sample was measured into a clean beaker and 3
mL of conc HNO; was added. The beaker was heated on a boiling water bath to
concentrate the solution to about 15 mL. The solution was allowed to cool and filtered
into a 50 mL volumetric flask. The solution was made up to the mark with deionised
water and transferred into a polyethylene sample bottle for instrumental analysis. Blank
digestion was prepared following the same procedure with deionised water but without

the sample.

Reagents:

Stock standard Cd solution (1.0 mL = 1000ug Cd): 1.000 g Cd metal was dissolved in 50
mL (1:1) HNOj3 with heating to effect complete dissolution. The solution was left to
cool and diluted to 1000 mL with deionized water.

Stock standard Pb solution (1.0 mL = 1000ug Pb): A 1.5980 g Pb(NO3), was dissolved
in 20 ml of (1:1) HNOg3. The solution was diluted to 1000 mL in a volumetric flask

with deionised water.
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Stock standard Cr solution (1.0 mL = 1000ug Cr): A 1.923 g of CrO3; was weighed
accurately and dissolved in 120 mL (1:5) HNOj3 and left for a while for complete
dissolution. The solution was diluted to volume with deionised water in a 1000 mL
volumetric flask.

Stock standard Cu solution (1.0 mL = 1000ug Cu): A 1.000 g of Cu metal was dissolved
in 50 mL of (1:1) HNO3 and made up to mark with deionized water in a 1000 mL
volumetric flask.

Stock standard zinc solution (1.0 mL = 1000ug Zn): A 1.000 g of Zn metal was dissolved
20 mL of (1:1) HNO3 and made up to mark with in deionised water in a 1000 mL
volumetric flask.

Stock standard nickel solution (1.0 mL = 1000pg Ni): 1.000 g Ni metal was accurately
weighed and dissolved in 20 mL hot conc. HNO3. The solution was left to cool and
diluted to mark with deionised water in a 1000 mL volumetric flask.

Stock standard cobalt solution (1.0 mL = 1000pug Cu): A 1.000 g Co metal was
accurately weighed and dissolved in 50 mL (1:1) HNO3. The solution was left to cool
and diluted to mark with deionised water in a 1000 mL volumetric flask.

Preparation of calibration curves:

The Atomic Absorption Spectrophotometer was calibrated with all the standard stock
solutions of the metals determined. The working standard solutions were prepared by
diluting a certain volume of the stock solution of 2000 mgL™ concentration of each metal
to an appropriate concentration (see Table 3.3) in a volumetric flask. The working
standards were aspirated appropriately into the flame and the standard absorbance
determined. A standard curve of absorbance versus concentration (in mgL ) was plotted
automatically by the instrument which was displayed on the readout device. The
calibration curve was plotted manually and compared with the plot that was displayed on
the readout device. The precision of the instrument was checked from time to time by re-

running one or two of the standard solutions used for calibration.

Procedure:

The concentrations of Cd, Pb, Cr, Cu, Zn, Ni and Co were determined, using a flame
atomic absorption spectrophotometer (UNICAM 939/59). The operating conditions are
listed in Table 3.3 equipped with the appropriate hollow cathode lamps, air-acetylene
flame and resonance wavelength of the metals. Each of the samples was aspirated into
the instrument successively and the absorbance and concentration of the sample (in ppm)
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was displayed on the screen. The wavelengths used in this analysis were: 228.8 nm for
Cd, 217.0 nm for Pb, 357.9 nm for Cr, 324.8 nm for Cu, 213.9 nm for Zn, 232.0 nm for
Ni and 240.7 nm for Co. Calibration standards were prepared from standard stock
solutions of each of the metals.

Calculation:

Metal concentration in the sample solution was calculated using the formula:

Metal conc. (mgL™") = Ax B
Q
Where,
A = conc. of element (instrument reading) in diluted solution (mgL ™)
B = final volume of diluted solution (mL)
Q = initial volume of aliquot taken for dilution (mL)

3.4.2 Preparation of Sediment Samples for Physicochemical Analysis

About 5.0 kg of the air-dried sediment samples were pulverized using an agate mortar
and pestle, and passed through a 2.0 mm nylon sieve. Samples for electrical conductivity
were passed through a 0.5 mm sieve. Samples were then stored in a clean labelled paper

bag until time for analysis.

3.4.2.1 Digestion of sediment samples for determination of nutrients (NO3-N, NO; -
N, PO,>, and SO,%)
A 2.0g of the sediment powder was accurately weighed into a previously cleaned 250 mL
beaker, 25 mL of conc. HCI was added for pre-oxidation and the content of the beaker
covered with a sizeable watch glass and swirled to mix well, placed on a 200°C regulated
hot plate in a fume cupboard and heated for 30 minutes. After all the brown fumes were
expelled, the beaker was brought down and allowed to cool, followed by the addition of
10 mL HCIO,4, and the beaker replaced on the hot plate, covered with watch glass and
digested for about 90 minutes until all the white fumes had escaped leaving a colourless
liquid. The beaker was brought down and allowed to cool followed by the addition of
deionised water. The final solution was neutralized with 6.0 M NaOH (added drop wise
with litmus paper for neutral test). The solution was filtered through Whatman No. 41

filter paper into a 50 mL volumetric flask and made up to mark with deionised water.
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Table 3.3: Operating conditions for the Atomic Absorption Spectrophotometer

Element Wavelength Slit width  Lamps current ~ Flame type Range of Working

(nm) (nm) (mA) Standards (mgL™)

Cd 228.8 0.5 4 Air-C,H, 0.02-3.0
Co 240.7 0.2 7 Air-C,H, 0.05-15
Cr 357.9 0.2 7 Air-C,H, 0.06 - 15
Cu 324.8 0.5 4 Air-C,H, 0.03-10
Ni 232.0 0.2 4 Air-C,H, 0.1-20

Pb 217.0 1.0 5 Air-C,H, 0.1-30

Zn 213.9 1.0 5 Air-C,H, 0.01-2.0
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3.4.2.2 Digestion of bottom sediment samples for trace metal analysis

1.0 g of air-dried sediment sample was weighed into a 200 mL platinum crucible
moistened with deionised water and digested with 10.0 mL mixture of concentrated nitric
acid (HNO3) and perchloric acid (HCIO4) (4:1 v/v). The mixture was swirled gently and
the content evaporated to near dryness on a water bath for about 1 hr. On cooling, the dry
residue was then dissolved with 5.0 mL of 1.0 M HNO;3 and filtered through Whatman
No. 1 filter paper into a 50.0 mL volumetric flask. This was made up to mark with
deionised water and stored in acid pre-cleaned polyethylene containers. A reagent blank
was also prepared.

3.4.3 Analyses of Bottom Sediment Samples

3.4.3.1 Determination of pH

Procedure:

About 10.0 g of air dried sediment sample was accurately weighed into a 200 mL beaker
and 50 mL of double-distilled water was added. The mixture was thoroughly mixed
using a glass rod, and allowed to stand for about 15 minutes for the supernatant solution
to settle. The electrode of the pH meter was dipped into the supernatant solution and the

pH read.

3.4.3.2 Determination of nitrate
After digestion as in section 3.4.2.1, nitrate was determined in the digests, using the
procedure described in section 3.4.1.14.

3.4.3.3 Determination of nitrite
After digestion as in section 3.4.2.1, nitrite was determined in the digests, using the

procedure described in section 3.4.1.15.

3.4.3.4 Determination of phosphate (PO,*)

After digestion as in section 3.4.2.1, 25 mL of the filtrate was transferred into another 50
mL volumetric flask, and analysed for phosphate as previously described in Section
3.4.1.16.
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Calculation:

conc. of PO,* in mg x 1000
mass of sample (kg)

Conc.of phosphate (mgkg™) =

3.4.3.5 Determination of sulphate

After digestion as in section 3.4.2 (a), 25 mL of the filtrate was transferred into another
50 mL volumetric flask, and analysed for sulphate as previously described in Section
3.4.1.17.

3.4.3.6 Total organic carbon (TOC) and total organic matter (TOM)

The Walkley-Black method measures the amount of degradable organic matter in
sediment and soil. Sediment organic carbon is almost completely oxidized with
potassium dichromate (K,Cr,Oy) in the presence of H,SO,, leaving the fraction present in
inorganic form. The excess dichromate ion is determined by titration with ferrous
sulphate (Khwaja et al., 2000).

Reagents:

1.0 N Potassium dichromate, K,Cr,07: 49.04g potassium dichromate (previously dried
for 2 hours at 105 °C) was weighed into a 1.0 L volumetric flask. The salt was
dissolved and diluted to volume with deionized water and mixed well.

0.5 N Ferrous ammonium sulphate, Fe(NH;)2(SO4).6H,0: 20 mL H,SO, was slowly
added to a 1.0 L volumetric flask containing 800 mL deionized water. 196.1 g ferrous
ammonium sulphate was added to the solution. The solution was mixed and made up
to volume with deionized water. (This was prepared daily).

Diphenylamine, CgHsNHCgHs: About 0.5 g of diphenylamine was dissolved in 20 mL
deionized water. 100 mL H,SO, was slowly added and the solution was carefully
mixed with a glass stirring rod.

Sulphuric acid, H,SO4: 500 mL conc. H,SO,4 was carefully added to 125 mL distilled-
deionised water. The solution was cooled and kept tightly stoppered to prevent
absorption of atmospheric moisture.

Phosphoric acid, H3PO, solution, conc. (sp.gr. 1.70).

Sodium fluoride, NaF salt.
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Procedure:

1.0 g sediment sample was weighed into a 500 mL conical flask. 10 mL of 1.0 N
potassium dichromate solution and 20 mL conc. sulphuric acid were added and mixed by
gently swirling for 1 min. taking care to avoid throwing soil up onto the sides of the
flask. The solution mixture was left to stand for 30 minutes. The solution was diluted to
200 mL with deionized water followed by the addition of 10 mL phosphoric acid, 0.2 g
sodium fluoride, and 10 drops diphenylamine indicator. The resultant solution was
titrated with 0.5 N ferrous ammonium sulphate solution until the colour changed from
dull green to a turbid blue. The titrating solution was added drop wise until the end point
was reached when the colour shifts to a brilliant green. A reagent blank was prepared and

titrated in the same manner.

3.4.3.7 Particle size analysis of sediment samples
Particle size distribution (i.e. percentage sand, silt and clay) was determined by
Bouyoucos hydrometer method (ASTM, 2001)

3.4.3.8 Determination of metals in bottom sediment samples

The concentrations of Cd, Pb, Cr, Cu, Zn, Ni and Co were determined after wet digestion

by Atomic Absorption Spectrophotometry as previously described (Section 3.4.1.18).

Calculation:

(A - B)x V

Metal conc. in sediments 1y =
(h97) weight of the sample (g)

where:
A = metal concentration (ug mL™?) in the sample digest (from instrument)
B = metal concentration (ugmL™) in the blank.

V = final volume of the digest used (mL).

3.5 SPECIATION OF METALS IN SEDIMENTS
Sequential Extraction of Metals from Sediments

Reagents:
Nitric acid, HNO3 (70%) conc.
Perchloric acid, HCIO, (85.5%), conc.
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0.11 M CH3COOH solution: 1.58 mL of acetic acid was added to 100 mL of deionized
water in a 250 mL volumetric flask. The solution was made up to mark with
deionized water.

0.5 M hydroxylammonium chloride (NH,OH-HCI): 5 g of NH,OH.HCI was dissolved in
150 mL of deionized water in a 500 mL volumetric flask and diluted to 500 mL with
anhydrous methanol.

2.5% (v/v) 2.0 M HNOg3: 2.5 mL of 2.0M HNO3; was measured accurately into 97.5 mL of
deionized water.

8.8 M H,0,: 150 mL of H,0, solution was added to 100 mL of deionized water in a
500mL volumetric flask. The solution was made up to mark with deionized water

1.0 M CH3COONHj, solution: 93.52 g of CH3COONH, was dissolved in about 100 mL
of deionized water in a 250 mL volumetric flask and the solution was made upto final
volume of 250mL.

2.0 M HNOg3 (sp. gr. 1.42): 63 mL of conc. HNO3 was added to 200 mL deionized water
in a 500 mL volumetric flask. The solution was made up to mark with deionized
water.

1.0 M HNO3 (sp. gr. 1.42): 31.5 mL of conc. HNO3; was added to 100 mL deionized
water in a 500 mL volumetric flask. The solution was made up to mark with

deionized water.

Procedure:

The modified BCR protocol was used, and is described below:

Step 1 (Exchangeable - weak acid soluble fraction): 0.5 g sediment sample was weighed
into a 50 mL polypropylene centrifuge tube and was extracted with 20 mL of 0.11 M
CH3;COOH solution by shaking in a mechanical, end-over-end shaker at 30+10 rpm and
22+5 °C for 16 h. The extract was separated by centrifugation at 3000-G for 20 min, and
the supernatant was decanted and stored in polyethylene bottle at 4 °C until analysis. The
residue was washed by shaking for 15 min with 10 mL of deionised water and then
centrifuged, discarding the supernatant and taking care not to discard any solid residue.

Step 2 (Reducible fraction): 20 mL of 0.5 M hydroxylammonium chloride (NH,OH-HCI)
solution was added to the residue from the first step, and the mixture was shaken at
30+10 rpm and 2245 °C for 16 h. The reagent was acidified by adding 2.5% (v/v) 2.0 M

HNOs solutions. The extract was separated and the residue was washed as in step 1.
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Step 3 (Oxidizable fraction): 5 mL of 8.8 M H,O; solution was carefully added to the
residue from the second step. The mixture was digested for 1 h at 22+5 °C (room
temperature) and heated to 85+2 °C for 1 h in a water bath, and the volume was reduced
to <3 mL (uncovered). A second aliquot of 5 mL of H,O, was added, the mixture was
digested for 1 h at 85+2 °C, and the volume was reduced to about 1 mL. The residue was
extracted with 25 mL of 1.0 M CH3COONHy, solution, adjusted to pH 2.0, at 30+10 rpm
and 22+5 °C for 16 h. The extract was separated and the residue was washed as in

previous steps.

Step 4 (Residual fraction): The residue from step 3 was digested with 10 mL acid
combination of concentrated HNO3 (65%) and HCIO, (70%) acid mixture (4:1 v/v). The
extract was evaporated to near dryness, dissolved with 5 mL of 1.0 M HNOj3 and diluted

to 50 mL with deionized water.

Instrumental Analysis of the Extracts:

The extracts from each of the four steps above were analysed for Cd, Pb, Cr, Cu, Zn, Ni
and Co using Flame Atomic Absorption Spectrophotometry as described in Section
3.4.1.18.

3.6 SPECIATION OF METAL IONS IN SURFACE WATERS USING
PHREEQCI MODEL

3.6.1 Computational Thermodynamic Modelling

The PHREEQCI computer programme version 2.18.0.5134 with Lawrence Livermore
National Library (LLNL) thermodynamic database (Parkhurst and Appelo, 1999) was
utilized for simulating the soluble inorganic species in the studied river systems.
Experimental data on the concentrations of metals - Cd, Pb, Cr, Cu, Zn, Ni and Co and
general water quality parameters determined from the two river systems studied were
used for the calculations. The model considers the interaction between the metals and the
major and minor anions (ligands) as a function of temperature, ionic strength and pH.

The lInl dat. database used in this study is a huge one with thermodynamic constants for
so many complexes including CI", SO4*, HCO3", COs*, NO3, NO,, NH3, PO, etc. The
input file uses the SOLUTION or SOLUTION_SPREAD keyword which defines the
chemical composition of a solution or multiple solutions in a spread sheet format

respectively.
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3.6.2 Calculation of Metal Species and Saturation Indices

The linl.dat database of the PHREEEQCI model distributes aqueous species into
different concentrations of various species of the elements and also calculates the
different mineral saturation indices indicative of the tendency of a water to dissolve or
precipitate a set of minerals by using an ion-association aqueous model. Some
thermodynamic data used in the calculation are listed in Table 3.4. The application
computes and reports metal speciation in terms of their free hydrated ion, neutral salts
and inorganic complexes. The saturation index of a certain mineral, MX, was calculated

using the equation below:

Slyx = Iog( 'KAPJ - 1ogllc,.. ,)(C,. f,)] - logKg

SP

where C C, .. are the concentrations of M™, X" and f, f, are the ionic activity

Mn+1

coefficient and K is the solubility product of the mineral.

3.7 QUALITY CONTROL AND QUALITY ASSURANCE

Quality control/assurance measures were taken to ensure reliability of the results
obtained. These measures included:
(i) Sample collection and handling. In order to ensure good analytical results, the
following quality assurance approaches were taken:
= Sampling tools were thoroughly cleaned before use during sampling.
= During sample collection and on-site preparation, special care was taken not to
contaminate or cross-contaminate the samples.
= Clean polythene bags were used for storing sediment samples collected before
taking to the laboratory.
= Polyethylene sample bottles used for water samples were washed with detergent,
deionised water, 3.0 M HNO3, and with deionised water before use.
= To ensure sample identity, all samples were labelled accordingly and immediately
after collection from site to site with an indelible ink.
= Water samples were carefully collected without disturbing the bottom of the water
body when taking a depth sample because this can cause particles to become
suspended.
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Table 3.4. Some thermodynamic data used for speciation calculations for T =298.15 K

Compound Equilibrium reaction log Kspogsk  AH kJmol™ Formula
Anglesite PbSO, = Pb? + SO -7.85 11.26 PbSO,
Atacamite CusCly(OH)g + 6H" = 4Cu** + 2CI” + 6H,0 14.28 -132.00 CusCl,(OH)g
Cd(OH), Cd(OH), + 2H" = Cd* + 2H,0 13.74 -87.02 Cd(OH),
CdCr,0,4 CdCr,0,+ 8H" = Cd** +2Cr** +4H,0 15.00 -255.68 CdCr,0,
Cerrusite PbCO; + H* = Pb®* + HCO4 -3.21 13.90 PbCO;
Co(OH), Co(OH), + 2H" = Co* + 2H,0 12.30 0 Co(OH),
Cotunnite PbCl, = Pb** + 2CI° -4.84 26.14 PbCl,

Cro, CrO, =% Cr** + % CrO,* -19.13 85.98 Cro,
CuCr,04 CuCr,0, + 8H+ = Cu®*" + 2Cr™ +4H,0 16.22 -268.77 CuCr,0,4
Cuprite Cu,0 + 2H* = 2Cu* + H,0 -1.90 28.36 Cu,0
Hydrocerrusite Pb3(OH),(COs), + 4H" = 3Pb** + 2H,0 + 2HCO; 1.85 0 Ph3(OH),(CO3),
Malachite Cu,CO4(OH), + 3H* = 2Cu** + 2H,0 + HCO; 5.94 -76.28 Cu,CO5(OH),
Matlockite PbFCI = Pb®* + F + CI -9.43 0 PbFCI
Nantochite CuCl=Cu*+CI -6.76 41.93 CucCl
Ni(OH), Ni(OH), + 2H" = Ni** + 2H,0 12.75 -95.65 Ni(OH),
NiCO; NiCO; + H* =Ni*" + HCO; 351 0 NiCO,
Otavite CdCO; + H* =Cd* + HCO; -1.77 0 CdCO;
Paralaurionite PbOHCI + H* = Pb?* + CI” + H,0 0.20 8.42 PbOHCI
PbHPO, PbHPO, = Pb* + HPO, 2 -15.73 0 PbHPO,
Phosgenite Pb,(CO5)Cl, + H" =2Pb* +2CI" + HCO;3 -9.64 49.08 Pb,(CO3)Cl,
Pyromorphite Pbs(PO.)sCl + 3H" =5Pb** + 3HPO, 2 + CI” -47.90 0 Pbs(PO.)sCl
Smithsonite ZnCOz + H' = Zn*' + HCO; 0.46 -30.53 ZnCO,
Sphaerocobaltite  CoCO3; + H* = Co*" + HCO;5 -0.23 -30.70 CoCOs
Tenorite CuO +2H" = Cu** + H,0 7.66 -64.50 CuO

Zincite ZnO + 2H* = Zn* + H,0 11.21 -88.76 ZnO
ZnCO3:H,0 ZnCOzH,0 +H' = Zn®* + HCO;™ + H,0 0.14 0 ZnCO3:H,0
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(it) Sample preservation/storage.
= The sample bottles used for storage of water samples were thoroughly rinsed with
portions of the sample before being filled with samples.
= Samples collected were stored in an ice-chest box (coolers packed with ice cubes)
at 4°C and taken to the laboratory.
(iii)Cleaning of glass wares and containers for use in the laboratory.
= All glass wares and containers were washed with detergent solution, rinsed with tap
water and then with deionised water.
= The same set of glass wares were used throughout the study.
= At the end of each working day, the glasswares were thoroughly washed and dried.
(iv)Reagent purity
= All reagents used in this study were of analytical grade obtained from Sigma-
Aldrich Laborchemikalian GmbH.
(v) Calibration.
= All instruments and glass wares used were duly calibrated to ascertain their
accuracy.
» The pH meter was frequently calibrated with buffer 4 and 7 solutions prepared
from Analar grade salts.
= Appropriate standard solutions prepared from Analar grade salts, were used to
calibrate the Atomic Absorption Spectrophotometer for metals analysis.
(vi) Only deionised and double distilled water was employed during the analysis.
(vii) All reagents and sample bottles were clearly labelled immediately after preparation.
(viii) Recovery studies of metal determination in samples.
Recovery studies for trace metals were carried out for selected bottom sediments
samples. 2.0 g each of eight sediment samples (four samples each from Cross River
and Qua Iboe River) which had been previously analysed were selected for the
recovery study of the determination of Cd, Pb, Cu and Zn. Standard solutions of
different concentrations of the metals were prepared by diluting the prepared stock
solutions of the metals (as in Section 3.4.1.18) to the desired concentrations. A
known volume of the standard solution containing the desired concentration of the
metals which is expected to double the original concentration was taken using a 5.0
mL pipette and transferred into the sediment sample drop by drop. The crucibles
with contents were kept in the oven maintained at 80 °C for 2 h until they became
dry. After drying, the samples were left to cool in a desiccator for 20 minutes. All
samples were thoroughly homogenized using a glass rod. 1.0 g of the spiked
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sample was accurately weighed into a 200 mL platinum crucible and digested with
10.0 mL acid mixture of concentrated nitric acid (HNOs) and perchloric acid
(HCIOy) (4:1 viv) following the procedure in Section 3.4.2.2. The digests were then
analysed for the selected metals as previously described.

Calculation:

(metal conc. from reanalysis — original metal concentration)
Concentration increase achieved by spiking

% Recovery = x 100

Comment on the Recovery:

The results obtained for Cd, Pb, Cu and Zn for Cross River (CR) and Qua Iboe River
(QIR) are presented in Tables 3.4, 3.5, 3.6, and 3.7 respectively. From the results of
analysis, the average recoveries (%) for Cd, Pb, Cu and Zn for Cross River were
96.9+6.7, 94.8+2.2, 97.4£3.1 and 95.2+2.6 respectively; while in Qua Iboe River, the
respective average recoveries (%) were 97.0+0.9, 96.1+4.1, 96.0+1.3 and 96.7+1.7.
These ranges of recovery values are good and indicative of good accuracies for the

determination of the metals.
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Table 3.5. Results of recovery study of Cd in sediment samples

Original

Conc. of

Conc.

Total conc.

sample Weight of std. soln. Vol. Of.Std increase expected by Results O.f %
Sample sample . soln. spiked ) \ re-analysis
conc. - spiked achieved analysis k1 Recovery
(ggh) I O@  qgmey MY (ugg™) (ugg™) (hog)
Cross River
Okopedi (SC-1) 0.80 2.0 0.80 5.0 0.80 1.60 1.54 925
Nwaniba (SC-3) 0.59 2.0 0.59 5.0 0.59 1.18 1.22 106.8
Oron (SC-4) 0.42 2.0 0.42 5.0 0.42 0.84 0.81 92.9
Ibaka (SC-6) 0.87 2.0 0.87 5.0 0.87 1.74 1.70 95.4
96.946.7
Qua Iboe River
Iwuokpom 1 (SQ-1) 2.10 2.0 2.10 5.0 2.10 4.20 412 96.2
Iwuochang (SQ-3) 2.66 2.0 2.66 5.0 2.66 5.32 5.25 97.4
Eketai (SQ-4) 1.34 2.0 1.34 5.0 1.34 2.68 2.63 96.3
Atabong (SQ-5) 3.56 2.0 3.56 5.0 3.56 7.12 7.05 98.0
97.0+0.9
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Table 3.6. Results of recovery study of Pb in sediment samples

sample Weiohtof GOl volotstd R ectedby. eSOl g
Sample sample . soln. spiked ) - re-analysis
conc. - spiked achieved analysis k1 Recovery
(ogh) PO qgmy M qggh)  (ugghy M99
Cross River
Okopedi (SC-1) 66.1 2.0 66.1 5.0 66.1 132.2 129.5 95.9
Nwaniba (SC-3) 71.8 2.0 71.8 5.0 71.8 143.6 141.6 97.2
Oron (SC-4) 72.6 2.0 72.6 5.0 72.6 145.2 139.6 92.3
Ibaka (SC-6) 84.3 2.0 84.3 5.0 84.3 168.6 163.5 94.0
94.8+2.2
Qua Iboe River
Iwuokpom 1 (SQ-1) 12.4 2.0 12.4 5.0 12.4 24.8 23.8 91.6
Iwuochang (SQ-3) 11.3 2.0 11.3 5.0 11.3 22.6 22.3 97.2
Eketai (SQ-4) 16.3 2.0 16.3 5.0 16.3 32.6 32.8 101.2
Atabong (SQ-5) 14.5 2.0 14.5 5.0 14.5 29.0 28.2 94.2
96.1+4.1
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Table 3.7. Results of recovery study of Cu in sediment samples

CS);E:;:ZI Weight of  Conc. of_ std.  Vol. of_std iri?ggée ;;(?otgtl:t(;?jngy Results o_f %
Sample sample soln. spiked  soln. spiked : 3 re-analysis
conc. - 1 achieved analysis k1 Recovery
(Uggl) spiked (9) (MgmL™) (mL) (Uggl) (“ggl) (H9g™)
Cross River
Okopedi (SC-1) 84.1 2.0 84.1 5.0 84.1 168.2 165.4 96.7
Nwaniba (SC-3) 74.8 2.0 74.8 5.0 74.8 149.6 150.7 101.4
Oron (SC-4) 93.4 2.0 93.4 5.0 93.4 186.8 181.0 93.8
Ibaka (SC-6) 102.5 2.0 102.5 5.0 102.5 205.0 202.4 97.5
97.4+3.1
Qua Iboe River
Iwuokpom 1 (SQ-1) 34.3 2.0 34.3 5.0 34.3 68.6 66.8 945
Iwuochang (SQ-3) 37.0 2.0 37.0 5.0 37.0 74.0 72.3 95.4
Eketai (SQ-4) 42.1 2.0 42.1 5.0 42.1 84.2 83.1 97.3
Atabong (SQ-5) 55.4 2.0 55.4 5.0 55.4 110.9 109.1 96.8
Mean+SD 96.0+1.3
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Table 3.8. Results of recovery study of Zn in sediment samples

Sample Weightof ST volotstd O ectedby RESISOT g
Sample sample . soln. spiked . . re-analysis
conc. . spiked achieved analysis ki Recovery
(ugghy IO igmiy (mb) (gg™) (1gg™) (hgg™)
Cross River
Okopedi (SC-1) 130.0 2.0 130.0 5.0 130.0 260.0 251.7 93.6
Nwaniba (SC-3) 130.1 2.0 130.1 5.0 130.1 260.2 258.3 98.5
Oron (SC-4) 134.9 2.0 134.9 5.0 134.9 269.8 264.1 95.8
Ibaka (SC-6) 155.2 2.0 155.2 5.0 155.2 310.4 299.1 92.7
95.24+2.6
Qua Iboe River
Iwuokpom 1 (SQ-1) 121.7 2.0 121.7 5.0 121.7 243.4 236.7 94.5
Iwuochang (SQ-3) 108.1 2.0 108.1 5.0 108.1 216.2 214.6 98.5
Eketai (SQ-4) 98.9 2.0 98.9 5.0 98.9 197.8 195.2 97.4
Atabong (SQ-5) 127.4 2.0 127.4 5.0 127.4 254.8 250.3 96.5
Mean+SD 96.7+1.7
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CHAPTER FOUR
RESULTS AND DISCUSSION

4.1 SURFACE WATER QUALITY CHARACTERISTICS OF CROSS
RIVER SYSTEM

The results of physicochemical characteristics and trace metal concentrations in

surface water samples obtained from Cross River (CR) were used to assess the water

quality in order to determine the pollution status of the river.

4.1.1 Temperature

The mean temperature obtained in this study was 29.5°C. Results obtained from
different sampling stations were as follows: Okopedi (SC-1) — 29.1+2.4 °C, Ayadehe
(SC-2) — 29.2+2.5 °C; Nwaniba (SC-3) - 29.3+2.4 °C; Oron (SC-4) - 29.4+2.4 °C;
James Town (SC-5) - 29.5+2.6 °C and Ibaka (SC-6) - 29.4+2.7 °C (Table 4.1). Results
obtained revealed that the temperature of the water body was a reflection of the
ambient temperature of the environment, as no industrial activity that releases effluents
into the river was envisaged. The results showed that dry season samples recorded
higher temperature values equal to ambient temperatures ascribed to climate change
effects within the coastal region. Results obtained did not exceed the permissible
criteria of national and international regulatory bodies (FEPA, 1991; WHO, 2008).

412 pH

The pH ranged from 5.78 to 7.22. The slightly acidic pH (5.78) obtained from
Nwaniba station (SC-3) may have resulted from humic acid formed from decayed
organic matter and tree barks dumped into the river from the saw-mill factory
(lumberyard) located at the beach. Minimum pH values were obtained during the dry
season. Results obtained compared favourably with values reported by Rim-Rukeh et
al. (2006) for Orogodo River (5.1 — 6.1 pH unit), but lower than values reported for
Osun River (6.84 — 8.90 pH unit) in the Southwest Nigeria by Olajire and Imeokparia
(2000). The slight acidity obtained during the dry season as observed for samples from
Nwaniba and Oron stations may be attributed to high carbon dioxide concentration
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Table 4.1. Physicochemical properties of surface water samples from Cross River

Sampling stations/Code

Parameters™ Okopedi Ayadehe Nwaniba Oron James Town Ibaka MeantSD Range
(SC-1) (SC-2) (SC-3) (SC-4) (SC-5) (SC-6)

Temperature® 29.1+2.4 29.2125 29.3x2.4 29.4+2.4 29.5+£2.6 29.4+2.7 29.512.5 26.3-34.8
pH 6.48-6.88 6.24-6.89 5.78-7.22 6.21-7.14 6.06-6.89 6.24-6.98 6.62+0.31 5.78-7.22
Alkalinity 28.2+15 23.4x17 30.7+20 58.8+14 24.3£4.9 50.9+8.8 36.1+19.2 11.6-82.8
Turbidityb 19.1+8.3 37.5+6.6 53.3+19 32.5+11 19.6+14 43.1+19 34.2+18.1 8.3-78.2
TDS 162136 184169 331+201 319467 228+38 422+83 275130 105-628
E. Conductivity® 272+45 338+47 606170 594+200 598+170 912+340 550280 198-1424
Total Hardness 4049 36%9 294+100 248+95 61+34 427+100 180160 23-582
Dissolved Oxygen 8.2+0.7 8.6+1.0 6.5+0.4 7.1£15 8.2+0.9 7.1+£0.9 7.6x£1.2 5.2-10.6
COD 33.245.2 27.5x4.5 28.3£3.3 21.8+4.9 27.1x3.1 28.4+5.0 27.725.4 17.6-42.6
BODs 1.73£0.47 1.89£0.51 1.51+0.54 2.05+1.10 2.18+0.96 2.31+0.60 1.94+0.78 0.89-4.10
Chloride 595494 161+49 1170+£220 1330£110 490+160 1540+£180 880520 120-1830
Fluoride 0.19+0.16 0.08+0.17 0.53+0.29 0.38+0.19 0.39+0.32 0.29+0.34 0.31+0.28 0.002-0.99
Ammonia 0.16+0.13 0.21+0.15 0.60+0.39 0.37+0.27 0.46+0.33 0.45+0.27 0.38+0.30 0.01-1.06
Nitrate 3.2+0.7 5.0+£0.9 28.7£9.3 7.7£1.9 14.1+4.5 14.8+3.4 12.349.6 2.1-40.4
Nitrite 0.02+0.01 0.02+0.01 0.33+0.25 0.04+0.03 0.07+0.04 0.06+0.03 0.09+£0.15 0.01-0.69
Phosphate 0.07+0.02 0.06+0.01 0.12+0.14 0.09+0.16 0.03+0.02 0.05+0.01 0.07£0.09 0.01-0.58
Sulphate 27.4+9.7 26.4+10.0 31.5+6.6 30.5+7.6 27.2+2.8 42.1+6.3 30.949.0 10.6-55.8

*All units are expressed in mgL " unless otherwise stated, ® Temperature in °C, ® Turbidity in NTU, ©Electrical conductivity as uScm™
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due to organic decomposition as previously reported by Satheeshkumah and Khan
(2009) for Pondicherry mangrove, India. The fluctuation in water pH indicates the
buffering capacity of total alkalinity. Results fell within the WHO guideline value of
6.5 — 8.5 for drinking water (WHO, 2008).

4.1.3 Total Alkalinity

Mean total alkalinity of 36.1+19.2 (range — 11.6 to 82.8) mgL™ was obtained. The
highest concentration (58.8+14 mgL™) was obtained from Oron station (SC-4), with
high alkalinity value of 62 mgL™ obtained during the dry season (Appendix 2). The
mean alkalinity obtained in this study is lower than the value reported for Elechi
Creek, Port Harcourt (47.1-226.0 mgL™) by Obire et al. (2003), but higher than values
(13.9+3.8 mgL™) reported for Esi River, Warri (Akporido, 2010), Ethiope River,
Abraka (1.65 mgL™) by Agbaire and Obi (2009) all in the Niger Delta and Ogunpa
River, Ibadan (1.76-28.0 mgL™) by Onianwa et al. (2001). Lower values occurred
during the wet season which may be ascribed to increased dilution (APHA, 2005).
However, results obtained were found to be within the permissible criteria (200 mgL™)
of national and international guidelines (FEPA. 1991; WHO, 2008).

4.1.4  Turbidity

The turbidity ranged between 8.3 and 78.2 FTU, with an average of 34.2 FTU (Table
4.1). Results revealed that turbidity level was grossly affected by heavy rains leading
to the discharge of flood and run-off water into the river, except for Nwaniba (SC-3)
station, which may be attributable to the dredging activity at the beach and the sawmill

located in the area that continuously add wood debris into the water.

The turbidity values were comparable to those of other rivers in Niger Delta: Orogodo
River, Agbor - 21.0-29.4 NTU (Rim-Rukeh et al., 2006), Western Niger Delta, Delta
State - 33.3 mgL™ (Omo-Irabor et al., 2008). Turbidity values obtained from all
stations exceeded the 2.5 NTU limit for drinking water (WHO, 2008). Turbidity is an
important operational parameter in process control and can indicate problems with
treatment processes, particularly coagulation/sedimentation and filtration. At some
stations, high turbidity values were attributed to suspended sediments which are
indicators of both natural and man-made erosions as in Nwaniba (SC-3) and Oron (SC-
4) stations.
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4.1.5 Total Dissolved Solids (TDS)

TDS levels ranged from 105 mgL™ to 628 mgL™ (average of 275+130 mgL™). The
highest value (628 mgL™), from Nwaniba station is attributable to the combined
effects of the brackish nature of the estuary, the timber materials continuously dumped
and soaked in the river and surface runoff from agricultural farmlands containing high

salts used in fertilizer formulation.

Large amount of total solids makes the river more turbid and increases electrical
conductivity (Tabata et al., 2007). The palatability of water with a TDS level of < 500
mgL™ (ADWG, 2004) and < 600 mgL™* (WHO, 2008) is generally considered to be
good, and becomes significantly and increasingly unpalatable at TDS levels greater
than about 1000 mgL .

4.1.6  Electrical Conductivity (EC)

Conductivity ranged from 198 pScm™ to 1424 uScm™ (Table 4.1). The highest mean
level (9124340 pScm™) was obtained from lIbaka station while the least (272+45
uScm™) was obtained from Okopedi station. Higher conductivity values were obtained
during the dry season. Electrical conductivities have a direct relation with total solids.
Therefore, a high conductivity value at Ibaka station was attributable to the intrusion of
sea water from Atlantic Ocean whose salinity and dissolved salt level was remarkably
high during the dry season. Results obtained are comparable with those of Biga stream
—Turkey, with mean value of 869.9 pScm™ (Hacioglu and Dulger, 2009). Conductivity
values are statistically higher during the dry season. However, the conductivity level is
below the WHO recommended maximum permissible limit for potable water quality
(WHO, 2008).

4.1.7  Total Hardness

Total hardness ranged from 23 mgL™ to 582 mgL™ (Table 4.1). Average values in all
the stations fell within the WHO recommended guideline limit (500 mgL™) for
drinking water (WHO, 2008). The carbonate system provides acid buffering through
two alkaline compounds of bicarbonate (HCOs3) and carbonate (COs*). These
compounds are usually found with two hardness ions: Ca** and Mg?*. Total hardness is
affected by the type of minerals in the soil and watershed bedrock and the amount of

ocean water coming into contact with these minerals especially during high tide. High

99



hardness levels were obtained during the dry season with Ibaka station recording the
highest value of 488+100 mgL™ (Appendix 2).

4.1.8 Dissolved Oxygen (DO)

Dissolved oxygen is a crucial parameter for the survival of aquatic organism and is
also used to evaluate the degree of freshness of a river (Wakama et al., 2008). The
dissolved oxygen values ranged from 5.2 t010.6 (7.6+1.2) mgL™ (Table 4.1),
indicating clearly the presence of adequate dissolved oxygen to maintain aquatic life.
The highest DO value, 8.6+1.0 mgL™, was obtained from Ayadehe station. In all
stations, the DO level obtained exceeded 5.0 mgL™, thereby making the water suitable
for aquatic life support. The lowest mean DO value, 6.5+0.4 mgL™, was obtained from

Nwaniba station. Higher values occurred during the dry season than wet season.

Tepe and Mutlu (2005) linked significant increase in dissolved oxygen during the rainy
season to high runoff due to low temperature and increased mixing of water. Values in
this study were higher than those reported for other rivers in the zone - Elechi Creek
(4.16-6.62 mgL™) by Obire et al. (2003); Western Niger Delta River (5.31 mgL™) by
Omo-Irabor et al. (2008); Orogodo River Agbor (2.17-3.19 mgL™) by Rim-Rukeh et
al. (2006) and Ona River, lbadan (4.9 mgL™) by Nubi and Nubi (2010) all located in

Nigeria.

4.1.9 Chemical Oxygen Demand (COD)

COD values ranged from 17.6 mgL™ to 42.6 mgL™, with mean of 27.74#5.4 mgL™
(Table 4.1). The highest concentration, 33.2+5.2 mgL™, was obtained from Okopedi
station while Oron station recorded the lowest COD value of 21.8+4.9 mgL™. Higher
values were obtained during the dry season (Appendix 2). Results obtained in this
study are comparable with values, 11.9-22.4 mgL™, reported by Onianwa et al. (2001)
for Ogunpa River and 27.75 mgL™ reported by Omo-Irabor et al. (2008) for Western
Niger Delta rivers. However, results obtained are lower than the maximum value of 50

mgL™* recommended for the natural water courses (WHO, 2008).
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4.1.10 Biochemical Oxygen Demand (BOD)

The aim of BOD test was to determine the amount of biochemically oxidisable
carbonaceous matter. The BOD values ranged from 0.89 mgL™ to 4.10 mgL™?, with
Ibaka and James Town stations having the highest BOD level of 2.30+0.61 mgL™ and
2.18+0.96 mgL™ respectively, while Nwaniba station, recorded the least BOD value of
1.51+0.54 mgL™ (Table 4.1). The BOD values reported were generally lower than the
maximum permissible limit of 10 mgL™ recommended by FEPA (1991) and fell within
the 6 mgL™ limit for drinking water quality (WHO, 2008). Like dissolved oxygen,
BOD also indicates the presence of organic pollution which could be attributed to
nonpoint sources (Kumar and Bahadur, 2009). Mean values obtained at different
stations are lower than values reported for different polluted rivers in Agbor (21.0 -
38.2 mgL™) by Rim-Rukeh et al. (2006). They are comparable with values from New
Calabar River, Port Harcourt (Odukuma and Okpokwasili, 1997), Ethiope River,
Ethiope (Agbaire and Obi, 2009) and Elechi Creek, Port Harcourt (Obire et al., 2003).

Sources of BOD includes leaves and woody debris, dead plants and animals, animal
manure, effluents from pulp and paper mills, wastewater treatment plants, feedlots, and
food-processing plants, failing septic systems and urban storm water runoff. Natural
waters with BOD values < 4.0 mg L™ are considered to be polluted with organic matter
but safe for drinking (Armah et al., 1999). The low BOD might be due to high input of
organic matter from domestic and municipal wastes which consumes the oxygen in the
water as it decays. A municipal refuse dump at the banks of the river may have

contributed to the increased level of BOD in the river although not significant.

4111  Chloride

The levels of chloride (CI') in surface water samples obtained are presented in Table
4.1. Results ranged from 120 mgL™ to 1830 mgL™, with a mean of 880+520 mgL™.
The highest chloride level was obtained from Ibaka station with a mean value of
1540+180 mgL™ attributed to marine intrusion, while James Town recorded the lowest
level of 490+160 mgL™. Chloride levels for most stations were mostly above the WHO
guideline limit (250 mgL™) for drinking water quality (WHO, 2008). Chloride levels
obtained were far higher than those reported from Esi River, Warri (1.45+0.92 mgL™)
by Akporido (2010) and Ogunpa River, Ibadan (70.5 - 688.0 mgL™) by Onianwa et al.
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(2001). According to Kumar and Bahadur (2009), chloride is the most common

inorganic anion present in water.

4112  Fluoride

Fluoride concentrations obtained ranged from 0.002 mgLto 0.99 mgL™, with highest
mean level of 0.53+0.29 mgL™, obtained from Nwaniba station, followed by
0.39+0.32 mgL* and 0.38+0.19 mgL™ for James Town and Oron stations respectively
(Table 4.1). The mean (0.31+0.28 mgL™) fluoride obtained did not exceed the
permissible level for drinking water and fish production (HACH, 2003).

4113  Ammonia

Concentration of ammonia (NH,") was 0.38+0.30 mgL™ (Table 4.1). The maximum
and minimum values of 0.60+0.39 mgL™ and 0.16+0.13 mgL™ were obtained from
Nwaniba and Okopedi stations respectively. From all the sampling stations, the
average results showed that the wet season recorded higher levels of NH," than the dry
season (Appendix 2). Ammonia is toxic to aquatic life, especially fish even at very low
concentration. Also, ammonia can cause odour and taste problems at concentrations
above 1.5 and 35 mgL™, respectively (WHO, 1996).

4.1.14  Nitrate

Nitrate (NO3) levels ranged from 2.1 mgL™ to 40.4 mgL™. The maximum value of
28.749.3 mgL™ was obtained from Nwaniba station while the minimum value of
3.1+0.5 mgL™ was obtained from Okopedi Itu (Table 4.1). Higher nitrate levels were
obtained during the dry season. Results obtained in this study are higher than values
reported for asphyxiated mangrove swamp of Qua Iboe River estuary (Essien et al.,
2009b), but show equivalent values with the reports for Western Niger Delta River
(5.83 mgL™) (Omo-Irabor et al., 2008) and Densu River (0.13-5.21 mgL™) (Fianko et
al., 2010). Nitrate levels obtained fell below the WHO maximum permissible limit of
50 mgL. According to WHO (2008), high nitrate values leads to eutrophication which
gives rise to unpleasant taste and odour, colours the water, and affects the dissolution
of other gases, most especially dissolved oxygen as a result of algal bloom (Mustapha,
2008).
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4.1.15 Nitrite

Nitrite concentrations ranged from 0.01 to 0.69 mgL™ (Table 4.1). Nwaniba station
recorded the highest mean value (0.33+0.25 mgL™). The highest value (0.69 mgL™)
was obtained during the dry season (Appendix 2). According to Hasan et al. (2009),
the different forms of nitrogen are relatively stable in most rivers with ammonia
transforming into nitrite, and nitrite slowly transforming into nitrate in well
oxygenated rivers. Decomposing organic matter releases ammonia, which is converted
to nitrate if oxygen is present (Boyd and Turker, 1998). All inorganic forms of
nitrogen (NO3’, NO, and NH,") can be used by aquatic plants and algae. However, if
this exceeds 0.3 mgL™ (as N) in wet season, it will imply that there is sufficient

nitrogen to support dry season algae blooms (Tepe et al., 2005).

4.1.16 Phosphate

Phosphate levels ranged from 0.01 mgL™ to 0.58 mgL™ (Table 4.1), with Nwaniba
station recording the highest value of 0.12+0.14 mgL™ High phosphate levels
recorded was attributed to the use of phosphate detergents in nearby streams and
phosphate fertilizers in nearby agricultural farmlands which enter the river through
surface runoff as previously reported by Adeyemo et al. (2008). Results obtained in
this study are low compared with reports from other rivers in the Niger Delta (Rim-
Rukeh et al., 2006; Nduka et al., 2008) and in Kano (Wakawa et al., 2008; Mustapha,
2008). Phosphate concentration obtained is below the tolerable limits of 2.0 mgL™
(WHO, 2008), but far exceeded natural background phosphate level in riverine waters,
usually ranging between 0.005 and 0.05 mgL™ (Koukal et al., 2004). High phosphate
and nitrate level can lead to eutrophication, which increases algal growth and
ultimately reduces dissolved oxygen levels in the water (Murdoch et al., 2001; De Wit
et al. 2002; Karikari and Bosque-Hamilton, 2004; Karikari et al., 2006).

4.1.17 Sulphate

Average sulphate level obtained was 30.9+9.0 mgL™ (Table 4.1). The highest value of
42.1+6.3 mgL™ was obtained from Ibaka station while Ayadehe station recorded the
lowest value of 26.4+1.0 mgL™. Results showed that higher sulphate levels were

obtained in the dry season in all the sampling stations except Nwaniba (Appendix 2).
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Sulphates are naturally present in surface waters, but atmospheric precipitation can
also add a significant amount of sulphates to surface waters. Results obtained are
higher than the mean value (3.3+0.4 mgL™) reported by Essien et al. (2009b) for Qua
Iboe estuary, and lower than values reported for River Challawa in Kano (Wakawa et
al., 2008), but is lower than the tolerable limits of 500 mgL™ (WHO, 2008). The
results compared favourably with values reported for the New Calabar River and about
3 times higher than those reported for some surface waters in Warri (Nduka et al.,
2008).

4.1.18 Pearson Correlation Analysis of Physicochemical Parameters

The correlation analysis for the physicochemical parameters in surface water (Table
4.2) showed significant positive correlations (r>0.500 at p<0.05) between electrical
conductivity (EC) and total hardness (r = 0.695), EC and TDS (r = 0.664), EC and
SO4% (r = 0.501); TDS and hardness (r = 0.737), TDS and NH," (r = 0.530), TDS and
NOj3 (r = 0.540), TDS and NO;, (r = 0.564); alkalinity and CI" (r = 0.625), alkalinity
and BOD (r = 0.516); NOs” and NO,™ (r = 0.781); and NH;" and NO3™ (r = 0.659).
Significant correlation between conductivity, alkalinity, total hardness, TDS, SO,%,
NOs, NO;, and NH," indicate a natural origin and/or a common source of

contamination of these parameters.

4.2 TRACE METALS LEVELS IN SURFACE WATER OF CROSS RIVER
Results of trace metal concentrations and seasonal variation of the studied metals in
surface water of Cross River are presented in Appendix 3 and Appendix 4 respectively.

Mean concentration results for all the studied stations are presented in Table 4.3.

4.2.1 Cadmium

Cadmium level in surface water ranged from 1 pgL™ to 55 pgL™ with mean value of
16+13 pgL™. The highest mean Cd concentration of 21+16 pgL™* was obtained from
Nwaniba station (Table 4.3). The mean Cd level in all the stations exceeded the WHO
guideline value (3 pgL™) for drinking water (WHO, 2008).

422 Lead
Lead levels in surface water ranged from 1 to 89 pgL™. Both James Town and Ibaka

stations recorded higher levels of Pb while Nwaniba station recorded the least Pb level

104



Table 4.2. Pearson correlation coefficient (r) of physicochemical properties in Cross River system

Temp Alkalinity Turbidity TDS (E:Lerfé Hardness DO  COD BODs CI F NHS NO; NO, PO2  SOZ2
Temp. 1
Alkalinity ~ 0.288 1
Turbidity ~ -0.291  0.146 1
TDS 0387 0384 0324 1
E.Cond. 0138 0232 0211 0.664* 1
Hardness  0.162 0403 0413 0.737* 0.695° 1
DO 0450 -0.081 -0.456 -0.252 0.288 -0.495 1
coD 0301 -0.186 -0.225 -0.018 0.118 -0.131 0.363 1
BODs 0547° 0.516° -0.069 0.253 0.051 0.000 0.368 0.033 1
cl- 0033 0.625° 0170 0.119 0.079 0.163 -0.127 -0.127 0265 1
F -0.161 0222 0473 0299 0152 0.245 -0.381 -0.308 0.050 0299 1
NH,* 0629 0.326 0.087 0.530° 0409 0.384 0.080 0100 0511° 0213 0068 1
NO;~ 0.209 -0.063 0371 0.540° 0.481 0.567% -0.331 0.080 -0.053 -0.002 0.340 0.659° 1
NO, 0.248 -0.017 0.400 0564° 0.224 0362 -0.263 -0.263 -0.263 0.109 0.337 0.655° 0.781° 1
PO,> 0185 0272 -0.122 -0.096 -0.232 -0.153 -0.035 -0.035 0.217 0.102 -0.147 0.089 -0.041 0.053 1
Seka 0471 0336 0107 -0536 0.501° 0.571° -0.012 -0.012 0.343 0192 0.088 0.371 0289 0.095 -0.017 1

# Values are significant at p<0.05.
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Table 4.3. Trace metal concentrations (ugL™) of surface water samples from Cross River

Metal concentration

Sampling Station
station code Cd Pb Cr Cu Zn Ni Co
Okopedi Itu SC-1 442 1716 9+4 2949 213+101 18+11 1848
Ayadehe SC-2 12+9  25+9 18+14 3248  75+21 23+8 2746
Nwaniba SC-3 21+16 1245 1245 2049  63+24 15+14 1548
Oron SC-4 20118 14+9 16+14 25+£19 95+96 47+45 20+15
James Town SC-5 1749 28+14 36x17 49+19 138+76 99150 52+23
Ibaka SC-6 1244 2848 34+15 57+25 114431 100+46 58+19
MeanzSD 16+£13 22+14 21+16 3520 112+71 50+49 32122
Range 1-55 1-89 3-64 8-92 20331 5-191 2-91
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(Table 4.3). Results obtained compared favourably with River ljana, Ekpan (25-58
ngL™) and Esi River, Warri (39 pgL™) reported by Emoyan et al. (2006) and Akporido
(2010), respectively. On the other hand, mean results in this study were lower than
values reported by Aderinola et al. (2009) for Lagos Lagoon. Results obtained are
higher than mean values (10 ugL™) reported by Essien et al. (2009b) for asphyxiated
and healthy mangrove ecosystem of Qua Iboe estuary. However, results obtained from
all stations were above the WHO limit (10 pgL™) for drinking water (WHO, 2008),

indicating adverse Cd pollution.

4.2.3 Chromium

The range of Cr concentration (mean in parenthesis) for all stations was 3 — 64 (21+16)
ngL™. Only two stations, James-Town (36+17 pgL™) and Ibaka (34+15 pgL™)
recorded high Cr values in surface water (Table 4.3). The mean Cr level did not exceed
the maximum allowable concentration for drinking water quality (WHO, 2008).
Results obtained exceeded the 20 ugL™ values reported by Essien et al. (2009b) for
asphyxiated mangrove of Qua Iboe estuary. However, results obtained is comparable
with values reported for Cross River estuary (0.036+0.015) by Essien et al. (2009a)
and Iko River, Eastern Obolo (10 pgL™") by Benson and Etesin (2008).

4.2.4 Copper

The total Cu concentration in surface water was 35+20 pgL™. The highest value, 57
ngL™?, was obtained from Ibaka station. From all stations, results obtained were within
the permissible limit of 2000 pgL™ recommended for drinking water (WHO, 2008). Cu
shows higher levels during the dry season, than in wet season. The results obtained in
this study compared favourably with values reported for River ljana, Ekpan - Delta
(20-50 ugL™) by Emoyan et al. (2006), Abuloma River, Port Harcourt (50+10 pgL™)
by Nduka and Orisakwe (2010), Qua Iboe estuary, Ibeno (36+15 pgL™) by Essien et
al. (2009b).

425 Zinc

Zinc levels ranged between 20 pgL™ and 331 pgL™? (112471 pgL™) (Table 4.3).
Highest concentration, 213 pgL™, was obtained from Okopedi, followed by 138 pgL™
from James Town. Zn level was significantly higher during the dry season than in the

wet season. However, results were within the WHO limit (3000 pgL™) for drinking
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water quality. Zn levels obtained in this study were lower than values obtained from
other streams and rivers in the western Niger Delta as reported by Asonye et al.
(2007), but higher than the value (30 pgL™) reported by Essien et al. (2009b) for Qua
Iboe estuary, and compare favourably with values from River ljana, Ekpan reported by
Emoyan et al. (2006) and Esi River, Warri (107 ugL™) by Akporido (2010).

4.2.6 Nickel

The range of nickel levels in the river was from 5 to 191 pgL™ with a mean value of
50+4 ugL™ (Table 4.3). The highest value (100+46 ugL™) was obtained from Ibaka
station. Levels obtained are comparable with values reported by Abu and Egenonu
(2008) for New Calabar River, Port Harcourt, but lower than values reported by Nduka
and Orisakwe (2010) for Ubeji River, Ubeji-Delta State. Mean values from James
Town and Ibaka stations exceeded the WHO limit for drinking water quality (WHO,
2008).

4.2.7 Cobalt

The range of cobalt (Co) concentrations in this study was 2 — 91 pgL™ with mean
value of 32422 pgL™ (Table 4.3). The least Co level was obtained from Nwaniba
station (158 pgL™). However, maximum levels of 52+23 pgL™ and 58+19 pgL™ were
obtained from James Town and Ibaka stations respectively, which did not show high

contamination of Co in surface waters.

Correlation matrix analysis of trace metals in surface water showed a fairly strong
positive correlations (significant at p<0.05, df. = 64) between the pairs Cr and Cu (r =
0.787), Crand Ni (r =0.774), Cr and Co (r = 0.857), Cu and Ni (r = 0.721), Cu and Co
(r=0.886), Ni and Co (r = 0.804) and; Co and Pb (r = 0.608) (Table 4.4).

43  SEDIMENT QUALITY FOR CROSS RIVER

Results of physicochemical characteristics of bottom sediments are presented in Table
4.5 and Appendix 5. The results show the following ranges (means in parenthesis) for
temperature, pH, electrical conductivity (EC), nitrate, nitrite, phosphate, sulphate, and
TOC: 25.4-32.0 (28.6) °C, 5.78-7.51 (6.59), 1060-8510 (3400) uScm™*, 72-471 (179)
mgkg ™, 4.1-9.4 (6.3) mgkg ™, 75-250 (152) mgkg ", 49-449 (171) mgkg ™, and 0.57—
2.20 (1.10)% respectively (Table 4.5).
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Table 4.4. Pearson correlation coefficient (r) of trace metals in surface water from
Cross River system

Cd Pb Cr Cu Zn Ni Co
Cd 1
Pb 0.085 1
Cr 0.282  0.470 1
Cu 0.152 0.556* 0.787° 1
Zn -0.009 0.298 0.247 0.316 1
Ni 0.004 0.358 0.774* 0.721* 0.318 1
Co 0.054 0.608* 0.857* 0.886*° 0.279 0.804° 1

# Values are significant at p<0.05.
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Table 4.5. Physicochemical properties of bottom sediment samples from Cross River

. . Mean concentration and
Sampling stations

range

Parameters Okopedi Ayadehe Nwaniba Oron James Town Ibaka Mean+SD ’ Range
(SC-1) (SC-2) (SC-3) (SC-4) (SC-5) (SC-6) -

Temp.°C 28.1+2.3 28.2+2.4 28.5+2.6 28.9+2.4 28. 8+2.00 29.3+2.4 28.6+2.2 25.4-32.0
pH 5.86-6.88 6.39-6.77 5.78-7.22 6.21-7.51 6.06-6.86 6.24-6.95 - 5.78-7.51
E. Cond. (uScm™) 3000870 3450+490 3080+£1000 4430£2700 3360+1200 3080+1100 3400£1400 1060-8510
NO; (mgkg™) 213+28 221+29 95+13 376+50 91+12 81+11 179+110 72471
NO, (mgkg™) 5.7+0.8 6.4+0.9 4.610.6 7.8£1.0 6.4+0.9 6.9+0.9 6.3£1.2 4194
PO,* (mgkg ™) 197+37 198+20 122+21 109+19 90+13 154+11 151.6+40.0 75-250
S0,* (mgkg™) 201+27 213+28 358+47 6419 134+18 5617 171+110 49-449
TOC (%) 0.95+0.13 1.76%0.23 1.54+0.20 0.87+0.12 0.84+0.11 0.65+0.10 1.10+0.43 0.57-2.20
% Sand 63.9+1.8 61.3+1.7  77.1+15 83.2+53 89.9+45 92.1+4.6 77.9£13.0 59.5-974
% Silt 119405 17.2+14 12317 9.245.0 5.8+2.5 4.0£1.9 10.1+£5.0 2.0-18.3
% Clay 24.2+1.4 214409  10.6%1.2 7.60.3 4.3+2.8 3.9+2.8 12.0+8.4 0.6-25.8
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431 pH
The pH values ranged from 5.78 to 7.51. The highest pH value was obtained from
Oron station with values ranging from 6.21 to 7.51 (Table 4.5).

4.3.2  Electrical Conductivity (EC)
Mean conductivity was 34001400 uScm™.

4.3.3 Nitrate and Nitrite

The mean nitrate and nitrite obtained from this study were 179+110 mgkg™ and
6.3+1.2 mgkg™ respectively. The highest nitrate and nitrite concentration in sediments
were obtained from Oron station, with mean values of 376 mg kg™ and 7.8 mgkg™
respectively, while Ibaka and Nwaniba stations recorded the least nitrate (81 mgkg™)

and nitrite (4.6 mgkg™) respectively (Table 4.5).

4.3.4 Phosphates

Phosphate level was 152+40 mgkg™ (Table 4.5). The highest phosphate values
obtained from Okopedi and Ayadehe were 198+20 mgkg ™’ and 197+37 mgkg™
respectively (Table 4.5). Higher value may be due to farming activities and use of

phosphate detergents around the river.

4.3.5 Sulphates
Sulphate level was 171+110 mgkg™ (Table 4.5). The highest sulphate value of 358
mgkg™ in sediment was obtained from Nwaniba station during the dry season.

4.3.6 Total Organic Carbon (TOC)

TOC levels in sediments ranged from 0.57 to 2.20%. The highest mean value of
1.76+0.23% was obtained from Ayadehe station (SC-2) (Table 4.5). Mean values
obtained were quite lower than values reported for benthic and epipellic sediments by
Essien et al. (2009b). Davies and Abowei (2009) reported values of 1.43+0.17% for
Okpoka Creek. Previous studies have shown that higher TOC values (i.e.>3.0%) are
typically associated with fine sediments and lower TOC values with coarse sediments
(Salomons and Forstner, 1980; Cho et al., 1999; Essien et al., 2009a & b). Therefore,
the relatively low levels of TOC in sediments are indicative of low organic matter
associated with coarse sediments. The total organic carbon (TOC) is the sum of all
particulate organic carbon (POC) and dissolved organic carbon (DOC).
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4.3.7 Particle Size Distribution

The percentages of sand, silt and clay in bottom sediments ranged from 59.5 to 97.4
(77.9+13.0) %, 2.0 to 18.3 (10.1£5.0) % and 0.6 to 25.8 (12.0£8.4) % respectively
(Table 4.5). The river system showed a typical high sand composition (>60%) in all
the samples particularly at Ibaka station and James Town with maximum values of
92.1+4.6% and 89.9+4.5% respectively. Maximum values for clay and silt were
obtained from Okopedi and Ayadehe with percentage values of 24.2+1.4% and
17.2+1.4% respectively. According to Mudrock et al. (1997), the sand fraction is not
usually a good source of bioavailable contaminants. Therefore, the clay and silt
fractions with a greater surface area and more binding sites are more likely to adsorb
organic and heavy metal contaminants (ANZECC and ARMCANZ, 2000b; Simpson et
al., 2005). The clay and silt fractions are dominated by secondary silicates minerals
such as oxides of Al and Fe which adsorb most anthropogenic contaminants.
Therefore, Okopedi and Ayadehe stations are more prone to adsorbing anthropogenic

contaminants due to high surface area.

4.4 TRACE METALS IN SEDIMENTS FROM CROSS RIVER

The concentrations (ugg™ dry weight) of trace metals in sediments are presented in
Appendix 7. The ranges (mean values in parenthesis) for all stations are: 0.04-0.87
(0.50+0.24) for Cd, 32.7-87.6 (59.3+14.2) for Pb, 6.0-26.0 (15.945.3) for Cr, 41.1-
102.5 (71.8+16.7) for Cu, 107-155 (129+12) for Zn, 2.7-12.0 (6.6x2.3) for Ni and
2.8-11.1 (7.6x2.3) for Co (Table 4.6). Higher metal concentrations were mostly
obtained from Ibaka and Oron stations, while the least concentration varied from
station to station depending on the different forms of anthropogenic activities taking

place in the area.

441 Cadmium

Level of Cd in bottom sediment was 0.50+0.24 pgg™. James Town recorded the lowest
mean Cd concentration of 0.10+0.07 pgg™ while Ibaka and Okopedi stations recorded
elevated concentrations, 0.76+0.15 ugg™ and 0.73+0.05 ugg™, approximately seven
times higher than the value recorded at James Town station (Table 4.6). Cadmium
shows relatively similar concentration in the sediments from all stations except James
Town. Higher levels were obtained during the wet season than the dry season
(Appendix 8).
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Table 4.6. Trace metal concentrations (ugg™ dry weight) of sediment samples from Cross River system

Sampling stations

Metals
Okopedi  Ayadehe  Nwaniba Oron James Town Ibaka Mean+SD" Range

Cadmium 0.73+0.05 0.48+0.06 0.56+0.06 0.39+0.06 0.10+0.07 0.76+0.15 0.50+0.24 (48.0)° 0.04-0.87

Lead 59.7+49  47.3+50 67.3x53 65.3+49 39.0+6.4  77.3+9.9 59.3+14.2 (23.9)*  32.7-87.6
Chromium 7.6%x1.1 12.8+1.4 149+17 20535 17.3+20  23.5+1.8 15.9+5.3 (33.3)° 6.0-26.0
Copper 80+8 50+5 70x7 86+6 54+8 92+9 72417 (23.6)° 41-103

Zinc 121+10 130+10 126+11 128+10 125+11 144+10 129+12 (9.3)° 107-155
Nickel 7.4+0.5 5.7+0.5 6.8+0.8 10.3+1.4 3.2+0.4 6.0+0.8 6.6+2.3 (35.0)° 2.7-12.0
Cobalt 8.0+0.8 7.4+1.0 9.3+1.1 10.0+0.8 3.5+0.7 7.3+0.9 7.6+2.3 (30.2)° 2.8-11.10

& Coefficient of variation, CV (%) in parenthesis; ®SD = Standard deviation
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442 Lead

The average Pb level obtained in this study was 59.3+14.2 pgg™. Higher values of Pb
were obtained from lbaka (77.3+9.9 pgg™) and Nwaniba (67.3+5.3 pgg™) stations
(Table 4.6). Seasonal values revealed marked increase during the wet season than dry
season (Appendix 8). Lead is known to be sorbed onto sediments in river and marine
environment (Mostafa et al., 2009). The high Pb may be ascribed to localized
anthropogenic inputs from heavy traffic of tankers, cars and commercial cargo boats are
common. Mean Pb values from all stations recorded in this study were higher than those
reported for Ntawuogba Creek, Port Harcourt (2.28+2.50 mgkg™) and Ase River,
Asaba-Ase (1.15 -24.79 mgkg™) by Iwegbue et al. (2006) and Iwegbue et al. (2007)

respectively.

4.4.3 Chromium

Chromium levels in the sediments ranged from 6.0 to 26.0 ugg™ with mean of 15.9+5.3
ngg™ (Table 4.6). The highest Cr level (23.5+1.8 pgg™) was obtained from Ibaka
station. Higher values were obtained during the wet season (Appendix 8). The high Cr
recorded for Ibaka station during the wet season could be due to untreated wastewater
released from abattoir located by the bank of the river near sampling point. However,
values obtained from Oron and Ibaka stations were comparable with mean value
(21.16+2.19 mgkg™) reported by Iwegbue et al. (2007) for Ase River, Asaba-Ase,
Delta State.

4.4.4 Copper

The average Cu level obtained in this study was 71.8+17.3 pgg™. The highest Cu
concentration was obtained from Ibaka station with a mean value of 92+9 pgg™ (Table
4.6). From all the stations studied, results showed higher Cu values during the wet
season except Ibaka station (Appendix 8). Mean values obtained far exceeded values
reported for Ase River by Iwegbue et al. (2007), and Gulf of Aden, Yemen (Mostafa et
al., 2009). The mean values obtained were 72+17 pgg™ and this is about twice the
values reported by Essien et al. (2009a) for Cross River estuary. The high levels of Cu
in sediments may be ascribed to high inputs of organic matter coming from domestic
sewage and local food fermentation activity at the bank of the river. From all stations,
Cu concentrations exceeded the recommended values for unpolluted sediments (US-
EPA, 20009).
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445 Zinc

Zinc concentration in sediments ranged (mean level in parenthesis) from 107-155 (129
+12) pgg™ dry weight (Table 4.6). Maximum and minimum mean values were obtained
from Ibaka (144+10 pgg™) and Okopedi (121+10 pgg™). The wet season recorded
higher Zn levels than dry season (Appendix 8). Higher values were attributed to the

natural geology of the area.

4.4.6 Nickel

Nickel concentration in sediments ranged from 2.7 to 12.0 pgg™ with mean level of
6.6+2.3 pugg™. Nickel levels occurred in the order: SC-4>SC-1>SC-3>SC-6>SC-2>SC-5
(Table 4.6). Higher values of Ni were obtained during the wet season for all sampling
stations (Appendix 8). Maximum value, 10.3+1.4 ugg™, obtained in this study was
lower than values reported by Essien et al. (2009b) for Qua Iboe River estuary and
slightly higher than values reported by Iwegbue et al. (2007) for Ase River, Asaba-Ase,
Delta State. Mean results for the entire river system compare favourably with values
reported by Emoyan et al. (2006) for ljana River, Ekpan, Delta State.

4.4.7 Cobalt

Cobalt concentrations in sediments ranged between 2.8 and 11.1 (7.6+2.3) pugg™ (Table
4.6). Higher Co concentrations were obtained from Oron (10.0£0.9 pgg™) and Nwaniba
(9.3+1.1 pgg™) stations, while James Town station had the least concentration of
3.5+0.7 pgg™. The Co values obtained from the river were slightly lower than the 6.0—
27.5 ugg™ reported by Mostafa et al. (2009) for the Hadramout coastal area of Yemen.

4.4.8  Correlation Analysis of Sediment Metals

The inter-elemental correlation analysis of trace metals in sediment shows some strong
positive correlations between the pairs Pb and Cd (r = 0.749), Pb and Cu (r = 0.874) and
Co and Ni (r = 0.876) (Table 4.7). The significant correlations between the metals - Cd,
Pb, Cu, Ni and Co indicate a natural origin and or a shared contamination source for

these metals.
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Table 4.7. Pearson correlation coefficients for trace metals in sediments
of Cross River

Metals Cd Pb Cr Cu Zn Ni Co
Cd 1

Pb 0.749° 1

Cr -0.085 0.441 1

Cu 0.626° 0.874*° 0.426 1

Zn 0.279 0.530 0.637% 0.432 1

Ni 0.379 0.580* 0.040 0.633* 0.097 1

Co 0.520 0.692* 0.020 -0.550 0.186 0.876° 1

#Values are significant at p<0.05.
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45 EVALUATION OF POLLUTION STATUS OF METALS IN SEDIMENTS
FROM CROSS RIVER

Two different approaches were used for assessing the pollution status of bottom
sediments in Cross River:
(@) The Enrichment Factor (EF) analysis and,

(b) Comparison of levels obtained in this study, with sediment quality guidelines.

45.1  Enrichment Factor (EF) Analysis
The EF represents the actual contamination level (Acevedo-Figueroa et al., 2006; Sakan
et al., 2010), and is used to determine whether levels of metals in the sediments are of
anthropogenic origin. The factor was calculated as suggested by Loska and Wiechula
(2003) and Suthar et al. (2009) using the equation below:

EF (%) = € = Cun) , 109

(Cmax - Cmin)

Where,

Cx = the mean metal concentration in sediment sample (ngg™ dry weight),

Cmax = the maximum metal concentration in sediment (ugg™) determined during the

study,

Cmin = the minimum metal concentration (ugg™) determined during the study.
Results of analysis showed that Cd enrichment factor, EF (Cd) ranged from 6.6 to 86.7,
EF (Pb) from 11.5 to 81.2, EF (Cr) from 7.9 to 87.5, EF (Cu) from 13.7 to 82.6, EF (Zn)
from 29.5 to 76.0, EF (Ni) from 5.2 to 81.7 and EF (Co) from 8.4 to 86.7. The
maximum EF value for most metals (Cd, Pb, Cr, Cu and Zn) in the river system was
recorded at Ibaka station (SC-6) while Ni and Co showed maximum EF at Oron station
(Table 4.8) suggesting point source of metal pollution. When EF approaches unity, the
source is considered to be of lithogenic origin. On the other hand, James Town showed
lower EF values for Cd (6.6%), Pb (11.5%), Ni (5.2%) and Co (8.4%).

4.5.2 Sediment Quality Guidelines (SQGS)
Comparison of results with sediment quality guidelines (SQGSs)

The sediment quality guidelines used in this study are National Oceanic and
Atmospheric Administration (NOAA), Florida Department of Environmental Protection
(FDEP), Canadian Council for Ministers of the Environment (CCME) and Ontario
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Table 4.8. Enrichment factor values, EF (%) for metals in sediments from Cross

River system

Sampling  Station Enrichment factor, EF (%0)

Station code Cd Pb Cr Cu Zn Ni Co
Okopedi SC-1 829 491 7.9 62.3 295 501 625
Avyadehe SC-2 524 265 342 137 481 318 554
Nwaniba SC-3 620 631 446 467 393 445 782
Oron SC-4 418 593 725 720 444 817 867
James Town SC-5 6.6 115 567 209 382 52 8.4
Ibaka SC6 867 812 875 826 760 351 540
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Sediment Quality Guidelines (Tables 4.9). The metal concentration from each station
was compared with a series of these universal guidelines on sediment toxicity limits
(ANZECC and ARMCANZ, 2000a,b; CCME, 1999). Sediment quality guidelines
values referred to as the effects range-low or threshold effects level (ERL or TEL) and
effects range-median or probable effects level (ERM or PEL) (Long et al., 1995) were
used to propose the sediment quality criteria for the studied trace metals except for
cobalt. Each set of guidelines delineate three ranges in chemical concentrations where
adverse effects are observed rarely (<KERL or <TEL), occasionally (ERL-ERM or TEL-
PEL) and frequently (>ERM or >PEL) (Table 4.9).

Comparison of sediment quality from Cross River with NOAA, FDEP and CCME
sediment quality guidelines revealed that most of the stations recorded intermediate,
very low or no contamination level with respect to the different sediment quality
guidelines. The mean Cd level (0.50 pgg™) is below the ERL, TEL and LEL values of
the NOAA, FDEP and Ontario and guidelines values ranked as non-polluted.

About 36% of all the samples from different sampling stations recorded Cd values
greater than the TEL value (0.68 mgkg™) of FDEP guideline. Mean Pb concentration
(59.3 pgg™) is greater than the ERL values of 46.7 pgg™ and less than ERM values (218
ngg™) of the NOAA guideline, indicative of intermediate pollution for almost all the
stations. Results obtained showed that levels of Pb (100%) and Zn (70%) from most of
the stations analysed revealed values greater than threshold effect level (TEL) of the
FDEP guideline thereby ranking Pb and Zn as showing intermediate contamination
level. Copper and Zn showed intermediate level of contamination owing to the greater
levels of ERL, TEL and LEL values of the adopted guidelines. However, results
obtained were below the ERM, PEL and SEL values which could cause severe effects

on the aquatic fauna.

According to Wang and Qin (2006), the metals Pb, Cu and Zn coincides with
motorways and are associated with vehicular emissions. Therefore, the influence of
vehicular emissions is characterised by Pb and to a lesser extent by Cu and Zn. On the
other hand, agricultural activities/materials and other human activities could lead to the
introduction of Pb, Cu and Zn to the surrounding soils and hence into the rivers

(Alloway, 1995). Nickel concentration in all samples is less than the ERL/ERM values,
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Table 4.9. Comparison of sediment metal concentration (ugg™ dry weight) of Cross River with sediment quality guidelines (SQGs)

Mean levels NOAA FDEP CCME (marine) CCME (fresh) Ontario
Metal . Contamination level
(this study) . . .
ERL" ERM® TEL® PEL* IG° PEL* IG°  PEL* LEL SEL®
Low or no
Cd 0.50+0.24 (0.04-0.87) 1.2 9.6 068 4.21 0.7 4.2 0.6 3.5 0.6 10 W -
contamination
Pb 59.3+14.2 (32.7-87.6) 46.7 218 30.2 112 30.2 112 35.0 913 31 250 Intermediate
Lo
Cr 159453 (6.0-26.0) 81 370 523 160 523 160 373 900 2% 110 worno
contamination
Cu 71.8+17.3 (41-103) 34 270 18.7 108 18.7 108 35.7 197 16 110 Intermediate
Zn 129+12 (107-155) 150 410 124 271 124 271 123 315 120 820 Intermediate
Ni 6.6+2.3 (2.7-12.0) 209 516 159 428 ng* n.g* ng* ng* 16 75 No contamination
Co 7.6+£2.3 (2.8-11.1) n.g* n.g* ng* n.g* ng* n.g* ng* ng* 50* 50* Not ranked

YERL: Effects range low; *®ERM: Effects range median; TEL: Threshold effects level; “IG: Interim Guideline; *PEL: Probable effects level; ‘LEL: Low effect level;
°SEL: severe effect level, *n.g = no guideline; SQG = Sediment quality guideline.
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indicating no contamination. Similar conclusions derived from TEL/PEL of the FDEP,
CCME, and Ontario guidelines although lower than the NOAA, these criteria were still
lower than the proposed guideline value. But Cr shows no contamination with values <
ERL or TEL. The highest Cr value (26.0 ugg™) obtained from Ibaka station (SC-6) is
lower than the ERL (81 pgg™) and TEL (52.3 pgg™) values of NOAA and FDEP

guidelines respectively.

4.6 SPECIATION OF TRACE METALS IN SEDIMENTS

The pollution studies of trace metals in sediments cannot be better understood without
the examination of the distribution pattern of the metal species. The results of speciation
studies, fraction-specific concentration and percentage fractionation, of trace metals in
the sediment samples are presented in Appendices 9 and 10 respectively. Summary
results of speciation of trace metals in sediment samples among the stations are
presented in Table 4.10, and in Figures 4.1 — 4.4.

Assuming that bioavailability is related to solubility, then metal bioavailability
decreases in the order of exchangeable > reducible > oxidisable > residual fraction (Ma
and Rao, 1997). The residual phase represents metals largely embedded in the crystal
lattice of the sediment fraction and should not be available for remobilization except
under very harsh condition (Naji et al., 2010). The distribution of trace metals among
the three-steps BCR-SEP (exchangeable-water and acid soluble, reducible and
oxidisable) and the residual fraction essentially recorded highest metal partitioning of all
metals under study in the reducible fraction (Step 2). Generally, the distribution pattern
of Cd, Pb, Cr, Cu, Zn, Ni and Co among four BCR fractions follows the order:

reducible > oxidisable > exchangeable > residual for Cd,

reducible > residual > oxidisable > exchangeable for Ph, Ni and Co;

reducible > oxidisable > residual > exchangeable for Cr and Cu; and,

reducible > exchangeable > oxidisable > residual for Zn.

The result shows that chemical partitioning of trace metals in the sediment varies in the
river. Cadmium is found to be the most bioavailable (89.3%) of the analysed metals.
The trend of bioavailability of the seven trace metals in sediments follows the order:
Cd>Zn>Cu>Cr>Co>Ni>Pb. All the metals dominate in the reducible fraction, followed
by the residual fraction (as in Pb, Ni and Co) and the oxidisable fraction (as in Cd, Cr
and Cu). A significantly higher percentage of Zn binding to the non-residual fractions is
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Table 4.10. Fractionation of trace metal levels (with standard deviation and % fractionation in parenthesis) of modified

BCR protocol for Cross River

Metal concentration (in pgg™ dry weight)

Fractions
Cd Pb Cr Cu Zn Ni Co

Exchangeable 0.14+0.07 2.4+1.6 0.7+0.5 12.0+3.4 40.6+4.1 0.9+0.4 1.2+0.4
g (25.2) (3.7) (3.7) (16.0) (30.0) (12.7) (14.5)
Reducible 0.18+0.09 30.8+7.5 6.9+2.3 34.9+10.2 459+2.8 2.8+1.0 3.2+1.0
(34.1) (48.4) (41.0) (46.4) (34.7) (39.5) (40.4)
Oxidisable 0.17+0.09 6.4+1.1 5.6+x1.9 15.6+4 .4 25.0+2.0 1.2+0.4 1.4+0.4
(30.0) (10.3) (33.1) (20.7) (18.5) (17.3) (18.2)
Residual 0.06+0.03 24.1+6.8 3.8+x14 12.6+3.6 22.6+1.3 2.1+0.7 2.2+0.8
(10.8) (37.5) (22.3) (16.8) (16.8) (30.5) (26.9)
5" non-residual steps 0.49+0.02 39.7+154 13.1+3.3 62.4+12.3 113.0+11.3 4.9+1.0 5.8+1.1
© P (89.3) (62.4) (77.8) (83.1) (83.2) (69.5) (73.1)
Y 3-steps + Residual ~ 0.55+0.29 63.8+16.0 17.446.3  75.2+21.4 136.0+7.9 6.91+2.6 7.9+25
Pseudo-total 0.54+0.29 64.0+16.5 17.246.3 76.7+20.9 137.0+9.5 7.0+25 8.4+2.7




found in sediments. High percentage of Cu in the non-residual fractions is indicative
that Cu is more mobile and freshly deposited in sediments.

4.6.1 Speciation of Cadmium

Cadmium recorded about 89 % of total Cd concentration in the bioavailable (non-
residual) fraction. Cadmium was predominantly distributed in the reducible fraction
representing about 34.1% of total concentration and the least concentration of 10.8%
distributed in the residual fraction. The percentage distribution of Cd follows the order:

acid reducible>oxidisable>exchangeable>residual [Fig. 4.1(i)].

The mean Cd concentration was 0.54+0.29 pgg *. The highest Cd concentration was
obtained from Ibaka (SC-6) and Nwaniba (SC-3). The distribution of Cd in the residual
fraction is attributed to natural sources such as chemical weathering of igneous and
metamorphic rocks, as well as decomposition of biota detritus. Arain et al. (2008)
reported that high Cd was extracted predominantly in the exchangeable fraction which

represents the metal bound to carbonates or sorbed by the exchangeable fraction.

4.6.2 Speciation of Lead

The residual fraction recorded 37.5% of the total Pb in sediments leaving about 62.4%
in the non-residual (bioavailable) fractions. The highest total Pb concentration was
found in the reducible fraction, 48.4% (30.8+7.5ugg™) [(Fig 4.1 (ii)]. From all stations
studied, only Okopedi and Nwaniba recorded the highest bioavailable (50.4%) in the
reducible fraction giving only 2.4% Pb distributed in the exchangeable fraction
attributable to anthropogenic input of Pb into the river. The distribution pattern of Pb
among the fractions followed the order: reducible>residual>oxidisable>exchangeable
[Fig. 4.1 (ii)]. Generally, Pb concentrations in the non-residual fraction increases with
total Pb concentration suggesting that Pb in sediments is mostly due to anthropogenic
input (Fan et al., 2002).

The different distribution pattern of Pb among the stations confirmed the anthropogenic
source in these sediments with Ibaka (SC-6) station recording higher mobility and
availability than other stations. Among all the metals studied, Pb shows the highest
percentage fractionation in the residual fraction with about 37.5%, due to lithogenic

origin such as chemical weathering of igneous and metamorphic rocks, as well as
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decomposition of biota detritus. This agrees with the report of Sutherland and Tack
(2003) that high fraction of Pb was in the reducible fraction. Korfali and Jurdi (2011)
added that Pb behaviour is governed by sediment carbonate under reducing conditions.
Lead distribution shows a strong affinity for the reducible fraction, which accounted for
about 48.0 % followed by the residual fraction which accounted for about 36 - 38 % of

total metal in the river system.

4.6.3 Speciation of Chromium

The highest distribution of Cr (41.0%) was found in the reducible fraction followed by
oxidisable fraction (33.1%). In all, the bioavailable fractions accounted for 77.8% of the
total Cr concentration in sediments. The distribution of Cr followed the order: acid
reducible > oxidisable > residual > exchangeable [Fig. 4.2 (i)]. This trend agrees with
the report by Arain et al. (2008) who found low Cr distribution in acid exchangeable
fraction of lake sediment samples. Higher Cr in the reducible fraction was reported and
attributed to the oxidizing conditions of sediments that render the insoluble forms of the
ion (Korfali and Jurdi, 2011).

4.6.4 Speciation of Copper

Copper shows higher speciation in the reducible fraction, followed by the oxidisable-
organic fraction of sediments. Cu content of the bioavailable fractions were recorded as:
83.1% of the total. The distribution pattern for Cu followed the order: acid reducible >
oxidisable > residual > exchangeable [Fig. 4.2 (ii)]. The variation of Cu shows that only
about 17.0% of the total concentration was found in the residual fraction. However, this
does not agree with the report that ~44% of total Cu concentration was distributed in
non-residual fraction for sediments from Pearl River Estuary and Daya Bay, Southern
China by Yu et al. (2010). Under reduced conditions, Cu is bound to the organic
sediment fraction where organic contents under reduction conditions increase (Korfali
and Jurdi, 2011).

4.6.5 Speciation of Zinc

The distribution pattern in Zn for sediment samples follows the order: reducible >
exchangeable > oxidisable > residual [Fig. 4.3 (i)]. Results obtained shows that the
bioavailable (non-residual) fraction recorded mean concentration of 113+11 pgg™

(83.2%) of the total Zn concentration with only 16.8% partitioned in the residual
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fraction. This, however, is far greater than 30.0% for all the non-residual fractions
reported by Yu et al. (2010) for Pearl River estuary sediments. Apart from Cd, Zn
records the highest non-residual concentration of 83.2%. This distribution did not agree
with the report of Naji et al. (2010) for Klang River, who reported the order: residual >
acid reducible > oxidisable-organic > exchangeable. The authors reported mean value of
60.22 % for the non-residual fraction and a higher percentage of Zn (45%) in the
oxidisable-organic fraction attributable to different types of organic matter discharged
into the Klang River. In most stations, Zn concentrations were dominated in the
bioavailable fractions and less than 20% in the residual fraction indicating non-

lithogenic origin in the river system.

4.6.6 Speciation of Nickel

The mean concentration of the bioavailable fraction for Ni was 4.9+1.0 pgg™
representing about 69.5% of total metals in the sample (Table 4.10). The order of Ni
distribution among the three bioavailable and residual fractions was of the order:
reducible (39.5%) > residual (30.5%) > oxidisable (17.3%) > exchangeable (12.7%)
[Fig. 4.3 (ii)]. Ni in the residual fraction was attributed to natural sources such as
chemical weathering of igneous and metamorphic rocks, as well as decomposition of
biota detritus. Ni speciation in the reducible fraction mainly depends on the oxidizing
conditions of the sediment.

4.6.7 Speciation of Cobalt

Cobalt shows highest distribution in the reducible fraction (40.4%). The non-residual
(bioavailable) fraction recorded 73.1% distribution with mean value of 5.8+1.1 pgg™
(Table 4.10). The least metal distribution was found in the exchangeable (acid-soluble)
fraction with value of 14.5%. The distribution pattern of Co follows the order: reducible
> residual > oxidisable > exchangeable (Fig. 4.4). Only 26.9% of Co was found in the

residual fraction, and this was probably due to natural levels in the environment.
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47  ASSESSMENT OF TRACE METALS CONTAMINATION IN
SEDIMENT FRACTIONS
The determination of contamination factor of trace metals is very important for
indication of the degree of risk of trace metals to the environment (Nemati et al., 2009;
Naji et al., 2010). The individual contamination factors (ICF) for the various sampling
stations were calculated using the results of speciation (fractionation) study. The ratio
of the sum of concentration of the three non-residual fractions of the modified BCR
procedure to that of the residual fraction for each sampling station was calculated using

the equation below:

C

non-residual fraction
ICF =

metal C
Also, the global contamination factor (GCF) for each sampling station was also

residual

calculated by summing ICF for all the metals, as follows:
GCF = ) CFi
i=1

The individual and global contamination factors for the seven sediment trace metals
(Cd, Pb, Cr, Cu, Zn, Ni and Co) analysed are presented in Table 4.11. The highest ICF
factor for all trace metals are: 9.33 for Cd (Nwaniba), 1.89 for Pb (James-Town), 4.43
for Cr (James-Town), 5.01 for Cu (James-Town), 5.03 for Zn (lbaka), 2.57 for Ni
(Ibaka) and 4.05 for Co (Ibaka) with the lowest contamination factor value of 1.54 for
Pb obtained from Ibaka (Ibaka) station. Nwaniba, James-Town and lbaka stations
recorded the highest contamination for Cd, Pb-Cr-Cu and Zn-Ni-Co, respectively.

The individual contamination factor (ICF) is a reflection of the existing degree of
contamination of a water body by a pollutant and a measure of the risk to the food
chain. Therefore, highest risk of these trace metals was found at Ibaka station.
Conversely, the least risks of the metals were calculated at Oron stations (SC-4). The
mean individual contamination factor in sediments for all sampling stations follows the
order: Cd >Zn > Cu > Cr > Co > Ni > Pb. On the other hand, the global contamination
factor (GCF) analysed from the individual contamination factor (ICF) values shows
that the upstream and downstream stations were highly impacted by metal pollutants.
The highest GCF value is 29.24, ranging from 28.24 — 29.24. Therefore, the results
obtained in this study showed that Nwaniba and Ibaka stations had the highest
potential risk to fauna and flora.
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Table 4.11. Individual and global contamination factors of trace metals in
sediments from Cross River

Stations ek - GCF
Cd Pb Cr Cu Zn Ni Co
Okopedi 844 166 352 495 501 236 252 28.46
Ayadehe 920 166 343 496 5.02 234 251 2912
Nwaniba 933 166 342 495 502 234 251 2924
Oron 9.00 159 342 494 500 233 251 28.80
James Town 700 189 443 501 500 227 265 2824
Ibaka 740 154 348 495 5.03 257 405 29.03
Mean 840 167 362 496 501 237 279
Min 7.00 154 342 494 500 227 251
Max 9.33 189 443 501 5.03 257 4.05
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48 CHEMICAL SPECIATION OF METALS IN SURFACE WATER
USING PHREEQCI MODEL

Aqueous metal speciation was modelled using PHREEQCI version 2.18.5134
computer geochemical model in order to assess the chemical species/complexes
present in the water, and the saturation states of the various minerals in water. Surface
water contains natural organic matter and particles, both of which react with metals to
reduce their bioavailability. Often, more than 90% of the metal present in the water is
adsorbed on to particles or complexed with organic matter (Tepavitcharova et al.,
2011). Therefore, speciation of metals in water is critical to understanding metal
behaviour in an aquatic system as well as metal speciation in sediment. The forms of
chemical species of toxic metal in a water column, i.e. the organic and inorganic metal
complexes and the free solvated metal ion could be used as a predictor of
bioavailability to a particular aquatic organism. The free ion activity model (Morel and
Herring, 1993), states that there is a correlation between the toxicity of a metal to an

organism and the thermodynamic activity of the free aqua metal ion in solution.

The chemical behaviour of the metals and their species in water systems depends on
the anion concentrations (e.g. OH", CO2-, HCO;, SO, CI, PO, NO;, NO3)

and the metal ability to coordinate predominantly with some of the anions. The
solution composition of water quality parameters used for speciation modelling is
presented in Table 4.12. The water speciation data of the different significant species
of trace metal in solution showing their molar concentrations and percentage

distribution are presented in Appendix 11.

4.8.1 Speciation of Cadmium

The different Cd species distributed were the chloride complexes, CdCI*, CdCl,,
Cd(Cls)", the bicarbonate species, Cd(HCO3)*, the free hydrated Cd** and Cd(OH)CI.
The total Cd concentration in surface water was 1.43x10~" M. Dissolved Cd in natural
water system occurs in the +2 oxidation state. The uncomplexed free hydrated ion,
Cd?*, showed predominance ranging from 5.3 to 16.4% in all the stations sampled
[Fig. 4.5 (i)] with James Town station (16.4%) recording maximum values. Cadmium
species was dominated by inorganic chloride complex, CdCI* (79.5 — 82.3%), while
CdCl; recorded percent abundance ranging from 4.0 to 10.2% with Okopedi station
recording the highest CdCl; species.
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Table 4.12. Solution composition (molL™) of water quality parameters in Cross
River

Sampling station

Parameters
SC-1 SC-2 SC-3 SC-4 SC-5 SC-6

lonic strength
(M) 1.96x10% 8.46x10° 2.04x102 2.94x102 8.27x10°  2.02x107

Alk (CaCO;) 564x10* 4.68x10* 6.15x10™* 1.18x10°  4.86x10™*  1.02x10°
HCO; 6.63x10* 5.89x10* 4.83x10° 4.08x10° 9.92x10*  7.01x10°
Ammonia 1.14x10° 1.50x10° 4.29x10° 2.65x10°  3.29x10°  3.22x10°

Nitrite 1.29x10° 1.72x10° 2.37x10° 2.79x10° ~ 4.72x10°  4.51x10°
Nitrate 2.27x10" 3.56x10* 2.06x10° 5.53x10*  1.01x10®  1.06x10°
DO 5.12x10* 5.39x10” 4.04x10" 4.46x10* 5.14x10"  4.42x10™
Chloride 3.72x10% 1.50x10” 3.66x10° 5.58x102 1.38x10°  3.65x107
Fluoride 1.01x10° 4.27x10° 2.80x10° 1.99x10°  2.05x10°  1.50x10°

Phosphate 2.10x10° 1.94x10° 3.72x10° 3.01x10° 8.72x107  1.52x10°
Sulphate 2.86x10* 2.75x10” 3.29x10” 3.18x10*  2.83x10”  4.39x10™
Cadmium 3.56x10° 1.07x107 1.87x107 1.78x107  1.51x107  1.07x107
Lead 8.22x10° 1.21x107 5.80x10° 6.77x10°  1.35x107  1.35x107
Chromium 7.77x10°% 1.55x107 1.04x107 1.38x107  3.11x107  2.94x107

Copper 457x107 5.04x107 3.15x107 3.94x107  7.72x107  8.99x10”
Zinc 3.26x10° 1.15x10° 9.65x107 1.46x10° 2.11x10° 1.75x10°
Nickel 3.07x107 3.92x107 2.56x107 8.03x107  1.69x10°  1.71x10°
Cobalt 3.06x107 4.58x107 2.55x107 3.40x107 8.83x107  9.86x10”
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Other significant Cd species like CdCl -, and Cd(HNO3)" also recorded (8.9%) is
undissolved and occurs as precipitates (CdCl,), sorbed ions or as surface coatings on
minerals or as suspended organic matter. Other possible species are Cd(HCO3)" and
CdCl; which account for about 0.1% each.

4.8.2 Speciation of Lead

Five different lead species showed significant distribution in the river system
including, the free hydrated species (Pb?*), chloride complex (PbCI*) and neutral PbCl,
salt, neutral PbCO; salt, PbOH* and PbNO* species. The free hydrated ion (Pb*")
showed predominance (42.1 — 69.7%), followed by PbCI" (16.6 — 41.4%), PbCl, (0.8 —
6.4%), PbCO3 (0.9 — 22.1%), and PbOH™ was between 0.2 and 5.9% while only 0.1 —
1.1% was recorded for Pb(NO3)" [Fig. 4.5 (ii)]. Amongst the different stations, the free
hydrated species recorded distribution ranges between 42.1 and 69.7% with James
Town station (low | = 0.0083M) having the highest distribution. The carbonate species
showed significant distribution at Okopedi (22.1%), Ayadehe (21.1%) and James
Town (7.2%) though not predominant, as reported earlier by Ettler et al. (2008) for
waters polluted by municipal solid waste landfill leachate. Tepavitcharova et al. (2011)
reported higher Pb?* species at lower ionic strength (1=0.36) while higher values for

Pb(Cl,)* was reported at higher ionic strength (about 1=0.98).

4.8.3 Speciation of Chromium

Chromium is found in natural water system in two main oxidation states as, Cr(Ill) and
Cr(VI). While Cr(I11) is needed for metabolism, Cr(VI) is toxic and carcinogenic to
living organisms and is highly mobile. From the result, Cr(Ill) ion was the dominant
Cr species in solution with the hydroxyl complexes Cr(OH)** (25.7-89.4%) and
Cr(OH)," (6.5-69.7%) showing significant abundance [Fig. 4.6 (i)]. The uncomplexed
hydrated species (Cr**) and neutral hydroxyl salt (Cr(OH)s) were generally below 5%
in all stations of the river. The complexed species dominated the solution system.
Higher values were recorded for complexed hydroxyl species Cr(OH)," at Okopedi
(89.4%), Ayadehe (89.1%), and James Town (73.3%) while Nwaniba (69.7%), Oron
(51.2%) and Ibaka (67.3%) recorded higher distribution values for Cr(OH)*" as the
predominant species. The free hydrated species (Cr®") showed significant
concentration only at Nwaniba (4.2%) and Ibaka (3.5%) stations. The presence of the

complexed hydroxyl species rendered the metal non-bioavailable to the aquatic biota.
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4.8.4 Speciation of Copper

Dissolved copper in natural water system occurs in two oxidation states, i.e. Cu(l) and
Cu(ll). The speciation results showed that about 68.3% of the total Cu concentration
was dominated by Cu(l), while 31.7% existed as Cu(ll). The most toxic copper species
is the free cupric ion (Cu?*), but other forms like CUOH* may be of concern when pH
increases above 7.5. The complexed Cu(l) species indicated dominance of complexed
chloride species, CuCl,” (66.6-83.2%) and CuCls* (8.9-33.1%) and the free hydrated
Cu” ion (0.5-8.9%) [Fig. 4.6 (ii)]. The significant Cu (I1) species in solution were the
free hydrated Cu®* ion (36.2-88.1%), neutral CuCOs; salt (3.3-46.5%), and the
complexes of CUOH™ (0.9-13.4%) and CuCl* (1.2-6.3%). Other significant species
distributed included the neutral CuSQO;, salt and the complexed Cu(PO,4) [Fig. 4.7 (i)].
The maximum content of the free hydrated Cu?* species was obtained at Nwaniba
station (88.1%) and Ibaka (84.9%) while Okopedi station recorded the least (36.2%)
due to the predominance of the neutral CuCO3 (46.5%). Okopedi and Ayadehe stations
indicated comparable dominance of both the free hydrated ion and the neutral
carbonate salt (CuCO3) due to their comparable pH and alkalinity levels.

The model result also indicated that the neutral sulphate salt (CuSO,) showed
significant abundance in all the stations studied ranging from 0.8 to 2.9% with Ibaka
station recording the highest distribution. Higher percentages of Cu®* species recorded
in this study agrees with values reported for seawater and hyper saline waters at higher
ionic strength (1=0.37, 0.96) (Tepavitcharova et al., 2011). The competiting nature of
the neutral carbonate salt (CuCOg3) at Okopedi and Ayadehe stations thereby reduces
bioavailability of the free hydrated species of Cu®*. Copper toxicity is mostly attributed
to the free Cu®" and CuOH*, and not the inorganic complexes. In some cases,

Cu,(OH),%" is also toxic although no significant distribution was recorded in this study.

4.8.5 Speciation of Zinc

Zinc has only one significant oxidation state, Zn (11). Results from the model indicate
that the free hydrated species (Zn*) is the most soluble and dominant chemical species
in surface water ranging from 89.7 to 94.3% of the total Zn in solution. Other
significant species included complexes of ZnCI* (1.9-5.8%), Zn(HCO3)" (0.8-1.6%)
and neutral salts of ZnSO,4 (1.8-3.1%) and ZnCl;, (~0.1%). The highest content of the
free hydrated species, Zn** (94.3%) was recorded at James Town station [Fig. 4.7 (ii)].
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Fig. 4.7. Distribution of Cu (II) (ii) and Zn (1) (ii) species in Cross River surface water
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4.8.6 Speciation of Nickel

Nickel like Zn has only one significant oxidation state of +2. The free hydrated species
(Ni?") is the most soluble chemical species recording approximately 98% distribution
in all the stations of the river system studied. Other significant chemical species
included the neutral sulphate (NiSO,), the chloride (NiCI*) and nitrate (NiNO3")
complexes recording approximately 0.1 — 0.3% distribution [Fig. 4.8 (i)].

4.8.7 Speciation of Cobalt

Cobalt may occur in solution both as Co(ll) and Co(lll) oxidation states with Co(ll)
dominating. The free hydrated species (Co®*) was predominant, ranging between
67.6% and 98.2% of total Co®" concentration in all stations. The complexed species
available in the system also included the HCoO, (0.3-30.1%), CoCI" (1.3-4.4%) and
Co(NO3)" (~0.1%). Among the stations studied, James Town station recorded the
highest the distribution of the free hydrated species, Co?*. The complexed species,
HCo0, ", showed significant levels at Okopedi (30.1%) and Ayadehe (15.3%) stations.
Okopedi and Ayadehe stations recorded about 67.6% and 83.4% of the free ionic Co®*
respectively, followed by the complexed species, H(CoO,) (30.1% and 15.3%), while
Nwaniba, Oron and Ibaka stations recorded 96.5%, 95.6% and 96.8% Co®* and 3.2%,
4.4% and 3.2% as CoCl" respectively [Fig. 4.8 (ii)].

49  CALCULATION OF SATURATION INDICES

It is very common that the interaction of surface water with certain mineral phases may
endanger the water quality. A water sample, when collected, is usually no longer in
contact with the mineral phases, and these phases may not be accessible. It is of
interest then to determine with what mineral phases the water is saturated or nearly so.
The calculated activities of the dissolved ions in water may be combined to produce
the appropriate activity product which may be compared with the solubility
equilibrium constant to show the degree of saturation of the water with various

minerals considered.

The saturation index (SI) is approximately equal to zero when water is at equilibrium
(balanced); that is, there is no thermodynamic tendency for net dissolution or net

precipitation of the mineral. When the SI > 0, the water is supersaturated with that
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mineral and would tend to precipitate. When SI < 0, the water is below saturation
(undersaturated) with respect to the mineral and dissolution of the solid phases would
be expected, and the water may be more likely to have a greater corrosive potential.
Due to thermodynamic and analytical errors, there will be a range of uncertainty for
the SI that must be taken into account. This uncertainty will vary according to both the

complexity of the mineral stoichiometry and input data errors.

The partial pressure of carbon dioxide (P., )and saturation indices (SI) for the

different mineral phases (Table 4.13) were calculated for the surface water samples
using the PHREEQC Interactive Version 2.18.0.5134 program with Lawrence
Livermore National Library (LLNL) thermodynamic (lInl.dat) database. The surface
water chemistry exchanges matter with the various minerals and gases within any
system resulting in a dissolution or precipitation of minerals. Equilibrium calculations
are most commonly used to assess whether surface water is in equilibrium with respect
to one or more minerals. The dissolution processes for most mineral phases examined
would be considered with a relatively large reservoir of CO; (g) in the surface water.

The high P, values provide dissolved CO, which means that the H,CO; supplies the

impurities in most of the mineral phase dissolution.

PHREEQC model is based on the ion association theory and can be used for speciation
modelling for dilute agueous solution with ionic strength less than 0.5. The surface
water samples from Cross River system studied have ionic strength (I) in the range of
0.0083 to 0.0294 M. Speciation modelling provides saturation indices that indicate
which reaction is thermodynamically possible, which mineral may be dissolving and
which may be precipitating in an aquifer system. The primary purpose of speciation
modelling is to calculate mineral saturation indices, which are indicators of saturation
state of a mineral with respect to a given water composition. In Cross River, the
surface water is undersaturated in most stations which indicate that most of the
elements are more likely to be found as dissolved species. The minerals - CdCr,0,,
CuCr,04, PbHPO, and Pb-Pyromorphite, Pbs(PO4)sCl showed some degrees of
oversaturation in all the stations and the saturation index values for these minerals are
in the range of 3.41 to 10.70, 2.88 to 10.52, 0.74 to 2.08 and 2.33 to 11.01 respectively
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(Table 4.13). Except for the minerals mentioned above, approximately 87% of the

samples indicate under

Table 4.13  Saturation Indices of some mineral phases in Cross River system
Saturation Indices (SI)

Phases log Ksp Formula

SC-1 SC-2 SC-3 SC-4 SC-5 SC-6
;%T:;”ength X" 196 0846 204 294 0287 2.02
Anglesite -3.60 -3.19 -356 -3.67 -3.02 -3.07 -7.91 PbSO,
Cerrusite -0.78 -0.64 -2.33 -1.69 -1.06 -1.69 -3.24 PbCO,
CrO, -0.65 -0.63 -419 -292 -155 -349 -19.14 CrO,
CdCr,04 9.78 10.70 3.41 573 9.00 453 15.00 CdCr,QO,
CuCr,Q4 10.09 10.52 2.88 516 9.01 470 16.22 CuCr,0O,
Cuprite -1.30 -0.68 -451 -416 -114 -348 -191 Cu,O
Hydrocerrusite ~ -3.49 -3.13 -9.75 -7.64 -5.01 -7.95 1.85  Phy(OH),(COs),
Malachite -2.76 -235 -749 -6.43 -3.36 -6.16 590 Cuy(OH),CO,
Nantokite -341 -333 -345 -354 -3.01 -3.01 -6.77 CuCl
Otavite -3.33 -2.68 -4.14 -3.65 -3.07 -410 -1.77 CdCO;
Paralaurionite -2.39 -255 -398 -3.44 -3.03 -356 0.20 PbCIOH
Pbs(PO.), -1.55 -0.92 -6.83 -551 -3.24 -6.25 -19.97 Pby(PO,),
PbHPO, 1.80 2.08 074 0.99 1.44 078 -1573 PbHPO,
Pyromorphite 10.27 11.01 233 446 758 3.39 -47.90 Pbs(PO,):Cl
Smithsonite 242 -301 -448 -3.63 -3.31 -393 044 ZnCOs;
Sphaerocobaltite -2.88 -2.76 -4.34 -3.54 -296 -3.45 -0.26 CoCO;
Tenorite -0.86 -0.69 -4.03 -341 -150 -343 7.65 CuO
Tsumebite 347 -2.96 -10.87 9.20 -546 976 253 :zz%“(':o“)(o'*k:
Zincite -2.72 -339 -6.38 -537 -428 -597 11.20 ZnO
ZnC0O3:H,0 219 -277 -424 -341 -3.07 -3.71 014 ZnCO3zH,0
CO, -248 -240 -086 -1.02 -1.78 -0.70 -7.83 CO,
0, -0.67 -0.65 -0.77 -0.73 -0.67 -0.73 -289 O,
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saturation with respect to other mineral phases studied as a reflection of some minor
presence in the river bed or system. Therefore, surface water composition was largely

controlled by the dissolution of chromate and phosphate minerals in the river basin.

410 SURFACE WATER QUALITY OF QUA IBOE RIVER

The results of physicochemical and trace metals analysis (as presented in Appendices
12 and 14) of surface water samples from Qua Iboe River system were used to assess
the water quality and to determine the pollution status of the river. The mean levels of

physicochemical properties are presented in Table 4.14.

4.10.1 Temperature
Average temperature of the surface water was 29.6+2.9 °C, and dry season samples

recorded higher temperature values (Appendix 13).

4.10.2 pH
pH ranged from 6.49 to 7.34 pH. The highest pH value was obtained from Iwuokpom 1
station (SQ-1) while the least value (pH 6.49) was obtained from Eketai station.

4.10.3 Total Alkalinity

Mean alkalinity was 61+35 mgL™ and ranged from 17 to 132 mgL™ (Table 4.14).The
highest concentration 93+17 mg L™ was obtained from lwuokpom 2 station. Higher
alkalinity values were obtained during the dry season as revealed at lwuokpom 2
station with value of 101 mgL™ (Appendix 13). The mean value in this study is higher
than values, 13.9+3.8 mgL™, 1.65 mgL™, and 1.76-28.0 mgL™ reported for Esi River,
Warri (Akporido, 2010), Ethiope River (Agbaire and Obi, 2009) and Ogunpa River
(Onianwa et al.,2001) and lower than values (47.1-226.0 mgL™) reported for Elechi
Creek (Obire et al., 2003). However, at all stations, results obtained are within national
and international guideline value of 200 mgL™ for drinking water quality (FEPA.
1991; WHO, 2008).

4.10.4 Turbidity
Turbidity levels ranged between 25.4 and 85.4 (50.5+16.0) NTU (Table 4.14). The
highest turbidity concentration (70.4+11 NTU) was obtained from Atabong station.
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Table 4.14. Physicochemical properties of surface water samples from Qua Iboe River

Sampling stations/Code

Parameters™ Iwuokpom 1 Ilwuokpom 2  lwuochang Eketai Atabong Marina Mean+SD Range
(SQ-1) (5Q-2) (SQ-3) (SQ-4) (SQ-5) (SQ-6)

Temperature® 28.9+2.8 29.2+ 2.9 29.8+3.0 29.5+2.7 30.1+3.2 30.1+3.11 29.5+2.8 25.1-34.6
pH (range) 7.01-7.34 6.92-7.27 6.69-7.21 6.49-6.82 6.52-6.97 6.54-6.88 6.89+0.24 6.49-7.34
Alkalinity 81.0+15 93+17 57.5+22 25.0+10 33.4+14 28.3+8.8 61.3+35.1 17-132
Turbidity® 40.0+4.9 37.7£5.3 56.2+5.2 32.2+4.2 70.4+11.0 52.7+5.0 50.5+16.0 25.4-85.4
TDS 668+94 833£150 390+87 154+26 264181 202+28 4954315 113-1300
E. Conductivity® 1630 £190  1990+220 9724210 385166 661161 504+78 1210£740  288-3182
Total Hardness 27+10 2445 21+2 242+79 669+200 579+260 222+290 17-1003
Dissolved Oxygen 7.0+£1.4 7.3¥1.5 5.8+1.5 6.9+0.9 5.3+0.4 6.3+0.9 6.4+1.3 3.9-9.3
COoD 25.3+1.7 20.5+1.3 19.2+1.5 24.6+2.7 18.9+1.6 18.2+1.9 21.9+3.8 14.4-30.9
BODs 2.94+0.40  2.81+0.44  2.76+0.52  3.25+0.67  2.76£0.48  2.78+0.63 2.80+0.73  1.14-4.20
Chloride 1150+280  1330+330 714+190 292+92 498+150 338+73 860+550 172-2422
Fluoride 1.05£0.08  1.05+0.07  0.14+0.03  0.06+0.03  0.10+0.05  0.17+0.04 0.53+0.48 0.003-1.21
NH;z-N 0.36£0.29  0.34+0.25 0.49+0.26  0.64+0.33  0.61+0.29  0.47+0.24 0.46+0.29  0.01-1.13
NO;-N 1.9+0.7 3.0+0.8 45114 46x1.1 9.8+2.7 6.1+1.8 4.6+2.9 1.3-14.4
NO; -N 0.03+0.03 = 0.05+0.02  0.09+0.c02  0.10+0.03  0.17£0.03  0.10+0.03 0.09+0.05  0.01-0.21
PO 0.1140.04  0.07+0.02  0.07+£0.02  0.13+0.02  0.11+0.02  0.12+0.02 0.10+0.03  0.02-0.15
SO& 33.24¢11.0  30.7£13.0 32.449.8 38.1+4.2 40.0+4.0 41.8+4.4 36.2+9.8 10.3-54.7

*All units are expressed in mgL* unless otherwise stated, *Temperature in °C, Electrical conductivity as pScm™, ® Turbidity in NTU.
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The mean turbidity was comparable with those of other rivers in the Niger Delta and
other parts of the world. Turbidity range of 21.0-29.4 NTU was reported for Orogodo
River by Rim-Rukeh et al. (2006), while Omo-Irabor et al. (2008) reported 33.3 mgL™
for rivers in Western Niger Delta and Dulo (2008) reported mean value of 41.5 NTU for
Nairobi River. Turbidity values obtained from all stations exceeded the WHO limit (2.5
NTU) for drinking water quality (WHO, 2008).

4.10.5 Total Dissolved Solids (TDS)

TDS levels ranged from 113 t01300 (495+315) mgL™. The highest value of 1300 mgL™
was obtained from one of the downstream stations, lwuokpom 2 with a mean value of
833+150 mgL™. This was attributable to marine intrusion from the coast of Atlantic
Ocean. Seasonal values obtained showed higher levels recorded during the dry season.
668+94 and 833+150 mgL™.

4.10.6 Electrical Conductivity (EC)

Electrical conductivity (EC) values ranged from 288-3180 uScm™ (Table 4.14). The
highest value of 1990+220 puScm™ was obtained from lwuokpom 2 station, while Eketai
station recorded the lowest concentration of 385+66 pScm™. Higher values of

conductivity were obtained during the dry season (Appendix 13).

4.10.7 Total Hardness
Total hardness ranged from 17 mgL™ to 1003 mgL™ (Table 4.14), with highest values of
479+350 mgL ™ recorded during the dry season for Marina station (Appendix 13).

4.10.8 Dissolved Oxygen (DO)

Dissolved oxygen values ranged from 3.9 to 9.3 mg/L and averaged 6.4+1.3 mgL™
(Table 4.14), indicating the presence of adequate dissolved oxygen to maintain aquatic
life. The highest DO value of 7.3+1.5 mgL™ was obtained at Iwuokpom 2 followed by
7.0+1.4 mgL™ at Iwuokpom 1. Higher values occurred during the dry season than the
wet season. Atabong station recorded the lowest DO level with a mean value of 5.3+0.5

mgL™.
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4.10.9  Chemical Oxygen Demand (COD)

The COD values obtained ranged from 14.4 to 30.9 (21.9+3.8) mgL™ (Table 4.14). The
highest COD value of 25.3+1.7 mgL™ was obtained from Iwuokpom 1 while Marina
recorded the least value of 18.2+1.9 mgL™. The COD values were significantly higher
during the dry season with the highest values of 26.2+1.8 and 26.5+1.8 mgL™ recorded

at lwuokpom 1 and Eketai stations respectively.

4.10.10 Biochemical Oxygen Demand (BOD)

The BOD values obtained ranged from 0.89 to 4.20 mgL™, with Eketai station recording
the highest average BOD value of 3.25+0.67 mgL™ (Table 4.14). Higher BOD values
were obtained during the dry season. The BOD levels reported fell within the
recommended and 0 - 6 mgL™ limit for drinking water quality (WHO, 2008), and also
within limit of 10 mgL™* recommended by FEPA (1991).

4.10.11 Chloride

Chloride levels ranged from 172 to 2420 mgL™" with mean value of 860+550 mgL™
(Table 4.14). Highest chloride level was obtained from Iwuokpom 2 station with mean
value of 1330+330 mgL™, while the lowest mean chloride value of 292+92 mgL™ was
obtained at Eketai station. Higher chloride levels were obtained during the dry season
(Appendix 13). The wet season samples recorded low chloride levels which may be
attributed to increased dilution by rainwater. Higher levels of chloride were recorded at
the downstream stations (Iwuokpom 1 and Iwuokpom 2) attributable to the influence of
intrusion of saline water from the Atlantic Ocean. The chloride content in this study,
generally, is above the permissible levels of WHO guideline limits (250 mgL™) for
drinking water quality (WHO, 2008). Values obtained are higher than those obtained for
Esi River, Warri (1.45+0.92 mgL™) (Akporido, 2010) and Ogunpa River (70.5-688.0
mgL™) (Onianwa et al., 2001).

4.10.12 Fluoride
Fluoride concentration ranged from 0.003 mgL™ to 1.21 mgL™. Both Iwuokpom1 and
Iwuokpom 2 stations recorded highest fluoride level of 1.05+0.07 mgL™ in this study.

The lowest value was obtained at Eketai station with mean value of 0.06+0.03 mgL™
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(Table 4.14). The concentrations are within the permissible level for drinking water and
water for fish production (HACH, 2003).

4.10.13 Ammonia
Average concentration of ammonia was 0.46+0.29 mgL™ (Table 4.14). Eketai station
(SQ-4) recorded the highest concentration of 0.64+0.33 mgL™. Higher concentrations

occurred during the wet season (Appendix 13).

4.10.14 Nitrate

Nitrate levels ranged from 1.3 to 14.4 mgL™ with mean of 4.6+2.9 mgL™*. Maximum and
minimum nitrate values, 9.842.7 mgL™ and 1.9+0.7 mgL were obtained from Atabong
and lwuokpom 1 stations respectively (Table 4.14). The wet season samples recorded
the highest nitrate values during the wet season except Atabong and Marina whose
source of nitrate is attributed to municipal sewage discharge into the river. Nitrate levels
in this study did not exceed the WHO maximum permissible limit of 50 mgL™ (WHO,
2008).

4.10.15  Nitrite

Nitrite levels obtained ranged from 0.01 to 0.21 mgL™ with mean value of 0.09+0.05
mgL™ (Table 4.14). Atabong station recorded the highest mean value of 0.17+0.03 mgL’
! Higher nitrite levels were obtained during the dry season than wet season (Appendix
13).

4.10.16 Phosphate

Average phosphate level in this study was 0.10+0.03 mgL™, with the highest value,
0.13+0.02 mgL™, obtained at Eketai station. Low phosphates values were recorded in
this study compared with reports from other surface water bodies in the Niger Delta
(Rim-Rukeh et al., 2006; Nduka et al., 2008). High phosphate from Eketai was
attributable to the use of phosphate detergents and use of phosphate fertilizers in nearby
agricultural farmlands which enters the stream through surface runoff as reported by
Adeyemo et al. (2008) for river sediment in Ibadan. Phosphate levels in this study are
within the WHO tolerable limit of 2.0 mgL™ (WHO, 2008)
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4.10.17 Sulphate

The average sulphate level obtained in this study is 36.2+9.8 mgL™ with Marina
recording the highest mean value of 41.8+4.4 mgL™, while the least value, 30.7+12.7
mgL™, was obtained from Iwuokpom 2. Results obtained showed that higher levels of
sulphate were obtained during the dry season in all the sampling stations (Appendix 13).
This was attributable to surface run-off from surrounding agricultural farmlands using
sulphate fertilizers for nutrient enrichment. Sulphate levels in this study were far higher
than mean value (3.3+0.4 mgL™) reported for Qua Iboe River estuary by Essien et al.
(2009b). However, results obtained were within the tolerable limits of 500 mgL™
(WHO, 2008).

4.10.18 Correlation Analysis of Physicochemical Parameters

The correlation matrix analyses of physicochemical variables in Qua Iboe River surface
water (Table 4.15) showed strong positive correlations, significant at P<0.05, between
the pairs alkalinity and TDS (r = 0.864), alkalinity and EC (r = 0.905), alkalinity and
chloride (r = 0.883), alkalinity and fluoride (r = 0.873); TDS and EC (r = 0.982), TDS
and chloride (r = 0.892), TDS and fluoride (r = 0.898); EC and chloride (r = 0.926), EC
and fluoride (r = 0.912). TDS showed the highest positive correlations with electrical
conductivity (r = 0.982). The significant correlation between the pairs is indicative of a

common source of contamination.

411 TRACE METAL LEVELS IN SURFACE WATER OF QUA IBOE RIVER
Results of trace element concentration and seasonal metal variation in surface water

samples are presented in Table 4.16 and Appendix 14 respectively.

4.11.1 Cadmium

The mean Cd concentration was 41+49 pgL™ with Iwuochang (100+32 pgL™) and
Atabong (105+43 pgL™) recording the highest significant Cd level. The downstream
stations near the Atlantic coast lwuokpom 1 and Iwuokpom 2 stations recorded very low
levels of Cd, 3+1 pgL™ and 4+4 pgL™ but the significantly high level at Iwuochang
could be related to the detritus materials and wastes dumped at the bank of the river. On
the other hand, high level obtained at Atabong was attributed to automobile tyre wear
from nearby highway and regular burning of automobile tyres by butchers at the river
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Table 4.15: Pearson correlation coefficient (r) of physicochemical properties of Qua Iboe River

Parameters Temp AlkalinityTurbidity TDS E:frf; Hardness DO  COD BODs CI F NHsN NO;-N NO,-N PO,* S0,
Temp. 1

Alkalinity 0.264 1

Turbidity 0.189 0.108 1

TDS -0.073 0.864* 0.032 1

E. Cond. -0.073 0.905* 0.046 0.982% 1

Hardness -0.111 -0.680* 0.243 -0.598* -0.611* 1

DO 0.601* 0.397 0.395 0.178 0.257 -0.381 1

CcoD 0.192 0.442 -0.180 0.400 0.449 -0.435 0.394 1

BODs 0.605° 0.307 0.086 0.075 0.133 -0.280 0.517 0.337 1

ClI 0.063 0.883* 0.094 0.892% 0.926* -0583* 0.258 0.484 0.171 1

F -0.021 0.873* -0.120 0.898* 0.918* -0.589* 0.349 0.500 0.122 0.853" 1

NHz-N 0.564* -0.160 -0.011 -0.362 -0.294 0.187 0350 0.140 0.431 -0.242 -0.320 1

NO; —N 0.118 -0.571 0.395 -0.559 -0.574 0.655" -0.327 -0.497 0.019 -0.544 -0.640" 0.073 1

NO, —N 0.481 -0.431 0.407 -0.543 -0.495 0.562° -0.067 -0.158 0.135 -0.424 -0.600° 0.467 0.750*° 1

PO 0.548% -0.237 -0.087 -0.393 -0.328 0.304 0.430 0.359 0.298 -0.263 -0.221 0.532" 0.149 0.496 1

S0~ 0.544* -0.061 0.161 -0.261 -0.147 0.280 0.439 0.129 0.376 -0.021 -0.178 0.494 0.194 0.480 0.582° 1

2 Values are significant at p<0.05
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Table 4.16. Mean trace metal concentrations (ugL™) of surface water samples from
Qua Iboe River

Sampling station

Metal concentration

Cd Pb Cr Cu Zn Ni Co
Iwuokpom 1 3+1 27£9 1746 48+15 205+89 26+10 46+18
Iwuokpom 2 4+4 19+6  18+8 35+12 141+73 165 32+12
Iwuochang 100+£32  14+7 40+14 34+14 104+36 12+4  18+27
Eketai 6+3 11+14 5150 19+7 68+26  8+5 7%3
Atabong 105+43 79453 110+35 210485 250481 200+57 126442
Marina 60+26 30+11 55422 97429 223483 169+69 104+36
Mean+SD 41+49  31+30 45+39 70+71 163+89 62+82 55+48
Range 1-167 1-220 3-171 9-345 34-391 2—-311 3-195
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bank. Results obtained in this study compares favourably with values reported for Iko
River, Akwa lbom (40 pgL™) by Benson and Etesin (2008) but lower than values
reported for Ubeji Creek, Delta (740 ugL™), Okirika River, Port Harcourt (160+40 pgL’
1), and Abuloma River, Port Harcourt (150+20 pugL™) by Nduka and Orisakwe (2010).
The mean Cd levels exceeded the WHO guideline limit of 3 pgL™ for drinking water
(WHO, 2008).

4.11.2 Lead

Average Pb level in surface water was 31+30 pgL™ ranged from 1 to 220 pgL™. The
highest Pb value (79453 pgL™) was obtained from Atabong while Eketai station
recorded the least value of 11+14 pgL™. High Pb at Atabong station was attributable to
discharged effluents from filling stations located around the site and also to the
cumulative effect of exhaust emissions from heavy duty trucks along the highway.
However, mean values from all stations exceeded the WHO maximum guideline value
(10 pgL™) for drinking water (WHO, 2008). Results obtained compared favourably with
River ljana (25-58 ugL™) and Esi River, Warri (39 pgL™) reported by Emoyan et al.
(2006) and Akporido (2010), respectively.

4.11.3 Chromium

The mean Cr level of 45+39 ugL™ (3 to 171 pgL™) was obtained in this study. Apart
from Iwuokpom 1 and lwuokpom 2 stations all the other stations studied recorded mean
values which exceeded the 20 pgL™ level reported by Essien et al. (2009b) for
asphyxiated mangrove ecosystem of Qua Iboe River estuary. However, the result
compares with those reported for River ljana (37 - 67 pgL™) by Emoyan et al. (2006).
The mean Cr levels at stations Iwuochang and Atabong exceeded the maximum

allowable concentration for drinking water (WHO, 2008).

4.11.4 Copper

Copper level in surface water ranged from 9 to 345 ugL™ with mean value of 70+71
pgL™. The maximum level was obtained from Atabong station (210+85 pgL™) followed
by Marina (97+29 pgL™) (Table 4.16). However, results obtained from all stations were
below the maximum limit of 2000 pgL™ recommended for drinking water (WHO,
2008). High Cu level was obtained during the dry season than in wet season. The high

Cu level in Atabong station was indicative of high organic matter input from
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municipal/domestic sewage into the river as reported by Khan and Khan (2003) for
littoral sediments in Chittagong, Bangladesh. However, values obtained in this study
compares favourably with reports for Okirika River (80+10 pgL™) and Lagos Lagoon
by Nduka and Orisakwe (2010) and Aderinola et al. (2009) respectively (197 pugL™).

4.11.5 Zinc

The range (mean value in parenthesis) of Zn obtained in this study is 34-391 (163+89)
ngL™ (Table 4.16). Almost all the stations except Eketai (68+26 pgL™) recorded high
Zn levels. The highest value was obtained from Atabong (250+81 ugL™) followed by
Marina (223+83 pgL™) both located within Eket urban. Zinc levels were significantly
higher during the dry season, attributed to heavy sewage discharge from urban sewage
lines in Eket urban. Zinc is frequently associated with sewage (Muniz et al., 2004).

The high Zn levels obtained from the downstream stations near Atlantic coast are
attributed to materials originating from the natural mineral composition of the coastal
areas which is rich in sulphide (Prieto et al., 2008). However, from all the studied
stations, Zn level fell within the WHO guideline limit of 3.0 ugL™ for drinking water
(WHO, 2008).

4.11.6 Nickel

Nickel levels in this study ranged from 2 pugL™ to 311 pgL™ with mean value of 62+82
ngL™. Atabong station recorded the highest mean value of 200457 pgL™ while Eketai
recorded the lowest value of 8+5 ugL™ in this study. Results obtained show higher Ni
levels than those reported for asphyxiated mangrove swamp of Qua Iboe River by
Essien et al. (2009b), but lower than values reported for Ubeji River (Nduka and
Orisakwe, 2010) all in the Niger Delta.

4.11.7 Cobalt

The mean Co level in this study was 55+48 pgL™* with values ranging from 3 to 195
HgL™. Eketai station recorded the lowest Co level (7+3 pgL™) while the highest level
(126 pgL™) was obtained from Atabong station. Almost all stations except lwuochang
recorded higher levels of Co during the dry season with maximum value of 159+26 ugL”
! for Atabong and 131+29 pgL™ for Marina (Table 4.16, Appendix 15). Cobalt is a
transition metal that is a micronutrient for the growth of plants and animals.
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Concentrations of cobalt in natural water are generally less than a few micrograms per
liter (Hem, 1989).

The Pearson correlation coefficient analysis of trace metals concentrations shows
significant strong correlations (r>0.800, p<0.05, df.=70) between the pairs: Cu and Ni,
Cu and Co; Zn and Co and Ni and Co (Table 4.17). But, few metals shows moderately
positive correlations (r>0.500), including the pairs: Cd and Pb (0.528), Cd and Cr
(0.675), Cd and Cu (0.672), Cd and Ni (0.605), Cd and Co (0.528); Pb and Ni (0.695),
Crand Zn (0.524) and Ni and Zn (0.685).

4.12 SEDIMENT QUALITY OF QUA IBOE RIVER SYSTEM

Mean results of physicochemical characteristics of bottom sediments are presented in
Table 4.18.

4121 pH
The pH value obtained from sediment ranged from 6.56 to 8.11. lwuokpom 1 station
recorded the highest pH value which ranged from 6.67 to 8.11 (Table 4.18). However,

there was no significant variability in the pH range across all the stations under study.

4.12.2 Electrical Conductivity (EC)

Mean conductivity level obtained for the river system was 9460+4700 pScm™. Higher
values were obtained from Iwuokpom 2 (1520042500 pScm™) and Iwuochang
(1350042400 pScm™) attributable to chloride influence owing to the tidal intrusion of

marine water from Atlantic Ocean.

4.12.3 Nitrate and Nitrite

Mean value (range in parenthesis) of nitrate obtained was 167+30 mgkg™ (113 — 234
mgkg ™) while nitrite 6.1+1.6 mgkg™ (3.0 — 9.1 mgkg™) was obtained for nitrite. The
highest nitrate level with mean concentration of 205+29 mgkg™ was recorded at
Iwuochang station while lwuokpom 2 recorded the highest NO, concentration of
7.2+1.9 mgkg* (Table 4.18).

153



Table 4.17. Pearson correlation coefficient (r) of trace metals in surface water from
Qua Iboe River system

Metals Cd Pb Cr Cu Zn Ni Co

Cd 1.000

Pb 0.528%  1.000

Cr 0.675% 0.711* 1.000

Cu 0.672% 0.880° 0.794* 1.000

Zn 0.414 0.703* 0.524* 0.729° 1.000

Ni 0.605* 0.695° 0.715* 0.865*° 0.685° 1.000

Co 0.528% 0.764° 0.647° 0.889* 0.831° 0.882° 1.000

#Values are significant at p<0.05.
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Table 4.18. Physicochemical properties of bottom sediments from Qua Iboe River

Sampling stations

Parameters

Iwuokpom 1 Iwuokpom 2  lwuochang Eketai Atabong Marina Mean+SD Range
Temp. °C 29.5+2.5 29.7+2.4 29.8+2.5 29.7+2.6 30.0+£2.9 30.0+2.8 29.8+2.42 26.1-34.4
pH 6.67-8.11 6.56-7.55 6.92-7.95 6.61-7.15 6.78-7.11 7.02-7.24 - 6.56-8.11
E. Cond. (uScm™)  4980+4300 1520042500 9680+2800 5380+3300 13500+2400 8030+1300 9460+4700  1400-19400
NOs3; - N (mgkgfl) 150+15 162+37 205+29 183+17 150+17 156+13 16730 113-234
NO; - N (mgkgfl) 6.4+1.8 7.2£19 6.6+£1.6 5.1+1.3 6.0£1.4 5.4+1.3 6.1+1.6 3.0-9.1
PO43' (mgkgfl) 339+140 118+41 324+160 93+37 185+57 160+64 203+130 28-471
8042' (mgkgfl) 247+42 466+160 242+46 268+52 210+27 158+23 265+120 123-606
TOC (%) 0.56+0.37 1.73+0.79 1.23+0.13 0.67+0.10 0.51+0.30 0.38+0.25 0.85+0.61 0.11-2.34
TOM (%) 0.97+0.63 2.99+1.40 2.12+0.23 1.16+0.13 0.87+0.52 0.66+0.42 1.46+1.10 0.19-4.03
% Sand 72.2+3.2 63.0+3.3 60.7+3.3 84.6+1.8 57.310.8 75.612.8 68.9+10.0 57.5-85.9
% Silt 9.8+0.4 14.2+1.9 16.3+1.5 8.4+0.6 15.3+0.5 9.8+1.7 12.3+3.3 7.8-17.8
% Clay 18.1+3.0 22.8+1.4 23.1+1.7 7.0£1.3 27.4+0.6 14.5+1.2 18.8+7.0 6.2-27.9
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4.12.4 Phosphate

The mean phosphate concentration (range in parenthesis) for sediment samples was
203+130 (28 — 471) mgkg . The highest mean phosphate values, 339+140 mgkg™ and
324+160 mgkg™ (Table 4.18), were obtained from stations Iwuokpom 1 and Eketai

respectively, attributable to the use of phosphate detergents.

4.12.5 Sulphate

The mean sulphate concentration obtained in this study was 265+120 mgkg™, (Table
4.18). The highest level (466 mgkg™) was obtained from Iwuokpom 2 station. Higher
sulphate values are ascribed to the influence of atmospheric precipitation significantly
encountered during dry season, due to the impact of gas flaring by Exxon-Mobil in the

area.

4.12.6 Total Organic Carbon (TOC)

The mean TOC levels in sediments ranged from 0.11 to 2.34%, with the highest mean
value of 2.99+£1.36% obtained from lwuokpom 2 (Table 4.18). Low levels of TOC in
sediments are indicative of low organic matter associated with coarse sediments. Other
organic carbon containing substances in sediments may include wood debris, ash, soot,

oil and tar.

4.12.7 Particle Size Distribution

Bottom sediment samples indicated variable percentages of sand, silt and clay whose
ranges were between 57.5 and 85.9%, 7.8 and 17.8%, and 6.2 and 27.9% respectively
(Table 4.18). Mean values showed that sand was the major component in all sediment

samples with maximum percentage value of 84.6+1.8 % obtained from Eketai station. .

The high sand fraction (>70.0 %) recorded was attributable to high activity level at
different stations, making the area sandy. Clay fraction was found to be predominant
(>20.0 %) at Atabong, Iwuochang and lwuokpom 2 stations where the sand level was a
bit low while silt fraction was < 20.0 % in all the stations under study. Davies and
Abowei (2009) reported lower values for sand (57.86+2.65%), silt (17.47+1.68%), and
clay (24.67+1.33%) for the lower reaches of Okpoka Creek, a tributary of the Upper
Bonny Estuary in the Niger Delta.
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413 TRACE METALS CONCENTRATION IN SEDIMENTS OF QUA IBOE
RIVER

Metal concentrations (ugg™ dry weight) in sediments samples from Qua Iboe River are
presented in Appendix 18. The ranges (mean values in parenthesis) of metal levels for
all stations were - 0.34-3.56 (1.59+0.87), for Cd, 1.85-33.2 (13.4+6.2) for Pb, 5.0-51.0
(20.9+14.0) for Cr, 18.8-81.6 (45.3+16.0) for Cu, 86-158 (122+18) for Zn, 0.91-14.2
(4.9£3.0) for Ni and 0.7-11.2 (5.5£2.9) for Co (Table 4.19). Higher metal levels
obtained from Atabong station rendered the station to be a serious pollution risk.

4.13.1 Cadmium

Average Cd level in sediment was 1.59+0.87ugg™. The highest concentration was
obtained from Atabong with value 2.96+0.57 pugg™ while the least value was 0.88+0.56
ngg™ recorded at Iwuokpom 2 (Table 4.19). The high Cd at Atabong may be ascribed to
automobile tyre wear from highways and the daily burning of automobile tyre at the
bank of the river. High Cd concentration was obtained during the rainy season than dry

season owing to the inputs associated with urban run-off.

4.13.2 Lead

Average Pb concentration in sediment samples was 13.4+6.2 pgg™. Higher Pb values
were obtained from Atabong 19.4+8.6 ugg™, and Eketai, 16.2+3.7 pgg™ stations of the
river system (Table 4.19). Seasonal levels in sediments revealed marked increase during
the rainy season (Appendix 19). Lead showed some high level of homogenous
concentrations in all stations studied and the relatively high concentration at Eketai and
Atabong stations might also be attributable to point source of contamination ascribed to
localized anthropogenic inputs from automobiles. Lead is known to be sorbed onto

sediments in river and marine environment (Mostafa et al., 2009).

4.13.3 Chromium

The concentration of Cr in this study ranged from 5.0 to 51.0 pgg™ (20.9+14.0 pgg™)
(Table 4.19). The highest Cr level was obtained from Atabong as 45.4+6.9 pgg™.
Results obtained showed that higher values of Cr were recorded during the wet season
than dry season (Appendix 19). High Cr levels recorded for Atabong station may be due
to untreated waste water released daily from the abattoir located near sampling points,

as reported by Muniz et al. (2004) for sediments of Montevideo Habour, Uruguay.
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Table 4.19. Mean trace metal concentration (pugg™ dry weight) of sediment samples from Qua Iboe River

Sampling stations

Metals Iwuokpom 1 Iwuokpom 2 lwuochang Eketai Atabong Marina Mean+SD' Range
Cadmium 1.23+0.60 0.88+0.56 1.42+0.89 1.52+0.52 2.96+0.57  1.51+0.45 1.59+0.87 0.34-3.56
Lead 14.5+5.0 11.6+2.7 11.9+3.2 16.2+3.7 19.4+8.6 6.5+4.9 13.4+6.2 1.9-33
Chromium 19.5+13.0 13.7+1.8 8.7£3.4 27.5+8.8 42.6+6.9 13.4+4.7 20.9+14.0 5.0-51.0
Copper 51+25 3312 46+16 44+10 56x11 42+11 45+16 19-82
Zinc 13047 131+16 114+8 104+11 139+14 111+21 122+18 86-158
Nickel 5.96+1.7 4.13+14 3.11+0.9 4.85+1.3 9.09+4.3 2.39+1.6 4.92+3.0 0.91-14.20
Cobalt 8.03+1.1 7.13+1.0 2.71+2.1 6.15+2.8 6.73+3.2 2.40x0.7 5.52+2.9 0.70-11.22

T SD = Standard deviation
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4.13.4 Copper

The mean Cu content was 45+16 pgg™ with highest concentration obtained from
Atabong station (5611 pgg™) (Table 4.19). Mean values obtained far exceeded values
reported for Ase River by lwegbue et al. (2007), and Gulf of Aden, Yemen (Mostafa et
al., 2009). This is about two times higher than values reported by Essien et al. (2009a)
for Cross River estuary. The high Cu level in sediments may be ascribed to high inputs
of organic matter discharged through domestic sewage into the river. Copper
concentrations in this study exceeded the recommended value for unpolluted sediments
(US-EPA, 2009).

4.13.5 Zinc

Zinc concentration in sediments ranged from 86 to 158 pgg™” and the mean level was
122+18 pgg™ (Table 4.19). The highest mean Zn level, 139+14 pgg™, was obtained
from Atabong station followed by Iwuokpom 2 (131+16 pgg™). Higher Zn values were
recorded during the wet season than dry season (Appendix 19).

4.13.6 Nickel

The mean Ni concentration (range in parenthesis) in sediment was 4.9+3.0 pgg™ (0.9-
14.2 pgg™) (Table 4.19). Higher Ni values were obtained during the wet season for all
sampling stations. Maximum level, 9.1+4.3 ugg™ and minimum level, 2.39+1.6 pgg™
was obtained from Atabong and Marina stations respectively. Results obtained in this
study are lower than values reported by Essien et al. (2009b) for asphyxiated sediments

of Qua Iboe estuary.

4.13.7 Cobalt

The mean Co concentration in this study was 5.52+2.90 pgg™. Maximum Co
concentration ranged between 0.7 and 11.2 (5.5+2.9) ugg™ (Table 4.19). High Co
concentration, 8.0+1.1 pgg™, was obtained at Iwuokpom 1, and least value, 2.4+0.7 ugg
! was from Marina. Cobalt levels in this study were slightly lower than values (6.0-27.5
ngg™) reported for sediment from the Hadhramout coastal area of Yemen by Mostafa et
al. (2009).
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4.13.8 Correlation Analysis of Sediment Metals

Correlation matrix analysis for metals in sediments results showed strong positive
correlations between the pairs Cd and Cr, Pb and Ni and Ni and Co (r > 0.700, p<0.05,
df. = 34) (Table 4.20). The relationship between the levels of different metals in
sediments indicate fair relationship between Cd, Cr, Pb and Co which is a reflection of

point source pollution.

414 EVALUATION OF POLLUTION STATUS OF QUA IBOE RIVER

4.14.1 Enrichment Factor (EF) Analysis

The enrichment factor (EF) analyses for sediment metal of Qua Iboe River are presented
in Table 4.21. Results of analysis show the enrichment factor for the metals as: EF (Cd)
from 16.6 to 81.4, EF (Pb) from 14.8 to 56.2, EF (Cr) from 8.0 to 81.7, EF (Cu) from
22.0 to 59.8, EF (Zn) from 25.2 to 73.1, EF (Ni) from 11.2 to 61.5, and EF (Co) from
16.2 to 69.6. The maximum EF (%) values for all metals were significant at Atabong
station except for Co whose highest enrichment was obtained at Iwuokpom 1 station.
The trend suggests point source of metal pollution mainly due to effect of municipal

effluent discharges into the river at Atabong location.

4.14.2 Comparison of Sediment Quality with Other Sediment Quality Guidelines

As discussed earlier in Section 4.5.2, the results of trace metals in sediments from Qua
Iboe River system were compared with different sediment quality guidelines (Table
4.22). Cadmium shows intermediate contamination as the mean concentration of 1.50
ngg™ is greater than the ERL, TEL and LEL values of the NOAA, FDEP and Ontario
guideline values respectively. Copper and Zn shows intermediate contamination owing
to the greater levels of ERL, TEL and LEL values of the adopted guidelines. However,
levels found in sediments were quite below the ERM, PEL and SEL values which could

cause severe effects on the aquatic fauna.

On the other hand, agricultural and other human activities could lead to the introduction
of Pb, Cu and Zn to the surrounding soils and hence into sediments (Alloway, 1995).
Nickel concentrations in all samples are quite less than the ERL/ERM values, indicating
no contamination. Similar conclusions derived from TEL/PEL of the FDEP, CCME, and
Ontario guidelines, although lower than the NOAA, these criteria were still lower than

the proposed guideline value. The mean Pb, Cr and Ni concentrations is quite less than
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Table 4.20. Pearson correlation coefficients for trace metals in sediments of Qua

Iboe River

Metals Cd Pb Cr Cu Zn Ni Co

Cd 1

Pb 0.357 1

Cr 0.739°  0.560 1

Cu 0.153 0.695*  0.237 1

Zn 0.220 0.535 0.375 0.351 1

Ni 0.438 0.876° 0.665*° 0.665° 0.620° 1

Co 0.017 0.696* 0.477 -0.417 0571 0.725% 1

#Values are significant at p<0.05.
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Table 4.21. Enrichment factor values, EF (%) for metals in sediments of
Qua Iboe River

Enrichment factor, EF (%0)

Sampling  Station

Station  code g Pb Ccr Cu zn Ni  Co
Iwuokpom 1 SQ-1 275 406 315 517 607 380 696
Iwuokpom2 SQ-2 166 313 188 220 626 242 611
Iwuochang  SQ-3 335 320 80 437 391 165  19.1
Eketai SQ-4 367 461 489 394 252 296 518
Atabong SQ-5 814 562 817 598 731 615 573
Marina sQ-6 362 148 183 365 353 112 162
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Table 4.22. Comparison of sediments metals levels (ugg™ dry wt.) for Qua Iboe River system with sediment quality guidelines (SQGs)

NOAA quideli FDEP CCME guideline  CCME guideline Ontario
Mean levels and guidetine guideline (marine) (fresh water) guideline L
Metal . . Contamination level
range in parenthesis R a b .
ERL' ERM®  TEL® PEL! IG°  PEL'  IG° PEL' = LEL® SEL®
Cd  159+0.87(0.34356) 12 9.6 068 421 0.7 42 06 35 06 10 Intermediate
L
Pb  13.4+6.2(1.9-33.2) 467 218 302 112 302 112 350 913 31 250 oworno
contamination
L
Cr  209+135(50-51.0) 81 370 523 160 523 160 373 90.0 26 110 oworno
contamination
Cu  453+158(18.881.6) 34 270 187 108 187 108 357 197 16 110  Intermediate
L
Zn  122+18 (86-158) 150 410 124 271 124 271 123 315 120 820 oworno
contamination
Ni 4.9+3.0 (0.9-14.2) 209 516 159 428 ng* n.g* ng* ng* 16 75 No contamination
Co 5.5+2.9 (0.7-11.2) n.g* n.g* ng* n.g* ng* n.g* ng* ng* 50 50 Not ranked

YERL: Effects range low; 2ERM: Effects range median; ®TEL: Threshold effects level; °IG: Interim Guideline; *PEL: Probable effects level; “LEL: Low effect level:;
°SEL.: severe effect level; *n.g = no guideline; SQG = Sediment quality guideline.
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the ERL/ERM values of the NOAA and TEL/PEL values of FDEP guidelines indicating
no contamination. From the results, none of the metals recorded concentrations greater
than the upper range values (ERM, PEL and SEL) of the different SQGs which
adversely affect the sediment dwelling fauna.

415 SPECIATION OF TRACE METALS IN SEDIMENTS OF QUA IBOE
RIVER

The trend in the distribution of the seven trace metals in sediments among the four BCR
fractions follows the order: Cd>Zn>Cu>Cr>Co>Ni>Pb. All the metals dominated in the
reducible fraction, followed by the residual fraction (as in Pb, Ni and Co) and the
oxidisable fraction (as in Cd, Cr and Cu). A significantly higher percentage of Zn

binding to the non-residual fractions was found in sediments.

4.15.1 Speciation of Cadmium

About 88.7% of total Cd was distributed among the non-residual fractions thereby
rendering Cd bioavailable to aquatic organisms. Cd is predominantly distributed in the
reducible fraction representing about 36.2% of total concentration with only 11.4%
distributed in the residual fraction. The percentage Cd distribution follows the order:
acid reducible>oxidisable>exchangeable>residual [Fig. 4.9(i)]. The highest Cd
concentration in Qua Iboe River system was obtained at Marina with the highest value
for the sum of three-steps and residual fraction, 3.60 pgg ™", giving 101.1% recovery
(Appendix 20). Cadmium level in the residual fraction was attributable to natural
sources.

Cd speciation is found to be highly variable, perhaps because it is a typical
anthropogenic element and mostly enters the aquatic environment through the discharge
of industrial effluents and municipal run-off. On average, ~ 88.6 % of Cd is mainly
distributed among the non-residual fractions, which makes it the most mobile element in
this study (Table 4.23). Comparing it with other metals, each fraction of Cd takes on
apparent differences between samples, ~18.8 — 26.9% of its total content is measured in
the first step of extraction with mean value of ~23.4%, and ~32.5 — 41.4%, and ~23.1 —
31.8% are found in the second and third stages with mean values of 36.2% and 29.1%,

respectively.
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Table 4.23. Fractionation of trace metal levels (% fractionation in parenthesis) of modified BCR protocol for Qua Iboe River

Metal concentration (in pgg™ dry weight)

Fraction
Cd Pb Cr Cu Zn Ni Co
Exchangeable 0.49+0.25 0.6+0.3 0.9+0.5 6.2+2.3 35.5+7.6 0.4+0.1 0.6+0.3
(23.4) (4.3) (4.9) (16.1) (31.2) (12.7) (14.4)
Reducible 0.77+0.34 5.8+1.0 8.5+6.0 17.5+4.5 38.6+6.6 1.5+0.7 1.7+0.7
(36.2) (48.8) (39.7) (46.2) (34.2) (40.7) (40.7)
Oxidisable 0.60+0.20 1.440.3 6.9+4.9 8.0+2.4 20.6+2.8 0.7+0.3 0.8+0.4
(29.1) (11.7) (32.2) (21.0) (18.3) (17.0) (18.9)
Residual 0.25+0.13 45+1.0 4.6%2.6 6.3+1.6 18.4+3.7 1.1+0.5 1.1+0.6
(11.4) (36.1) (23.3) (16.7) (16.3) (29.7) (25.9)
5" non-residual steps 1.85+0.14 7.7£2.8 16.3+4.0 31.746.1 94.8+9.6 2.6+0.6 3.0+0.6
(88.7) (64.0) (76.8) (83.3) (83.7) (70.4) (74.0)
Y 3-steps + R? 2.11+0.22 12.1+25 20.9+3.3 38.0+5.4 113.0+10.3 3.72+0.48 4.10+0.46
Pseudo-total 2.13+0.86  13.2+#1.9 22.3+15.0 38.9+10.0 114.0+20.1 3.91+1.79 4.04+2.00

4R = Residual fraction,
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4.15.2 Speciation of Lead

The distribution of Pb in the residual fraction accounts for an average of 36.1 % of its
total content in sediments. For the Pb in non-residual fractions (~ 64.0%), a major
portion 48.0% (5.8+1.0 pgg™) is bound to the Fe/Mn oxides (i.e. reducible fraction) with
about one third of it associated with the acid soluble and oxidisable fractions. The
distribution pattern of the fractions follows the order:
reducible>residual>oxidisable>exchangeable [Fig. 4.9(ii)]. The formation of stable
complexes with Fe and Mn dioxide (Ramos et al., 1994) may be the reason why
reducible Pb is more abundant than the other two non-residual fractions of Pb. The
reducible Pb predominating in non-residual fractions has been reported by many
researchers (e.g. Li et al., 2001; Ip et al., 2007; Gao et al., 2008; Sutherland and Tack,
2003).

4.15.3 Speciation of Chromium

On average, about 76.7% of Cr is mainly distributed among the non-residual fractions,
which makes it one of the most mobile elements in this study (Table 4.23). Only about
2.6 — 7.0% of its total content was found in the exchangeable fraction with a mean of
4.9%, and 39.7% and 32.2% was found in the reducible and oxidisable fractions
respectively [Fig. 4.10(i)]. This shows that large proportion of Cr deposited in the
sediment can be remobilized as a result of the mineralization of organic matter under
oxic conditions. This trend agrees with the report by Arain et al. (2008) who asserted
low Cr distribution in acid exchangeable fraction of lake sediment samples. Korfali and
Jurdi (2011) reported higher percentage of Cr in the reducible fraction, attributable to
the oxidizing conditions of sediments that render the insoluble forms of the iron.

4.15.4 Speciation of Copper

Copper shows higher percentage distribution in the reducible fraction, followed by the
oxidisable-organic fraction. The mean percentages of Cu in the non-residual
(bioavailable) fractions are recorded as 83.3% (Table 4.23). The distribution pattern for
Cu follows the order: acid reducible > oxidisable > residual > exchangeable [Fig.
4.10(ii)]. The speciation shows that only about 17.0% of the total concentration was
found in the residual fraction. Li et al. (2007) reported that the non-residual fractions of

Cu are mainly associated with the oxidisable phase, occurring as organically complexed
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Fig. 4.10. Speciation of Cr (i) and Cu (ii) in sediments of Qua Iboe River
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metal species mainly because Cu shows high affinity with humic substances, which are
a fraction of natural organic matter chemically active in complexing such metals. But in
this study, the non-residual fractions of Cu show a different pattern, perhaps owing to
the influence of early diagenetic processes with the acid reducible fraction showing

higher affinity for Cu.

4.15.5 Speciation of Zinc

Mean concentration of Zn metal in the bioavailable fraction was 94.8+9.6 pgg™
representing about 83.7% distribution [Fig. 4.11 (i)]. This, however, was far greater than
30.0% value reported by Yu et al. (2010) for the non-residual fractions. Zinc
concentrations in most sampling stations were dominated in the non-residual fractions
with less than 20% in the residual fraction indicating non-lithogenic origin in the river
system. This, however, makes Zn mobile in aqueous system and bioavailable to flora

and fauna.

4.15.6 Speciation of Nickel

The mean concentration of the total Ni in the bioavailable fraction was recorded as
2.60.6 pgg™ (70.4%). The distribution pattern follows the order: reducible (40.7%) >
residual (29.7%) > oxidisable (17.0%) > exchangeable (12.7%) [Fig.4.11 (ii)]. The
concentration distributed in the residual fraction was attributed to natural sources such
as chemical weathering of igneous and metamorphic rocks, as well as decomposition of
biota detritus. Nickel speciation in this fraction mainly depends on the oxidizing

conditions of the sediment.

4.15.7 Speciation of Cobalt

The highest mean distribution for Co was 40.7%, found in the reducible fraction. The
non-residual (bioavailable) fraction recorded mean value of 74.0%. The least
distribution was (14.4%) was found in the exchangeable (acid-soluble) fraction. About
25.9% of Co ranging from 17.5 to 28.4% was distributed in the residual fraction Fig.
4.12 (i)].
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Fig. 4.11. Speciation of Zn (i) and Ni (ii) in sediments of Qua Iboe River
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416 ASSESSMENT OF TRACE METAL CONTAMINATION IN SEDIMENT
FRACTIONS

The individual and global contamination factors (as earlier discussed in Section 4.7) for
Cd, Pb, Cr, Cu, Zn, Ni and Co analysed are presented in Table 4.24. The highest ICF
values for each individual element obtained were: 9.77 for Cd, 1.90 for Pb, 4.43 for Cr,
5.37 for Cu, 5.45 for Zn, 2.50 for Ni and 4.72 for Co with the least individual
contamination value of 1.59 recorded for Pb at Eketai (SQ-4) station. The individual
contamination factor (ICF) is a reflection of the risk of contamination of a water body
by a pollutant. Therefore, Atabong and Marina stations indicated the highest risk of
these metals in Qua Iboe River system. The mean individual contamination factor in

sediments for all sampling stations follows the order: Cd>Zn>Cu>Cr>Co>Ni>Pb.

The global contamination factor (GCF) analysis shows that both the upstream and
downstream stations were highly impacted by metal pollutants. The highest GCF value
for Qua Iboe River was 32.36 ranging from 25.07 to 32.36. Hence, the results obtained
in this investigation shows that the three stations (Eketai, Atabong and Marina), all
located within the urban area recorded highest potential risk to flora and fauna.

417 CHEMICAL SPECIATION OF METALS IN SURFACE WATER OF
QUA IBOE RIVER USING PHREEQCI MODEL

The solution composition of water quality parameters used for speciation modelling in
Qua Iboe River is presented in Table 4.25. The modelling data showed that the trace
metals Cd, Pd. Cr, Cu, Zn, Ni and Co form several complexes. Results of chemical
speciation of metals in water shows that the predominant species are the free hydrated
ions of Pb?* (62.0%), Cu* (70.2%), Zn** (92.6%), Ni** ( 97.6%) and Co®* (97.7%) and
as well as the inorganic chloride species CdCI* (82.3%), CuCl, (81.2%), PhCI™ (27.1%)
and the hydroxy species of CrOH?* (40.2%), Cr(OH)," (58.7%). Results shows that high
percentages of Pb, Zn, Cu and Ni are present as the free hydrated species, Pb** (75.6 —
82.7%), Zn** (x93%), Cu®* (89.3 — 91.5%) and Ni** (=<97%) in the upstream stations,
thereby increasing bioavailability of these metals to the aquatic organisms.

The inorganic hydroxy complexed species - Pb(OH), and Pb(OH)s, Zn(OH),, Zn(OH)3',
CuCO5(OH),*", Ni(OH), and Ni(OH)3) predominates the downstream stations where
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Table 4.24. Individual and global contamination factors of trace metals in
sediments from Qua Iboe River system

Stations ek - GCF
Cd Pb Cr Cu Zn Ni Co
Iwuokpom 1 6.85 166 352 495 501 236 252 28.86
Iwuokpom 1 319 190 3.03 4.97 502 233 252 2507
Iwuochang 691 173 290 449 545 233 283 2831
Eketai 977 159 278 537 545 232 263 3177
Atabong 700 189 443 537 500 238 266 30.20
Marina 747 189 347 495 503 250 472 32.36

Mean 6.86 1.78 3.36 502 516 237 298
Min 3.19 159 278 449 5.00 232 252
Max 9.77 190 4.43 537 545 250 4.72
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Table 4.25. Solution composition (molL™) of water quality parameters in Qua Iboe

River
ling stati
Parameters Sampling stations
SQ'l SQ-Z SQ-3 SQ_4 SQ'S SQ'6
lonic strength
1.82 2.09 1.17 0.54 0.86 0.62

(x1072M)
Alk (CaCO;)  1.62x10° 1.86x10° 1.15x10° 5.00x10* 6.68x10* 5.66x10™

HCO, 450x10*  4.01x10* 3.45x10* 3.96x10° 1.10x10% 9.50x10°
Ammonia 2.57x10°  2.43x10° 3.50x10° 4.57x10° 4.36x10°  3.36x10°
Nitrite 3.50x10° 3.58x10° 6.57x10° 7.14x10° 1.22x10°  7.00x10°
Nitrate 1.35x10*  2.12x10* 3.19x10* 3.27x10* 6.98x10* 4.38x10™
DO 4.36x10*%  4.55x10* 3.62x10* 4.31x10* 3.31x10* 3.96x10*
Chloride 3.25x102%  3.77x10% 2.02x102 8.24x10° 1.41x10% 9.54x10°
Fluoride 5.53x10°  5.56x10° 7.27x10° 3.21x10° 5.22x10° 9.06x10°
Phosphate 3.49x10°  2.13x10° 2.10x10° 4.20x10° 3.46x10° 3.72x10°
Sulphate 3.46x10"  3.20x10* 3.38x10” 3.97x10* 4.17x10" 4.36x10™
Cadmium 2.67x10%  3.56x10° 8.90x107 5.34x10® 9.35x107 5.34x107
Lead 1.31x107  9.18x10® 6.76x10° 5.31x10° 3.82x107 1.45x10”
Chromium 1.47x107  1.55x107 3.45x107 4.40x107 9.50x107  4.75x10”
Copper 756x107  5.52x107 5.36x107 2.99x107 3.31x10° 1.53x10°
Zinc 3.14x10°  2.16x10° 1.59x10° 1.04x10° 3.83x10° 3.41x10°
Nickel 4.44x107  2.73x107 2.05x107 1.36x107 3.41x10° 2.88x10°
Cobalt 7.82x107  5.44x107 3.06x107 1.19x107 2.14x10° 1.77x10°
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the ionic strength (I = 0.01 — 0.02M) of the water increases due to increased level of
dissolved salts (TDS) with relation to sea water influence. The predominant Zn species
at the downstream stations include: Zn(OH), with the range 75.0 — 88.1%, followed by
Zn(OH)s", 10.4-24.0%, ZnOH*, Zn(OH)CI and Zn(OH),*". This therefore reduced
bioavailability of the free hydrated species of Zn®* in the downstream stations. The
complex, CuCO3(OH),> recorded percentage distribution ranging from 81.1 — 87.0% in
the downstream stations thereby reducing bioavailability of the free aqua ionic species
of Cu?*, noting that copper toxicity is attributed to the free Cu®* and CuOH" and not the
inorganic complexes. The dominant hydroxide, carbonate, hydroxocarbonate, and
phosphate species of the studied trace metals favour their precipitation in the system due

to the low solubility of their salts.

4.17.1 Speciation of Cadmium

In surface water, the available Cd species include: Cd(OH)CI, CdCI*, Cd(OH),, CdOH",
CdCl,, Cd**, Cd(OH); and CdHCOs. The total Cd concentration was 3.65x10 ' M. The
free hydrated Cd?* species make up only 10.6% of the total Cd for the rivers (Fig. 4.13)
with Eketai station (23.8%) recording maximum values. Cadmium is highly associated
with chloride ions (CI) mainly CdCI®. The most soluble Cd species being CdCI*
(82.3%) and Cd** (10.6%), CdCl, (6.8%) and Cd(HCO3)" (0.3%). The upland stations,
Eketai, Atabong and Marina (fresh water) with no sea water intrusion recorded higher
levels of CACI" species (73.8, 79.6 and 75.7%) respectively, while the other downstream
stations, lwuokpom 1, Iwuokpom 2 and Iwuochang with significant sea water intrusion,
recorded higher levels of Cd(OH)CI species (58.8%, 61.2% and 51.3% respectively),
The species CACI™ and Cd(OH), were also significant though not predominant (Fig.
4.13 and Appendix 22). Cadmium complexes with inorganic and/or organic ligands
generally reducing the uptake and toxicity of the metal by reducing the concentration of
Cd** (ANZECC and ARMCANZ, 2000b). In seawater, dissolved cadmium is dominated
by chloride-complexes (Fergusson, 1990)

4.17.2 Speciation of Lead

The different species of Pb (I1) distributed in Qua Iboe River system include- Pb(OH)s,
Pb(OH);~, PbOH*, PbCO3, Ph(COs),>", PbCI*, Pb?*, PbCl,, PbNO3" with the hydroxyl
species dominating the downstream stations while the free hydrated species Pb?* and

the chloride complexed (PbCI") species dominate the upstream stations. At lower ionic
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Fig. 4.13. Distribution of Cd (I1) (a) and Pb (1) (b) species in Qua Iboe River surface water
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strength (I = 0.013M), the free hydrated species is the most soluble chemical species
(Pb**, 62.0%). Among the six stations studied, the free hydrated species, Pb>* showed
significant distribution in the upstream stations (fresh water) recording about 82.7%
(for Eketai), 75.9% (for Atabong) and 81.4% (for Marina) (Fig. 4.13). The downstream
stations recorded higher prevalence of the inorganic hydroxy complexed species -
Pb(OH); (48.0 — 65.0%), Pb(OH); (25.0 — 50.0%) and PbOH" (1.6 — 5.3%) thereby
reducing bioavailability of the free hydrated specie. The PbCO3; and PbCl, fraction is
undissolved and occurs as precipitates, sorbed ions and surface coatings on minerals or

suspended organic matter (Stumm and Morgan, 1996).

4.17.3 Speciation of Chromium

The different significant chromium species are the hydroxyl complexes: Cr(OH),,
Cr(OH),", CrOH?*, Cr,(OH),**, Crs(OH),>*, neutral salt Cr(OH)z and the free hydrated
Cr® ion. The downstream stations recorded very low levels of Cr (111) due to greater
prevalence of Cr (VI) species, with CrO,% (~100%) being the predominant species
attributable to sea water intrusion while the upstream stations recorded significant
dominance of Cr(Ill) complexed species with the hydroxyl complexes CrOH?* (66.1-
76.2 %), Cr(OH)," (30.5- 15.2 %) and the free hydrated species, Cr** (3.1- 8.4 %) as the
predominant species in solution [Fig. 4.14 (a) and Appendix 22].

4.17.4 Speciation of Copper

In natural water system, dissolved Cu occurs in two oxidation states, i.e. Cu(l) and
Cu(11). All possible chemical species of copper include: CuCl,”, CuCls*", Cu® (for Cu (1)
and CuCO3(OH),*, CuO,*", CUOH*, CuCO3, Cu(COs), 2, CuPO, ", Cu®*, CuCl*, CuSO,
for Cu(ll) (Appendix 22). Out of a total Cu concentration of 11.0x10° M, about 51.0%
of total Cu is dominated as Cu(l) while 49.0% occurs as Cu(ll). The two complexed
species of Cu(l) recorded the following ranged distribution - CuCl,” (75.7 - 82.8%) and
CuCls* (4.7 — 9.1%) and the free ionic species, Cu* (7.7 — 19.8%) as the least in solution
in the upstream stations [Fig.4.14 (b)].

The Cu(ll) species recorded a total concentration of 5.40x10~" molar with the free
hydrated Cu?* ion dominating the solution (70.2%). The upstream stations (SQ-4, SQ-5
and SQ-6) recorded distribution values > 90.0% as free hydrated species (Cu®*) while
CuCO3(0OH),* showed predominance (81.3 - 87.0%) at the downstream stations
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Fig. 4.14. Distribution of Cr (111)/Cr (V1) (a) and Cu (1) (b) species in surface water of Qua Iboe
River
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[Fig. 4.15 (a)]. Higher percentages of Cu®* species recorded in this study agrees with
values reported for seawater and hyper saline waters at higher ionic strength (1=0.37,
0.96) (Tepavitcharova et al., 2011). Bioavailability of the free hydrated species of Cu®*
is reduced by the predominance of CuCO3(OH),?* in the downstream stations. Copper
toxicity is attributed to the free hydrated copper ion (Cu®*) and the hydroxyl species
(CuOH") and not the inorganic complexes (ANZECC and ARMCANZ, 2000b).

4.17.5 Speciation of Zinc

The total concentration of Zn (1) obtained for the river system is 2.50x10° M. All
significant chemical species of Zn in solution includes Zn(OH),, Zn(OH)s, ZnOH",
Zn(OH)CI, Zn(OH),*, Zn**, ZnCI*, ZnSO,4, ZNHCOs* and ZnCl, [Fig. 4.15 (b)]. The
predominance of the free hydrated species in all the upstream stations (92.4 — 93.2%)
was in agreement with the report that the free ion Zn** was the predominant species in

fresh waters of ionic strength 0.01 (Tepavitcharova et al., 2011).

The downstream stations with higher ionic strength recorded predominance of different
hydroxyl species especially Zn(OH), (78.7 - 88.1%) and Zn(OH)3; (10.4 — 20.1%) [Fig.
4.15 (b)]. This trend, however, reduces bioavailability of the free hydrated species

(Zn**) in the downstream stations (Bervoets et al. 1996).

4.17.6 Speciation of Nickel

Total Ni concentration in surface water of Qua Iboe River was 1.06x10° M with the
availability of the species - Ni(OH),, Ni(OH)s", Ni**, NiSO4 NiCl* and NiNO;* in
solution. The speciation calculation results shows that the most soluble chemical species
at the upstream stations (Eketai, Atabong and Marina) was the free hydrated Ni** (96.9
0 97.4%). However, the downstream stations recorded significant dominance of the
hydroxy species, Ni(OH), (53.5 — 65.5%) and Ni(OH); (25.1- 44.7%) thereby reducing
bioavailability of the free hydrated species as shown in [Fig. 4.16 (a)]. Nickel like Zn
has only one significant oxidation state of +2 and this happens to be the most soluble

chemical species in the sample.
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4.17.7 Speciation of Cobalt

Only four species of Co, HCoO,, Co*, CoClI" and CoNO;* were significant in this study.
From total Co concentration value of 9.3x10~" M, the downstream stations (SQ-1 — SQ-
3) recorded 100% distribution of HCoO, as the only predominant species. But the
upstream stations (SQ-4 — SQ-6) identified the distribution of the free hydrated species,
Co?* (98.6 — 99.2%) as the predominant significant Co species and CoCI* (0.9 — 1.5%)
and CoNOs"* (0.0 - 0.1%) [Fig. 4.16 (b)]. The presence of the free hydrated specie, Co**,
in all the upstream stations, therefore, renders Co*" bioavailable to aquatic organisms,
whereas, the presence of the complexed specie, HCoO, as the predominant species in

all the downstream stations reduces bioavailability of the free hydrated species of Co?*.

418 CALCULATION OF SATURATION INDICES

The saturation index (SI) (as discussed in Section 4.9) for the different mineral phases
were calculated for surface water samples from Qua Iboe River (Table 4.26). The ionic
strength for the different stations of Qua Iboe River system studied ranged between
0.0054 and 0.0263. About 77% of the samples recorded negative saturation indices for
the different mineral phases as a reflection of undersaturation. Generally, cerrusite
(PbCO3) shows moderate under saturation (SI = -0.94), while Pb-pyromorphite
(Pbs(PO4)CI) (SI = 7.69), CuCr,04 (SI = 7.25) and PbHPO, (SI = 1.69) were highly
supersaturated showing very high tendency to precipitate out of solution. The mineral
phases Cd(OH),, cuprite (Cu,0), otavite (CdCO3) and smithsonite (ZnCO3) showed
varying degrees of under saturation at different sampling points with low ionic
strengths.

The downstream stations, with higher ionic strength (~ 0.02M), showed oversaturation
with respect to the minerals - atacamite, Ni(OH),, tenorite, and zincite. The same
minerals at lower ionic strengths (~ 0.01M) in the upstream stations showed varying
degrees of under saturation ranging from -12.6 to -10.5 for atacamite, -8.58 to -7.88 for
Ni(OH),, -3.35 to -3.12 for tenorite, and -6.36 to -6.18 for zincite. At low ionic strength
also, the upstream stations showed oversaturation for the minerals CdCr,04, CuCr,0s4,
and PbHPO,4. The mineral phase, Pb-pyromorphite (Pbs(PO,);Cl) also showed high
oversaturation in all the stations with SI values ranging from +1.45 to +4.96 (Table
4.26).
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Table 4.26. Saturation Indices of some mineral phases in Qua Iboe River system
ohase Saturation Indices (SI) logK,, Formula
SQ-1 SQ-2 SQ-3 SQ-4 SQ-5 SQ-6
lonic strength
5 1.82 209 117 054 0.86 0.62
(x 107°M)
Anglesite -7.28 -7.80 -7.12 -3.15 -2.38 -2.70 -7.91 PbSO,
Atacamite 3.04 242 3.09 -1255-10.53 -11.79 14.26 Cu,(OH)CI
Cd(OH), -1.64 -141 -0.13 -10.61-10.25 -10.35 13.73 Cd(OH),
CdCr,0, -400 -5.22 -0.14 5.09 482 415 1500 CdCr,0,
Cerrusite -1.62 -2.13 -1.63 -2.16 -1.61 -2.05 -3.24 PbCO,
Co(OH);, -7.94 -824 -815 -843 -792 -798 1230 Co(OH),
CrO, -71.17 775 -6.13 -3.36 -4.00 -428 -19.14 CrO,
CuCr,04 -6.71 -8.27 -431 513 473 393 16.22 CuCr,0,
Cuprite -1.23 -1.74 -0.84 -3.22 -209 -256 -191 Cu,O
Hydrocerrusite ~ -1.52 -2.74 -1.77 -9.14 -7.95 -9.19 1.85 Pb3(OH),(CO5),
Malachite 0.25 -0.30 053 -6.23 -532 -585 5.90 Cuy(OH),CO;
Nantokite -7.13 -747 -6.96 -3.45 -232 -271 -6.77 CuCl
Ni(OH), 089 064 064 -858 -7.88 -7.94 12.75 Ni(OH),
Otavite -1.13 -1.22 058 -4.13 -3.32 -3.49 -1.77 CdCO,
Paralaurionite 251 -279 -2.76 437 -3.71 -424 0.20 PbCIOH
Pbs(PO.), 441 -6.02 -472 -592 -515 -6.19 -19.97 Pby(PO,),
PbHPO, -145 -2.16 -149 106 1.41 107 -1573 PbHPO,
Pyromorphite 404 145 344 319 496 3.06 -47.90 Pbs(PO,)sCl
Smithsonite -3.43 -392 -3.44 -438 -4.07 -416 0.44 ZnCO,
Tenorite 289 277 292 -334 -312 -335 7.65 CuO
Tsumebite 065 -038 037 -0.62 -9.00 -994 253 szc”;i‘goms:
Zincite 0.75 058 052 -6.18 -6.33 -6.36 11.20 ZnO
ZnCO;:H,0O -3.19 -3.69 -3.22 -416 -3.86 -3.95 0.14 ZnCOs:H,O
CO, -6.95 -7.25 -6.70 -0.94 -046 -053 -7.83 CO,
O, -0.74 -0.72 -0.82 -0.74 -0.85 -0.78 -2.89 O,
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Sometimes, the water samples showed different saturation states with respect to the
mineral phases examined as a function of the ionic strength of the solution. Saturation
indices calculations using PHREEQCI model reveals that while the upstream stations
recorded marked level of under saturation of the mineral phase atacamite, Cu,(OH);CI -
Ni(OH),, tenorite - CuO, and zincite - ZnO; the downstream stations with higher ionic
strengths showed oversaturation with the same minerals. Also, while the downstream
stations experienced under saturation of CdCr,04, CuCr,04, and PbHPO,, the upstream
stations with lower ionic strengths were oversaturated with the same minerals.
Therefore, results obtained show that surface water composition is largely controlled by
the dissolution of chromate and phosphate minerals.

419 COMPARISON OF WATER QUALITY STATUS OF CROSS AND QUA
IBOE RIVER WITH OTHER RIVERS IN THE NIGER DELTA AND
OTHER PARTS OF THE WORLD

4.19.1 Physicochemical Characteristics

The results of physicochemical characteristics in surface water samples from Cross
River and Qua Iboe River were used to assess the water quality in order to determine the

pollution status of the two rivers.

The pH values for Cross River and Qua Iboe River ranged from 5.78 to 7.22 and 6.49 to
7.34, respectively. The pH ranges reported were good enough for fresh water except
Nwaniba station which recorded acidic pH attributable to the formation of humic acid
from decayed organic matter and tree barks dumped into the river. Generally, pH values
for the two rivers falls within the range that allows for the survival of fishes and other
aquatic animals. Results fell within the WHO guideline value, 6.5 — 8.5 pH units, for
drinking water (WHO, 2008).

Mean alkalinity value for Qua Iboe River (61435 mgL™) almost doubled that of Cross
River (36+19 mgL™), especially at lwuokpom 2 (93.0+17 mg L™) attributable to soil
mineral type and watershed bedrock. Increased alkalinity reduces metal bioavailability
due to the formation of metal carbonate species. Total alkalinity values in this study
were quite higher than values reported for Esi River, Warri (13.9+3.8 mgL™) by
Akporido (2010), Ethiope River (1.65 mgL™) by Agbaire and Obi (2009) in the region
and Ogunpa River (1.76-28.0 mgL™) by Onianwa et al. (2001) (Table 4.27).
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Table 4.27. Comparison of water quality parameters with some rivers in Niger Delta and other parts of the world

Physicochemical parameters (mgL™ except otherwise stated)

Reference
Study area/Rivers pH 'EC TDS Alk. TH *Turb. DO BOD COD CI NH; NO; NO, PO,> SO,
Orogodo River, Agbor 5.1- 6775- 1869- 21- 217- 21- 21.4- 17.91- 30.9-
6.1 8197 2078 - - 29.4 3.19 38.2 - - - 28.0 - 28.67 36.8 Rim-Rukeh etal. (2006)
Ethiope River, Delta State  6.82 87.2 0.34 165 242 - 1745 438 - - - - - - - Agbaire and Obi (2009)
Western Niger Delta 6.01 206.1 455.3 - - 33.3 531 10.25 27.75 - 5.83 - - 23.59 Omo-Irabor et al. (2008)

Esi River, Warri State

5.87 - 58 139 - - 36 6.2 73 1.45 - - - 13.8 11.5 Akporido (2010)
. . 6.4- 1240- 47.1- 4.16- 1.43- 0.30- 3.77-
Elechi Creek, Niger Delta 72 o800 226 - - 662 880 - - - - - 142 789 Obireetal (2003)
New Calabar River, PH 6.50- 3.40- 0.25- 10.0- Odukuma and Okpokwasili,
- - 4010 - - - 9.10 4.20 110 - - - - - - 1997
Ogunpa River, Ibadan 6.6- 0.1- 1.76 - 0.2- 13- 11.9- 70.5- 0.001- .
' 8.1 - 59 28.0 - - 83 56.0 224 688 - - - - 0.3 Onianwa et al. (2001)

Ona River, Ibadan - - - - - - 4.9 - 545 - - - - 0.47 20.65 Nubiand Nubi (2010)
River lllo, Otta - - - - - - 224 - 7829 - 760 - - - - Longe and Omole (2008)
Oti River, Ghana 8.15 60.07 440 480 1754 803 0.33 6.00 0.16 0.001 893 Abdul-Razak etal. (2009)
Densu River. Ghana 6.54- 136- 68.3- 6.91- 0.21- 0.13- 0.54- 7.90- .

' 7.48 369 196 - - - - 188 - - 21 521 - 104 40.57 Fianko et al. (2010)
Lake Qarun, Egypt - - - - - - - - - - 0378 0.039 001 - - Abdel-Satar et al. (2010)
Nairobi River, Nairobi 7.04 - - - - 415 432 1825 495 - - - - - Dulo (2008)
Gediz Stream, Turkey 8.05 1590 - - - - 1175 6.1 4475 - 026 - - - - Akcay et al. (2003)
Buyak Menderes R, Turkey 8.15 1645 - - - - 1165 6.2 424 - 030 - - - - Akcay et al. (2003)
Biga stream, Turkey 751 869.9 - - - - 833 1366 - - - - - - - Hacioglu and Dulger (2009)
Cross River
(This study) 6.62 553 275 36.1 1842 342 7.61 194 27.7 1150 0.38 12.25 0.09 0.068 30.9 Present study
Qua Iboe River
(This study) 6.91 1205 495 61.3 221.6 505 6.42 280 219 860 0.46 4.63 0.09 0.097 36.2 Presentstudy

TEC = pScm™, * Turb = Turbidity unit (NTU).
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Conductivity values for the two rivers were 5504280 uScm* and 1210+740 uScm ™.
The concentration values from Qua Iboe River doubled that of Cross River due to
influence of sea water intrusion from Atlantic Ocean. The EC values obtained are

comparable with reports for other rivers in the region (Omo-Irabor et al., 2008).

In Cross River, low water hardness level was reported while some upstream stations
(Atabong and Marina) of Qua Iboe River recorded higher levels (669 mgL*and 579
mgL™) which exceeded the WHO guideline limit (500 mgL™) for drinking water
(WHO, 2008). The mean DO level for Cross River (7.6+1.5 mgL™) and Qua lboe
Rivers (6.4+1.3 mgL™) were greater than 5.0 mgL™. Therefore, the two rivers are very

adequate to support aquatic organisms.

Mean chloride levels for Cross and Qua Iboe River were 880+520 mgL™ and 860+550
mgL™ respectively with Ibaka (1540+180 mgL™) and Iwuokpom 2 (1330+330 mgL™)
having the highest chloride levels attributable to sea-water intrusion (from Atlantic
Ocean). Results were higher than those reported for other surface waters bodies in the
region (Nduka et al., 2008) and other parts of Nigeria (Wakawa et al., 2008) [Table
4.27]. However, chloride levels for most stations exceeded the WHO guideline limit of
250 mgL™* for drinking water (WHO, 2008).

Nitrogen in surface water is present as ammonia, nitrite and nitrate nitrogen. Therefore,
ammonia, nitrite and nitrate levels in this study were below obnoxious level. Maximum
nitrate level obtained from Nwaniba (28.7+9.3 mgL™) tripled the highest level from Qua
lboe River at Atabong (9.8+2.7 mgL™). However, the high values recorded in Cross
River did not exceed the WHO maximum limit of 50 mgL™ for drinking water (WHO,
2008).

Phosphate levels of 0.07+0.09 mgL™ (Cross River) and 0.10+0.03 mgL™ (Qua lboe
River) were highly comparable, and fell within the WHO desirable limits of 0.35 mgL™
(WHO, 2008). The mean sulphate level for the two rivers, 31.0+9.0 mgL™ (Cross River)
and 36.2+9.8 mgL™ (Qua Iboe River) were comparable with no significant difference.

There was no threat of phosphate contamination in the two river system.
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The general assessment of the surface water quality of the two rivers using Prati Scale
classification (Prati et al., 1971) showed that Cross River fell in the class of excellent
water (Class 1) with respect to pH, DO and BOD and acceptable water (Class 2) with
respect to NH; and COD. On the other hand, Qua Iboe River fell in the class of
acceptable (Class 2) and slightly polluted (Class 3) with respect to the measured
parameters. The high chloride concentration rendered the river heavily polluted as
reflected in all stations except Ayadehe which showed acceptable class. The results
showed spatial distribution of the measured parameters as a reflection of different

anthropogenic activities at various stations

4.19.2 Metals in Surface Water

Trace metal concentrations in surface water from the two rivers (Cross and Qua Iboe)
were compared with other rivers in the region. Results showed that the two rivers were
of good quality compared with other rivers in the region. Mean metal levels from Cross
River and Qua Iboe River was of the order: Zn>Ni>Cu>Co>Pb>Cr>Cd and
Zn>Cu>Ni>Co>Cr>Pb>Cd respectively. In Qua Iboe River, metal levels were higher
than levels obtained in Cross River due to influence of point source pollution. For
example, Cd level (41+49 pgL™) in Qua lboe River was significantly higher than level
(16213 pgL™) obtained in Cross River. Levels of Cd were quite below values reported
for Ubeji Creek (700 pgL™), Okirika River (160+40 pgL™), and Abuloma River
(15020 pgL™) by Nduka and Orisakwe (2010) but compared favourably with 40 pgL™
reported for Iko River in Akwa Ibom by Benson and Etesin (2008).

However, Pb level in surface water of this study was comparable with other rivers in the
region except New Calabar, Okirika, Abuloma and Ubeji Rivers which recorded
elevated Pb levels of 850 pgLt, 590+30 pgL™, 410+30 pgL* and 300 pgL™
respectively (Table 4.28). Chromium level in Cross River (21+16 ugL™) was one-half of
the concentration in Qua Iboe River (45+39 pgL™), although the difference was not
significant. However, at Atabong station of Qua Iboe River value obtained far exceeded
the WHO guideline limit for drinking water (WHO, 2008). The mean levels of Cd, Pb
and Ni in the two rivers exceeded the WHO drinking water guideline limits of 3 pgL™,
10 pgL™ and 20 pgL™ respectively (Table 4.29). All the other metals analysed — Cr, Cu,

Zn and Co did not pose any environmental risk to the biota.
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Table 4.28. Comparison of metal concentrations in surface water with some rivers in Nigeria and other parts of the world

Metals concentration (mgL™) Reference
Rivers/Study area Cd Pb Cr Cu Zn Ni Co
Ubeji Creek, Delta State 700 (640)® 300 (220)® ND° 5200 (4300)* 780 (680)% 100 (80)*° - Nduka and Orisakwe (2010)
New Calabar River, PH - 850 500 2080 70 - - Wegwu and Akininwor (2006)
Iko River, Akwa Ibom State 40 4 10 130 350 420 - Benson and Etesin (2008)
River ljana, Ekpan- Delta State  10-100 25-58 37-67 20-50 88-122 30-80 - Emoyan et al. (2006)
Esi River, Warri 24 39 42 16.1 107 12 - Akporido (2010)
Abraka River, Delta State - 10-170 - - 40-240  10-130 - Rim-Rukeh et al. (2007)
Okirika River, PH-Nigeria 160+40 590+30 230+20 8010 2010 650+10 - Nduka and Orisakwe (2010)
150+20  410+30 50+10 30+10 520+30
Abuloma River, PH-Nigeria (130£0)% (390+10)* ND° (40£10)*  (20£10)% (470+10)% - Nduka and Orisakwe (2010)
Lagos Lagoon, Nigeria 354 263 60 197 530 140 - Aderinola et al. (2009)
J. A. Alzate Reservoir, Mexico - 61 79 70 68 34 - Avila-Perez et al. (1999)
Hindon River, India 24-241 30-90.2 31.2-331 BDL"-4373 5-836 - - Suthar et al. (2009)
Qua Iboe estuary, AKS - 10+6 201 36+15 301 13+5 - Essien et al. (2009b)
Cross River, Akwa Ibom 16+13 22+14 21+16 35+20 112471 50+49 32422 Present study
Qua Iboe River, Akwa lbom 41+49 31+30 45+39 70+71 163+89 62+82  55+48 Present study

% \Wet season values in parenthesis, ® BDL = below detection limit, © ND = not detected
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Table 4.29. Comparison of results from this study with WHO guidelines for
drinking-water and Canadian Water Quality Guidelines for fresh
water

arametors Mean concentration WHO guideline ngjéan
Cross River  Qua lboe River (2008) (fresh water)
Temp. °C 29.5+2.5 29.6+2.9 NG -
pH (pH units) 5.68-7.22 6.49-7.34 6.5-8.5 6.5-9¢
Alkalinity (mgL™) 36.1+19 61.3+35 n.g' -
Turbidity (NTU) 34.2+18 50.5+16 5.0 .
TDS (mgL™) 275+130 495+320 n.g' -
E. Cond. (uScm™) 553280 1210740 250 -
Hardness (mgL™) 184+160 222+290 500 X
DO (mgL™) 7.6+1.2 6.4+1.3 ng’, 7.5° 5.5-9.5
COD (mgL™) 27.75.4 21.9+3.8 n.g' -
BODs (mgL™) 1.94+0.78  2.80+0.73 ng' -
Chloride (mgL™) 880+520 860+550 ng' -
Fluoride (mgL™) 0.31+0.28  0.53+0.48 1.5 1.5
NH;-N (mgL™) 0.38+0.30  0.46+0.29 n.g' -
NO; -N (mgL™) 12.3+9.6 4.6+2.9 50 45
NO, -N (mgL™) 0.09+0.15  0.09+0.05 0.003 0.06
PO, (mg L™ 0.07+0.09  0.10+0.03 0.35° -
SO, (mgL™) 31.0£9.0 36.2+9.8 250-500 -
Cadmium (pgL™) 16+13 41+49 3 0.017
Lead (ugL™) 22414 31+30 10 1-7*
Chromium (ugL™) 21+16 45+39 50 8.8° 1.0
Copper (ugL™) 35420 70471 2000 2-4
Zinc (ugL™ 112+71 163+89 3000 30
Nickel (ugL™) 50+49 62+82 20 25-150
Cobalt (ugL™?) 32422 55+48 n.g' -

? = WHO desirable limit; ®= soft water, = medium water, ¢ = hard water, ¢ = Cr(lIl),
"= Cr(VI), * = hardness dependent, 'n.g = no guideline value
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4.19.3 Metals in Bottom Sediments of Cross and Qua Iboe River Systems

Metal levels in sediments revealed that the rivers were moderately polluted compared
with other rivers in the region and other parts of the world. Results show higher levels
for Pb, Cu, Zn, Ni and Co. However, results obtained for others showed lower values
compared with values reported for other rivers in the region and other parts of the world
(Table 4.30).

Sediment is the main sink and source of trace metals like in river and marine
environment (WHO, 1996). Cadmium, for example, was lower than those reported for
other rivers in the region: New Calabar River (12.8 pugg™), Bonny/New Calabar River
(16 — 29 pgg™) and Esi River, Warri (5.5 pgg™) (Horsfall and Spiff, 2002; Chindah et
al., 2004; Akporido, 2010). Mean Cd concentration obtained from Cross River
compared favourably with values reported for Orogodo River by Puyate et al. (2007).
However, results obtained were higher than values reported for some other rivers in
other parts of the world (Wade et al., 2008; Villaescusa-Celaya et al., 2000).

Lead level in Cross River (59.3+14.2 pgg™) was about four-times higher than that of
Qua lboe River (13.4+6.2 pgg™). Values obtained were higher than values reported for
most river sediments in the region except asphyxiated sediments of Qua Iboe estuary
(93.0 ugg™) by Essien et al. (2009b). The level in this study compared favourably with
values reported for Buyak Menderes River and Gomti River as reported by Akcay et al.
(2003) and Singh et al. (2005) respectively. Lead is known to be sorbed onto sediments
in river and marine environment (Mostafa et al., 2009). Chromium level for Cross River
(15.945.3 pgg™) slightly compared favourably with that of Qua Iboe River (20.9+14.0
nogg ™). Values obtained were higher than levels reported for other rivers in the region
but lower than values reported for some other rivers in other parts of the world: J. A.
Alzate reservoir, Mexico (85.0 pgg™), Montevideo Harbour, Mexico (162.0 pgg™),
Buyak Menderes River, Turkey (160-195 pgg™), and Hindon River, India (42.9-250.4
ngg™) (Table 4.30).

The mean Cu concentration in sediments of Cross River (71.8+17.1 pgg™) and Qua Iboe
River (45.3+15.8 pugg™ ) were higher than levels reported for other rivers in the region -
2.50 pgg™* for Orogodo River, 1.87 pgg™ for Calabar River, 0.04 pgg™ for Iko River and
5.51 pgg” for Ntawuogba Creek.(Table 4.30). Zinc, nickel and cobalt in the
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Table 4.30. Comparison of results of sediment metals of Cross and Qua Iboe River with other rivers in the Nigeria and other parts

of the world
. Trace metals concentration (pgg ™ dry weight) Reference
Study area/Rivers _
Cd Pb Cr Cu Zn Ni Co
Orogodo River, Agbor 0.49 4.39 0.89 2.50 1.26 0.71 - Puyate et al. (2007)
New Calabar River, PH 12.8 41.6 ND 255 31.6 3.2 - Horsfall and Spiff (2002)
Calabar River, Calabar 0.01 0.62 - 1.87 4.25 0.34 0.27  Bassey and Udosen (2007)
Qua Iboe River estuary - 93.8 0.21 335 179.4 37.4 - Essien et al. (2009b)
Iko River, Akwa Ibom 0.05 0.03 0.25 0.04 1.10 2.87 - Benson and Etesin (2008)
Ntawuogba Creek, PH 0.30 22.28 - 5.51 - 0.89 - Iwegbue et al. (2006)
Esi River, Warri 55 21 24 132 165 1.8 - Akporido (2010)
Bonny/New Calabar River, PH 16-29 3-27 10-83 1-57 3-277 - - Chindah et al. (2004)
Lagos Lagoon, Nigeria 1.15 0.45 0.618 0.60 0.73 0.867 - Aderinola et al. (2009)
Casco Bay, USA (Seaport) 0.4 40.0 68.0 23.0 88.0 26.8 - Wade et al. (2008)
J. A. Alzate Reservoir, Mexico 2.45 26 85 35 145 33 - Avila-Perez et al. (1999)
Montevideo Harbour, Uruguay - 85 162 89 312 30 Muniz et al. (2004)
Buyak Menderes River, Turkey - 35-75 160-195 130-150 85-185 168-418 30-38  Akcay et al. (2003)
Pearl River estuary, China - 48+14 88+22 4717 140+142 35+10 - Ip et al. (2007)
Gediz River, Turkey - 105-140 170-220 108-152 140-180 101-129  32-40  Akcay et al. (2003)
. . . 1.15- 5.07- 42.9- 9.42- 3.98-
Hindon River, India 347 59 1 250.4 195.1 85.0 - - Suthar et al. (2009)
Gomti River, India 2.42 40.33 8.15 5.0 41.67 15.17 - Singh et al. (2005)
0.08-0.64 6-21 56-802 4.9-23 39-188 16-44 i Villaescusa-Celaya et al.

Baja California, Mexico (0.17) (13.6) (137) (12.8) (68.3) (25.3) (2000)
Hadramout coastal area, 0.3-2.6 5.3-23 5.7-3.3 3.1-51 10.6-90.6 54-242  6-275
Gulf of Aden, Yemen (1.5) (10.3) (10.9) (20.4) (55.6) (12.4) (12.8)  Mostafa et al. (2009)
Cross River 0.50+0.24 59.3+14.2 15.945.3 71.8+17.1 129+12 6.55+2.3  7.58+2.3 Present study
Qua Iboe River 1.59+0.87 13.416.2 20.9+14.0 45.31£15.8 122+18 4.92+3.0 5.52+2.9 Present study
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two rivers showed comparable values with no significant difference. The mean Ni level
(6.55+2.3 and 4.92+3.0 pgg™) in this study was significantly higher than other river
sediments within the region except Qua Iboe estuary which recorded 37.4 pgg™ as
reported by Essien et al. (2009b). Ni values were lower than values reported for other
water bodies outside Nigeria — Casco Bay USA, (26.8 pgg™), J. A. Alzate reservoir,
Mexico (33.0 pgg™) and Gediz River, Turkey (101-129 pgg™).

420 SPECIATION MODELLING IN SURFACE WATER OF CROSS AND
QUA IBOE RIVER USING PHREEQC MODEL

Mean Cd concentrations in Cross River and Qua Iboe River were 7.66x107 M and
2.47x10° M respectively (Table 4.30). The predominant dissolved species present
includes CdCI* (80 — 82%), Cd Cl, (4 — 14% and the free hydrated ionic species, Cd** (5
— 16%). The mobile and toxic Cd** species was however only available in limited
amount in the fresh water body. In Qua Iboe River system, the free hydrated species,
Cd?* showed significance only in the upstream stations (16 to 23%). The chloride
complex species, CACI™ (74 — 80%) and Cd(OH)CI (51 to 59%) were most significant in
the upstream and downstream stations respectively. The trend in Qua Iboe River was
however influenced by the marine water intrusion which accelerated the formation of

the hydroxide complexes in the downstream stations.

Lead exists in Cross River as the free hydrated species, Pb** (42 - 70%), PbCI* (16 -
41%) and PbCO3 (1 — 22%). But in Qua Iboe River system, only the free hydrated ion,
Pb?* (75 - 83%) and PbCI* (15 — 22%) showed predominance in the upstream stations,
and the hydroxyl complexes, Pb(OH), (53 — 65%), Pb(OH); (25 — 44%) and PbOH"
(2-5%) showed predominance in the downstream stations. Two major hydroxyl
complexes of chromium (111); Cr(OH)," and CrOH?*, showed dominance in Cross River
with mean distribution ranging from 26 to 89% and 6.5 to 70% respectively. The free
uncomplexed hydrated ion, Cr** ranged from 0 to 4%. In Qua Iboe River system,
significant species were the hydroxyl complexes of Cr(OH)," (15 — 31%), CrOH?** (66 —
76%) and the free hydrated ion, Cr** (3 — 8.7%) showing dominance only in the
upstream stations were observed. The free hydrated species was very low (< 10%) and

therefore did not pose significant risk to the biota.
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In Cross River, about 68.3% of the total Cu concentration existed as Cu(l) while 31.7%
existed as Cu(ll) while in Qua Iboe River, 51% of the total concentration existed as
Cu(1) while 49.0% exists as Cu(ll). Only three species of Cu(l) (1.89x10® M), CuCl,"
(67 — 83%), CuCls* (9.0 — 33%) and Cu* (0.5 — 8.0%) showed significant distribution
with CuCl, being the most predominant complexed species. Two significant species of
Cu (11) in Cross River were the free hydrated species, Cu®* (36 — 88%) and the CuCOs3
(3.3 — 46.5%) species with stations Nwaniba and Ibaka recording > 85% free hydrated
Cu?*. But in Qua Iboe River, the free hydrated species, Cu®*, showed dominance in the
upstream stations while the hydroxy-carbonate complex, CuCO3(OH),> showed >80%
dominance in the downstream stations due to formation of carbonate and hydroxides.
The free hydrated Cu®" species which dominates the upstream stations of Qua Iboe
River and Cross River could be as a result of low alkalinity recorded.

Total Zn concentration in Cross River was 1.07x107 M and in Qua Iboe River was
1.52x10"° M. The free hydrated species, Zn** (80 — 94%) dominated in all the stations of
Cross River and only in the upstream stations of Qua Iboe River. The downstream
stations of Qua Iboe River showed dominance of only the hydroxy salt of Zn(OH), (79 -
88%) and Zn(OH)3™ (10 — 20%).

About 98% of total Ni (II) concentration (1.76x10®° M) in Cross River was distributed
as the free un-complexed hydrated species (Ni**) being the predominant Ni species,
whereas, the upstream stations of Qua Iboe River recorded ~97% distribution of free
Ni?* as the predominant species while the downstream stations showed predominance of
the hydroxy species Ni(OH), (54 — 66%) and Ni(OH)s (25 — 45 %). Only about 2 —
8.5% of the free un-complexed Ni** was distributed in the downstream stations.

Cobalt species in the two river systems were the free hydrated species, Co?*, HCoO,"
complex and the CoCI*. The free hydrated species showed predominance (>97%) in
Cross River and in the upstream stations of Qua Iboe River. At the downstream stations
of Qua Iboe River, the most predominant species of Co is HCoO; which is 100% of the

total occurrence making the other species of no significance.
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421 SATURATION INDICES FOR CROSS RIVER AND QUA IBOE RIVER
SYSTEM

Surface water composition at different sampling stations of the two rivers (Cross River
and Qua Iboe River) systems showed some slight differences in composition. In Cross
River, the water was highly oversaturated with respect to CuCr,0O4 PbHPO, and
Pyromorphite (Pbs(PO4)sCl) in all the stations. But in Qua Iboe River system, only the
upstream stations, (with low ionic strength | = 0.0054 — 0.0086 M) showed higher
degrees of oversaturation while the downstream stations (high ionic strength, | = 0.012 —
0.021 M) showed high under saturation of the same minerals. Atacamite (Cuy(OH)sCl),
Ni(OH),, tenorite (CuO), tsumebite (Pb,CuPO4(OH)3:3H,0) and zincite (ZnO) showed
oversaturation in the downstream stations but was highly undersaturated in all the
upstream stations. Cerrusite (PbCQO3), cuprite (Cu,0) and otavite (CdCO3) showed slight

undersaturation.
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CHAPTER FIVE

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

51 SUMMARY AND CONCLUSIONS

This study has provided valuable data on the pollution status of the Cross River and Qua
Iboe River in Akwa Ibom State, Nigeria. These deal with the physicochemical
properties and trace metals levels in surface water and sediment. In addition, it has
provided novel data on the speciation of metals in the waters of these rivers, using a

unique modelling method.

5.1.1 Physicochemical Characteristics of Cross River and Qua Iboe River

Average levels of all water quality parameters in the two rivers were generally low,
except electrical conductivity, and fell within the national and international regulatory
standards for drinking water. The quality of the river did not pose serious threat to the
survival of aquatic life especially in terms of pH, DO, total hardness, BOD and nutrients
concentrations. There was slight non-significant seasonal influence in some

physicochemical parameters among the stations studied.

5.1.2 Metal Concentration in Surface Water and Sediment of Cross River and
Qua Iboe River

Trace metal levels in surface water were generally lower than levels in sediments.
However, levels in surface water showed remarkable contamination of Cd, Pb and Ni
which exceeded the regulatory standards, thereby posing pollution threat to the biota.
The highest potential contamination risk to flora and fauna was recorded by Cd while Pb
recorded the lowest especially at Oron and Ibaka stations. The metal pollution levels in

the river may be due to anthropogenic activities in the river.

In Qua Iboe River, average levels were higher than levels in Cross River. Atabong and
Marina stations showed values for all metals (except Cu) which exceeded the regulatory
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guideline limit for drinking water due to municipal discharges. Generally, Cd, Pb and Ni
exceeded the regulatory standards for drinking water, posing serious contamination risk
to flora and fauna. From EF calculations, Pb and Cd showed significant contribution
from anthropogenic sources particularly at Ibaka and Atabong stations. Seasonal
distribution of trace metals in surface water and sediments showed higher levels during
the wet season than the dry season which may be attributable to surface runoff carrying
contaminants from agricultural farmlands, urban highways and municipal drainage

channels into the river.

5.1.3 Chemical Speciation of Trace Metals in Sediments from Cross River and

Qua Iboe River

There was no significant difference in the distribution patteren of the metals among the
four fractions. The distribution of metals in sediments showed that all the metals were
very mobile due to higher distribution (62.4 — 89.2 %) in the non-residual fractions,
meaning that the metals are less strongly bound to minerals and non-resistant

components. This suggests potential toxicity, bioavailability and risk to the biota

5.1.4 Speciation Modelling in Surface Water of Cross River and Qua Iboe River

Speciation modeling calculation results showed that the predominant species in surface
water of Cross River were the free hydrated ions of Zn?* (=90.0%), Ni** (>97.0%), Co?*
(>97.7%), Pb** (>42.0%) and Cu®* (>36.2%) as well as the chloride species - CdCI*
(>80.0%), CuCly (>66.0%), PbCl" (>16.0%) and the hydroxy species of CrOH*
(>50.0%) and Cr(OH)," (>89.0%).

The pattern of distribution in Qua Iboe River differs significantly due to increased level
of metal concentration and ionic strength of the water body. The free hydrated species
of Cu®* (289.0%), Ni** (297.0%), Pb* (>76.0%) and Zn** (>92.0%) showed
predominance in the upstream stations thereby increasing bioavailability and toxicity of
these metals to the aquatic organisms. But due to increased ionic strength in the
downstream stations, the free hydrated species concentrations were relatively low and
the inorganic complexed species - Zn(OH), (>79.0%), Ni(OH), (>54.0%), Ni(OH)3"
(>25%), HCoO, (100%), Pb(OH); (>53.0%), CuCO3(OH),” (>81.0%), Cd(OH)CI
(>51.0%) and CrO,% (>100.0%) predominates thereby reducing bioavailability and
toxicity.

196



5.1.5 Saturation Indices for Cross River and Qua lboe River

The saturation indices calculation showed higher Sl values for CuCr,04, PbHPO, and
pyromorphite (Pbs(PO,4)sCl) minerals in all stations of Cross River indicating
oversaturation. But in Qua Iboe River, only the upstream stations indicated
oversaturation while the downstream stations indicated high undersaturation for the
same minerals. Atacamite (Cuz(OH)3Cl), Ni(OH),, tenorite (CuO), tsumebite
(Pb,CuPO4(0OH)3:3H,0) and zincite (ZnO) showed undersaturation, implying that these

minerals would dissolve when in contact with the solution.

5.2 RECOMMENDATIONS

The following recommendations are therefore made from the study:

(@) Adequate environmental education and awareness on safe handling/use of
fertilizers and pesticides in order to minimize the contribution of agricultural
practices to water pollution should be given to farmers and residents of
riverine/coastal communities.

(b) In Qua Iboe River system, metal levels were found to be high. This requires
adequate pollution-control programs and stricter environmental regulations for
water and sediment quality by the relevant monitoring agencies of government.
This will help put in place measures that will mitigate further pollution of the
water body in order to support the protection and management of the coastal
ecosystems.

(c) Routine monitoring of the surface water and sediment quality should be given
priority attention owing to the the trans-boundary nature of water pollution.

(d) Since some of the chemical species are responsible for the metal toxicity and
bioavailability in aquatic systems, more analytical data on chemical speciation of
surface water systems in Nigerian rivers and streams should be generated using
the PHREEQCI model.

(e) Further research on the pollution status and chemical speciation studies of the

quality of underground water within the region should be carried out.
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Appendix 1. Physicochemical properties of surface water samples from Cross River

Sampling Station  Temp. oH Alkalnity Turbidity TDS E.C. Hardness DO COD BODs ClI F NHs;-N NOs-N NO-N PO  SO”
Station/Month code °C (mg/lL) (NTU) (mg/L) (pS/em) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Jun. 09
Okopedi Itu SC-1 26,6 6.79 20.0 31.8 129 301 23 725 294 131 622 0.15 0.02 2.1 0.02 0.05 106
Ayadehe SC-2 267 6.48 15.0 35.6 107 269 31 743 312 144 122 0.01 0.05 3.4 0.03 0.06 11.2
Nwaniba SC-3 266 6.38 134 57.0 126 558 298 6.22 225 109 1325 046 006 152 0.16 0.06 345
Oron SC-4 267 6.25 47.6 26.0 290 384 289 6.03 193 102 1160 0.43 0.13 1.7 0.03 0.04 207
James Town SC-5 268 6.77 29.9 30.6 189 270 61 7.15 253 0091 131 0.79 0.01 7.3 0.04 0.03 243
Ibaka SC-6 272 6.82 58.7 78.2 487 536 354 5655 20.1 410 1834 096 0.02 7.9 0.04 0.03 41.0
July. 09
Okopedi Itu SC-1 264 6.69 17.3 27.7 149 363 43 819 304 125 532 0.13 0.04 2.8 0.01 0.04 125
Ayadehe SC-2 263 6.42 135 45.5 153 311 26 844 216 132 201 0.01 0.05 49 0.02 0.05 132
Nwaniba SC-3 264 641 11.6 51.6 186 634 267 6.42 283 099 1214 043 030 282 0.18 0.05 373
Oron SC-4 267 6.75 39.7 21.0 310 597 234 593 176 089 1275 041 0.06 7.3 0.02 0.04 212
James Town SC-5 273 6.79 22.6 57.5 265 652 50 789 295 115 390 0.68 0.13 9.6 0.03 0.02 288
Ibaka SC-6 272 6.80 52.1 67.7 502 844 430 6.72 272 296 1567 0.88 016 126 0.03 0.04 40.0
Aug. 09
Okopedi Itu SC-1 264 6.77 21.7 27.3 128 223 37 8.17 308 130 608 0.11 0.06 3.0 0.01 0.06 205
Ayadehe SC-2 263 6.32 14.2 36.9 106 330 29 820 227 134 123 0.01 0.05 4.5 0.01 0.06 164
Nwaniba SC-3 264 6.78 134 59.8 131 394 329 6.17 275 105 1305 064 016 262 023 0.07 26.7
Oron SC-4 267 6.27 46.4 37.0 292 477 257 554 182 095 1360 0.48 0.06 6.9 0.02 0.04 199
James Town SC-5 275 6.81 19.6 194 182 553 40 8.06 300 124 521 0.16 018 114 0.03 0.02 237
Ibaka SC-6 275 6.79 475 34.4 495 1016 375 6.86 280 205 1466 0.08 022 144 0.03 0.04 406
Sept. 09
Okopedi Itu SC-1 265 6.75 23.3 25.1 167 286 34 8.14 312 129 594 0.07  0.07 3.9 0.01 0.08 305
Ayadehe SC-2 264 6.56 16.7 42.4 148 359 25 891 354 162 120 0.00 0.15 5.6 0.01 0.06 221
Nwaniba SC-3 265 599 23.4 53.7 155 528 320 592 227 102 1285 082 052 343 0.06 0.08 432
Oron SC-4 268 6.21 50.5 43.8 346 696 286 6.71 275 114 1434 031 0.12 9.5 0.01 0.03 255
James Town SC-5 271 6.76 28.5 22.4 212 679 38 758 316 144 623 065 016 11.3 0.02 0.01 289
Ibaka SC-6 27.1 6.83 31.2 24.2 517 1163 388 6.34 218 123 1213 055 021 132 0.03 0.03 455
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Appendix 1 continued

Sampling Station Temp. . Alkalnity Turbidity TDS E.C. Hardness DO CoD BOD; CI FF NHsN NO;-N NO,-N PO, SO~
Station/Month code °C P (mg/L) (NTU) (mg/L) (uS/cm) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Nov. 09
Okopedi Itu SC-1 286 6.83 16.7 13.5 125 279 34 824 246 132 651 0.22 0.02 22 0001 001 311
Ayadehe SC-2 289 624 234 31.2 105 286 30 796 237 125 124 0.01 0.05 4.1 0.01 0.05 254
Nwaniba SC-3 292 598 333 51.2 217 640 315 6.92 299 115 567 011 059 322 006 0.04 26.7
Oron SC-4 294 654 452 28.1 274 625 401 515 187 0.89 1445 054 0.06 6.0 0.01 005 331
James Town SC-5 296 6.65 16.7 13.5 238 711 31 824 304 132 653 022 024 132 003 0.01 289
Ibaka SC-6 297 6.48 429 61.2 346 1121 320 701 287 115 1365 011 029 162 0.03 0.04 37.2
Dec. 09
Okopedi Itu SC-1 295 648 217 9.7 182 292 45 7.87 348 175 608 0.11 0.19 3.5 0.02 0.06 31.7
Ayadehe SC-2 297 653 142 37.4 236 375 42 8.69 267 198 123 0.01 0.26 5.2 0.02 0.06 323
Nwaniba SC-3 306 578 237 62.7 513 856 329 588 275 154 1305 064 093 330 056 007 287
Oron SC-4 308 659 564 35.4 347 861 245 8.01 192 245 1360 0.48 052 8.3 0.06 0.04 30.2
James Town SC-5 297 6.63 196 8.3 234 802 40 836 233 261 520 016 072 172 0.08 0.02 256
Ibaka SC6 309 6.72 475 25.5 384 1419 475 713 300 198 1466 0.08 062 162 0.07 0.04 389
Jan. 10
Okopedi Itu SC-1 303 6.65 259 11.1 208 283 51 6.99 398 2.00 695 0.13 0.22 3.9 0.02 0.07 36.3
Ayadehe SC-2 305 6.70 17.0 42.7 270 367 48 701 305 226 141 0.01 0.30 6.0 0.03 0.07 36.9
Nwaniba SC-3 314 593 284 71.7 586 867 376 6.72 314 176 1132 073 106 377 064 008 329
Oron SC-4 316 654 675 40.5 397 974 280 6.88 219 280 1244 055 059 9.5 0.06 0.05 34.6
James Town SC-5 305 6.80 235 9.5 267 833 145 711 266 298 595 019 082 197 010 0.02 293
Ibaka SC6 317 6.89 569 29.1 439 1424 543 815 342 226 1675 009 071 185 0.08 0.05 558
Feb. 10
Okopedi Itu SC-1 322 6.70 254 10.8 199 246 49 8.62 381 192 666 0.12 0.21 3.8 0.02 0.07 347
Ayadehe SC-2 325 6.75 16.6 41.7 258 403 46 952 292 217 135 0.01 0.28 5.7 0.03 0.06 354
Nwaniba SC-3 326 598 275 69.8 562 729 360 6.44 301 169 1224 070 102 362 062 008 315
Oron SC-4 328 6.74 66.0 39.4 380 617 269 877 210 268 1490 053 057 9.1 0.06 0.05 331
James Town SC-5 328 6.86 234 9.2 256 670 44 916 255 286 570 018 079 189 010 0.02 28.0
Ibaka SC6 320 6.95 556 28.4 421 806 520 781 328 217 1606 009 068 178 007 005 439
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Appendix 1 continued

Sampling Station Temp. y Alkalnity Turbidity TDS ~ EC. Hardness DO  COD BODs  CI F NH;-N NOs-N NO,-N PO,> SO,/
Station/Month code °C P (mg/L) (NTU) (mg/L) (uS/cm) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Mar. 10
Okopedi Itu SC-1 331 6.73 28.5 11.9 223 282 55 9.64 426 214 644 0.13 0.23 4.2 0.02 0.08 38.8
Ayadehe SC-2 332 6.78 18.7 21.8 289 403 51 10.64 326 242 251 0.01 0.32 6.4 0.03 0.07 39.6
Nwaniba SC-3 325 7.0 31.2 21.4 628 565 403 720 337 189 1298 0.23 1.04 404 069 009 352
Oron SC-4 345 7.02 74.2 24.3 425 446 300 9.81 235 3.00 1365 0.04 0.64 102 0.07 0.05 37.0
James Town SC-5 346 6.89 25.8 10.2 287 430 49 10.24 285 320 637 0.99 045 211 011 0.02 314
Ibaka SC-6 348 6.98 62.5 31.2 470 711 582 8.73 36.7 242 1795 0.10 0.76 199 0.08 0.05 49.0
Apr. 10
Okopedi Itu SC-1  30.7 6.88 42.5 16.6 148 235 38 796 319 2.09 577 0.34 0.30 2.9 0.03 0.08 34.2
Ayadehe SC-2 308 6.39 39.6 36.9 191 324 35 859 245 223 225 0.26 0.35 4.6 0.03 0.06 344
Nwaniba SC-3 312 17.22 54.2 14.7 196 317 38 6.34 285 170 1182 0.12 014 128 0.08 052 18.0
Oron SC-4 323 17.14 70.5 13.2 207 289 24 831 337 3.80 1488 0.03 0.65 3.9 0.02 058 389
James Town SC-5 326 6.06 24.6 13.8 194 424 66 791 225 282 404 0.14 073 135 0.09 0.05 283
Ibaka SC-6 327 6.24 48.5 37.8 307 609 469 6.48 26.2 219 1540 0.09 061 135 0.09 0.06 37.8
May-10
Okopedi Itu SC-1 296 6.88 67.5 25.1 129 198 35 8.84 321 264 344 0.61 0.43 2.7 004 011 204
Ayadehe SC-2 289 6.89 69.0 40.1 165 286 32 936 248 271 204 0.55 0.48 4.5 0.05 0.07 232
Nwaniba SC-3 287 6.35 77.2 72.9 345 580 197 6.77 291 2.79 989 0.96 0.75 198 037 0.10 323
Oron SC-4 289 6.87 82.8 49.3 245 571 148 724 19.7 295 7475 0.35 0.65 6.7 0.08 0.06 414
James Town SC-5 287 6.42 33.2 21.3 185 558 103 8.64 251 3.47 349 0.13 0.8 119 011 0.08 223
Ibaka SC-6 288 6.71 56.8 55.9 276 388 235 6.82 263 274 1424 0.12 069 128 0.14 0.08 323
Mean+SD 293t 6.62+ 36.1x 342+ 275+ 553+ 184+ 7.61+ 27.7+ 194+ 880+ 0.31+ 0.38+ 123+ 0.09+ 0.05x 30.9t
- 2.4 0.31 19.2 18.1 133 280 164 1.19 5.4 0.78 518 0.28 0.30 9.6 0.15 0.02 9.0
Range 26.3- 5.78- 11.6- 8.3— 105- 198- 23582 5.15- 17.6- 0.89- 120- 0.002- 0.01- 2.1- 0.001 0.01- 10.6-
348 7.22 82.8 78.2 628 1424 10.64 4261 4.10 1834 0.99 1.06 404 -0.69 058 558
CV (%) 8.2 4.7 53.2 52.9 484 50.6 89 156 193 40.2 1014 913 78.9 78 165.6 415 29.1
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Appendix 2. Seasonal variation of physicochemical characteristics of surface from Cross River

Okopedi (SC-1) Ayadehe (SC-2) Nwaniba (SC-3) Oron (SC-4) James Town (SC-5) Ibaka (SC-6)
erameters WS DS WS DS WS DS WS DS WS DS WS DS
Temp. °C 27.8+1.8 30.8+1.9 27.8+2.0 30.9+1.9 27.8+2.0 31.0+1.8 28.0+1.9 31.1+1.8 27.9+1.9 31.3+2.0 27.8+2.1 31.4+2.0
pH (range) 6.69-6.88 6.48-6.83 6.32-6.89 6.24-6.78 5.99-7.22 6.78-7.10 6.21-7.14 6.54-7.02 6.06-6.81 6.63-6.89 6.24-6.83 6.48-6.98
Alkalinity (mgL™) 32.0+20 23.6+4.6 28.0+22 18.0+3.4 32.2+27 28.8+3.7 56.3+17 61.9+11 26.4+5.0 21.8+3.6 49.1+10 53.1+7.8
Turbidity (NTU) 25.615.0 11.4+1.4 39.6+3.8 35.0+8.6 51.6+20 55.4+21 31.7+14 33.547.1 27.5+16 10.1+2.0 49.7+21 35.1+15
TDS (mgL ™) 142+16 187+38 145+33 232+73 190+81 501+160 282+49 365+58 20531 256+22 431+110 412+48
E. Cond. (uScm™) 268161 276x18 31332 367148 502+120 731+130 502+150 705+210 523+150 689+160 759+300 1100+330
Hardness (mgL™) 35+7 4718 304 4318 242+110 357136 206+100 299+60 60+24 62147 37580 488+100
DO (mgL™) 8.1+0.5 8.3£1.0 8.5+0.7 8.8t14 6.31£0.3 6.6+0.5 6.6£1.0 7.7£1.8 7.910.5 8.6x£1.2 6.5+£0.5 7.81£0.7
COD (mgL™) 31.0+1.0 36.0+7.0 26.7+5.4 28.5+3.5 26.4+3.0 30.5+2.3 22.7+6.5 20.8+2.0 27.3+x3.5 26.8+2.7 24.9+3.2 32.5+£3.2
BODs (mgL ™) 1.65+0.58 1.83+0.32 1.78+0.57 2.02+0.46  1.44+0.71 1.61+0.28 1.79+1.30 2.36£0.85 1.84+1.10 2.59+0.74 2.25+0.56  2.39%£0.73
Chloride (mgL™) 546+100 653132 166+49 155+54 1220+120 1110+310  1280+100 1380194 403+170 595453 1510+£200  1580x170
Fluoride (mgL %) 0.24+0.21  0.14+0.04 0.14+0.22 0.01+0.00 0.57+0.30 0.48+0.29 0.34+0.16  0.43+0.22 0.42+0.31 0.35+0.36  0.45+0.41 0.09+0.01
NH;-N (mgL™) 0.15+0.17 0.17#0.09 0.19+0.18 0.24+0.11  0.32+0.26  0.93+x0.20 0.28+0.29 0.48+0.24 0.35+0.35 0.60+0.25 0.32+0.27 0.61+0.19
NO;-N (mgL™) 2.910.6 3.51£0.8 4.610.7 5.5£0.9 22.818.2 35.9+34 7.0£1.8 8.6t1.6 10.9£2.2 18.0£3.0 12.4+2.3 17.7£1.6
NO,-N (mgL™) 0.02£0.01  0.02+0.01  0.03£0.01  0.002+0.01 0.18+0.11  0.51+0.26  0.03+0.03  0.05+0.03  0.05x0.04  0.08+0.03  0.06x0.05 0.07%0.02
PO (mgL™) 0.07+0.02  0.06+0.03  0.06+0.01  0.06+0.01  0.07£0.02 0.07+0.02 0.05+0.01 0.05+0.00  0.04+0.03  0.02+0.00  0.05+0.02  0.05%0.00
S0,% (mgL™) 21.5+9.4 34.5+3.2 20.1+8.5 33.9154 32.0+8.8 31.0+£3.4 27.919.7 33.61£2.5 26.1+2.9 28.612.1 39.5+4.3 45.2+7.4

N.D. = not detected; WS = wet season, DS = dry season
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Appendix 3: Trace metal concentration (ugL™) in surface water samples from Cross

River
Sampling Station Trace metal concentration (in pgL™)

Station/Month  code

Cd Pb Cr Cu Zn Ni Co
Jun. 09
Okopedi Itu SC-1 6 7 11 16 94 21 17
Ayadehe SC-2 13 36 15 19 36 31 25
Nwaniba SC-3 3 14 5 8 20 11 8
Oron SC-4 10 24 11 17 30 31 27
James Town SC-5 21 38 14 20 230 42 35
Ibaka SC-6 12 41 17 22 70 54 31
Aug. 09
Okopedi Itu SC-1 2 12 7 23 165 11 2
Ayadehe SC-2 4 19 6 37 87 13 28
Nwaniba SC-3 55 1 19 18 62 5 5
Oron SC-4 1 2 3 13 39 22 3
James Town SC-5 14 21 64 62 136 191 91
Ibaka SC-6 7 14 25 71 98 81 54
Sept. 09
Okopedi Itu SC-1 3 17 10 24 247 8 8
Ayadehe SC-2 11 33 12 35 17 28 33
Nwaniba SC-3 36 9 15 16 51 12 7
Oron SC-4 7 16 9 19 43 33 19
James Town SC-5 22 37 49 70 229 146 39
Ibaka SC-6 12 34 26 58 105 84 53
Oct. 09
Okopedi Itu SC-1 BDL? 28 6 40 234 16 21
Ayadehe SC-2 7 25 11 42 79 22 25
Nwaniba SC-3 2 14 12 29 17 14 20
Oron SC-4 34 9 16 21 58 21 13
James Town SC-5 13 32 29 46 149 93 46
Ibaka SC-6 24 31 50 83 134 153 80
Nov. 09
Okopedi Itu SC-1 BDL? 21 8 31 252 17 19
Ayadehe SC-2 29 38 11 37 74 24 26
Nwaniba SC-3 18 18 12 21 61 12 13
Oron SC-4 26 12 12 29 48 26 15
James Town SC-5 17 53 37 55 181 132 62
Ibaka SC-6 12 31 36 67 114 112 67
Dec. 09
Okopedi Itu SC-1 BDL? 16 4 38 204 19 24
Ayadehe SC-2 8 21 51 29 113 22 31
Nwaniba SC-3 13 14 7 18 96 9 21
Oron SC-4 14 12 22 23 331 161 24
James Town SC-5 12 26 35 44 76 88 51
Ibaka SC-6 9 23 36 24 171 72 55
Jan. 10
Okopedi Itu SC-1 BDL? 17 7 28 191 17 15
Ayadehe SC-2 8 21 34 25 81 21 27
Nwaniba SC-3 19 11 12 15 65 10 15
Oron SC-4 11 12 15 18 180 92 19
James Town SC-5 14 26 34 44 57 86 51
Ibaka SC-6 9 23 27 31 118 62 45
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Appendix 3 continued

Sampling Station Trace metal concentration (in pgL™)
Station/Month  code
Cd Pb Cr Cu Zn Ni Co
Feb-10
Okopedi Itu SC-1 6 19 9 17 178 15 14
Ayadehe SC-2 9 22 16 24 48 19 22
Nwaniba SC-3 24 8 12 12 33 11 8
Oron SC-4 7 12 8 14 28 22 14
James Town SC-5 16 25 32 44 38 89 49
Ibaka SC-6 10 23 18 37 65 52 34
Mar. 10
Okopedi Itu SC-1 5 27 10 24 297 20 28
Ayadehe SC-2 13 40 15 42 93 34 42
Nwaniba SC-3 44 11 18 19 62 15 15
Oron SC-4 8 19 11 23 52 54 23
James Town SC-5 27 45 59 85 277 77 96
Ibaka SC-6 15 41 31 70 127 82 64
Apr. 10
Okopedi Itu SC-1 BDL? 13 12 32 124 8 16
Ayadehe SC-2 2 12 7 23 65 11 12
Nwaniba SC-3 4 17 6 37 87 13 28
Oron SC-4 55 1 19 18 62 5 5
James Town SC-5 1 2 3 13 39 22 3
Ibaka SC-6 14 21 64 92 136 191 91
May-10
Okopedi Itu SC-1 BDL? 13 19 41 87 47 30
Ayadehe SC-2 30 16 24 42 92 37 34
Nwaniba SC-3 23 16 21 35 93 57 28
Oron SC-4 45 33 56 79 181 71 60
James Town SC-5 37 89 47 66 151 59 62
Ibaka SC-6 14 31 50 83 134 153 80
Mean+SD" 16 £13 22414 21416 3621 112471 5047 32122
Range BDL-55 1-89 3-64 8-92 20-331 5-191 2-96
CV* (%) 81 64 76 58 63 94 72

aBDL = below detection limit; ®SD = standard deviation; ¢ CV = coefficient of variation
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Appendix 4. Seasonal variation of trace metal levels (ugL™) in surface water samples from Cross River

Okopedi (SC-1) Ayadehe (SC-2) Nwaniba (SC-3) Oron (SC-4) J.Town (SC-5) Ibaka (SC-6)

Metals
WS DS WS DS WS DS WS DS WS DS WS DS
Cadmium 422 6£1 1110 13+ 21422 24+12 25422  13+8  18+12  17+6  14+6  11#3
(50.0) (16.7) (90.9) (69.2) (148) (50.0) (88.0)  (6L5) (66.7) (35.3) (42.9) (27.3)
Lead 1547  20+4  24+10 28+10  12+¢6  12+4  14+13  13+3  37+29  35¢13  20+10 288
(467)  (20.0) (4L7) (357) (500) (333) (929) (231) (784) (37.1) (345) (28.6)
Chromium 1145 8+2  13+7  25¢17  13+7  12+4  19#19  14+5  34+23  39+11  39+19 308
(455) (250) (53.8) (68.0) (53.8)  (33.3) (100) (357) (67.6) (282) (48.7) (26.7)
Conper 20410  28+8  33+10 3148 24412 17+4 28425  21+6  46+24  54+18 6825 46221
PP (345) (284) (303) (258) (500) (235) 89.3  (286) (52.2) (33.3) (368) (45.7)
Zine 150460 224449 73+20 82424 6527  63+22  69+56 128+129 15671 126+101 113+27 119+38
(434) (21.9) (274) (293) (415) (349) (81.2) (100.8) (455) (80.2) (23.9) (3L9)
Nickel 10415 1842 24410  24+6 19419  11+2  31+22  71+58 92465 94+22 119454 76223
(789) (111) (4L7) (250) (100) (182) (71.0) (8L7) (70.7) (234) (454) (30.3)
Cobalt 16+10  20+6  26+8  30+¢8  16+11  14+5  21+21  19+5  46+29 62420 65+23 53+14

(625) (30.0) (308)  (26.7) (68.8) (357) (100.0) (26.3) (63.0) (32.3) (354) (26.4)

BDL = Below detection limit; Coefficient of variation (CV, %) in parentheses, WS = wet season, DS = dry season

226



Appendix 5. Monthly distribution of some physicochemical properties of sediments
samples from Cross River

Physicochemical parameters

Sampling Station = -
Station/Month code oH E-C-_l Nos"_\l NOz-'_\l PO, R SO, R TOC
(uSem™) (mgkg™) (mgkg™) (mgkg™) (mgkg™) (%)
Jun-09
Okopedi Itu SC-1 5.86 1419 212.0 5.64 249.7 200.6 0.94
Ayadehe SC-2 6.77 2669 220.0 6.40 223.0 211.8 1.75
Nwaniba SC-3 5.79 2969 94.4 4.62 137.0 357.0 1.53
Oron SC-4 751 3526 375.0 7.44 111.5 64.0 0.87
James Town SC-5 6.80 1056 90.0 6.40 86.1 133.2 0.83
Ibaka SC-6 6.82 2877 80.0 6.80 167.9 55.5 0.64
Aug-09
Okopedi Itu SC-1 6.69 3245 190.9 5.08 229.1 180.6 0.85
Ayadehe SC-2 6.42 3931 198.1 5.77 195.2 190.7 1.58
Nwaniba SC-3 6.41 3244 85.2 4.16 129.7 3215 1.38
Oron SC-4 6.75 2775 337.7 6.70 116.4 57.6 0.78
James Town SC-5 6.79 3944 814 5.77 95.8 120.0 0.75
Ibaka SC-6 6.8 3545 72.7 6.19 152.1 50.0 0.58
Oct-09
Okopedi Itu SC-1 6.75 4088 207.9 5.53 190.3 196.7 0.93
Ayadehe SC-2 6.56 3588 215.7 6.28 2145 207.7 1.72
Nwaniba SC-3 5.99 3950 92.5 4.53 138.2 350.0 1.51
Oron SC-4 6.21 2638 367.7 7.30 130.9 62.8 0.85
James Town SC-5 6.76 3420 88.6 6.28 82.4 130.6 0.82
Ibaka SC-6 6.83 4925 79.1 6.74 164.8 54.4 0.63
Dec-09
Okopedi Itu SC-1 6.48 3080 266.4 7.09 156.4 252.1 1.19
Ayadehe SC-2 6.53 3521 276.4 8.05 179.4 266.1 2.2
Nwaniba SC-3 5.78 3404 118.6 5.80 112.7 448.6 1.92
Oron SC-4 6.59 8506 471.2 9.35 98.2 80.4 1.09
James Town SC-5 6.63 4377 113.6 8.05 75.2 167.4 1.05
Ibaka SC-6 6.72 2498 101.4 8.64 150.3 69.7 0.81
Feb-09
Okopedi Itu SC-1 6.70 3184 210.9 5.61 162.4 199.5 0.94
Ayadehe SC-2 6.75 3894 218.8 6.37 170.9 210.7 1.74
Nwaniba SC-3 598 3750 93.9 4,59 83.6 355.1 1.52
Oron SC-4 6.74 7133 373.0 7.40 77.6 63.7 0.86
James Town SC-5 6.86 3842 89.9 6.37 85.5 132.5 0.83
Ibaka SC-6 6.95 2735 80.3 6.84 137.0 55.2 0.64
Apr-09
Okopedi Itu SC-1 6.88 2998 188.7 5.02 194.5 178.5 0.84
Ayadehe SC-2 6.39 3082 195.8 5.70 204.8 188.5 1.56
Nwaniba SC-3 7.22 1132 84.0 411 128.5 317.7 1.36
Oron SC-4 714 1986 333.8 6.62 118.8 57.0 0.77
James Town SC-5 6.06 3502 80.5 5.70 112.1 118.6 0.74
Ibaka SC-6 6.24 1899 71.8 6.12 150.9 49.4 0.57
Mean+SD 6.50+ 3398+ 179.4+ 6.25+ 151.6+ 171.0+ 1.10+
040 1392 109.7 1.20 39.6 107.4 0.43
Range 5.78- 1056- 71.8- 4.11- 75.2- 49.4- 0.57-
751 8506 471.2 9.35 249.7 448.6 2.20
CV (%) 7.4 475 64.2 15.9 26.1 66.1 40.3

SD = standard deviation; CV = coefficient of variation; BDL = below detection limit
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Appendix 6. Seasonal variation of physicochemical characteristics of sediment samples from Cross River

Trace Okopedi (SC-1) Ayadehe (SC-2) Nwaniba (SC-3) Oron (SC-4) J. Town (SC-5) Ibaka (SC-6)
Metals S DS WS DS WS DS WS DS WS DS WS DS
Temp.°C  26.1+0.6 30.1+0.8 26.0+0.6 30.3+0.7 26.2+0.4 30.8+0.8 26.7£0.1 31.1+0.7 27.1+0.3 30.5%0.8 27.2+0.1 31.4+0.6
pH 5.86-6.75 6.48-6.88 6.42-6.77 6.39-6.75 5.79-6.41 5.78-7.22 6.21-7.51 6.59-7.14 6.76-6.80 6.06-6.86 6.80-6.83 6.24-6.95
(Eu(s:(?r?]dl) 2920+1400 3090493 3400+660 3500+410 33904510 2760+1400  2980+480 5880+3400  2810+1500 3910+440  3780+1000 2380+430
(chg";;\ll) 204+11  222+40 211+12 230442 9145 99+18 360+20 39371 8715 95+17 774 85+15
(Nm%ﬁ;;\ll) 54403 5.9+1.1 6.2+0.3 6.7+£1.2 44+0.2 4.8+0.9 7.2¢04  7.8%14 6.2+0.3 6.7£1.2 6.6£0.3  7.2+1.3
(pr(T?SSI;g’l) 223+30 171+21 211+14  185+18 13545 108+23 120+10 98+21 88+7 91+19 16248 14648
?rggig’l) 193+11  210+38 20311  222+40 343+19 374467 62+3 67+12 128+7 140+25 53+3 58+11
TOC (%) 0.91+0.05 0.99+0.18 1.68+0.09 1.83+0.33  1.47+0.08 1.60+0.29 0.83+0.05 0.91+0.17 0.80+0.04 0.87+0.16 0.62+0.03 0.67+0.12

WS = wet season, DS = dry season
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Appendix 7. Monthly distribution of trace metal concentrations of sediment samples
from Cross River

Sampling o0 Metal concentration (pgg™) dry weight
Station/Month code )
Cd Pb Cr Cu Zn Ni Co
Jun-09
Okopedi Itu SC-1 0.78 53.5 7.5 84.9 113 7.0 6.8
Ayadehe SC-2 0.59 447 11.0 51.3 124 55 6.2
Nwaniba SC-3 0.55 64.4 13.0 63.8 131 6.2 7.9
Oron SC-4 0.42 59.9 175 83.1 129 11.5 9.7
James Town SC-5 0.04 35.4 15.5 50.1 116 2.9 3.5
Ibaka SC-6 0.83 82.6 22.0 92.8 139 6.5 6.6
Aug-09
Okopedi Itu SC-1 0.68 60.4 8.5 89.1 125 7.8 7.9
Ayadehe SC-2 0.44 48.8 13.0 53.6 136 6.0 7.2
Nwaniba SC-3 0.65 70.3 16.0 70.8 133 7.0 9.1
Oron SC-4 0.46 67.3 20.5 90.8 133 12.0 10.7
James Town SC-5 0.09 38.9 175 54.6 128 3.7 3.7
Ibaka SC-6 0.87 87.6 25.0 100.7 152 7.0 7.6
Oct-09
Okopedi Itu SC-1 0.72 63.2 9.0 73.8 134 7.5 9.0
Ayadehe SC-2 0.48 55.2 145 55.7 139 6.3 9.1
Nwaniba SC-3 0.51 72.9 17.0 80.8 136 8.1 10.7
Oron SC-4 0.28 65.8 20.5 84.5 139 8.5 9.2
James Town SC-5 0.24 50.9 20.5 67.5 141 3.6 4.7
Ibaka SC-6 0.47 61.7 22.5 79.3 145 4.7 6.2
Dec-09
Okopedi Itu SC-1 0.80 66.1 7.5 84.1 130 8.0 8.9
Ayadehe SC-2 0.49 49.3 14.0 49.9 139 5.9 8.1
Nwaniba SC-3 0.59 71.8 16.0 74.8 130 7.2 10.2
Oron SC-4 0.42 72.6 21.0 93.4 135 10.9 111
James Town SC-5 0.07 39.8 18.5 55.4 134 3.3 3.3
Ibaka SC-6 0.87 84.8 26.0 102.5 155 6.4 8.5
Feb-09
Okopedi Itu SC-1 0.66 54.4 6.0 69.2 107 6.6 7.3
Ayadehe SC-2 0.40 40.6 11.5 41.1 115 4.9 6.7
Nwaniba SC-3 0.49 59.1 13.0 61.5 107 5.9 8.4
Oron SC-4 0.35 59.8 17.5 76.9 111 9.0 9.1
James Town SC-5 0.06 32.7 15.0 45.6 110 2.7 2.8
Ibaka SC-6 0.72 69.8 215 84.4 128 5.3 7.0
Apr-09
Okopedi Itu SC-1 0.73 60.3 7.0 76.7 118 7.3 8.1
Ayadehe SC-2 0.45 45.0 13.0 45.5 127 5.4 7.4
Nwaniba SC-3 0.54 65.5 14.5 68.2 119 6.6 9.3
Oron SC-4 0.39 66.2 19.5 85.2 123 9.9 10.1
James Town SC-5 0.07 36.3 17.0 50.5 122 3.0 3.1
Ibaka SC-6 0.80 77.3 24.0 93.5 142 5.9 7.8
Mean+SD? 0.50+ 59.3+ 15.9+ 71.8+ 129+ 6.6+ 7.6+
(n=36) 024  14.2 5.3 17.3 12 2.3 2.3
Range 0.04-0.87 32.7-87.6 6.0-26.0 41.1-102.5 107-155 2.68-11.96 2.8-11.1
CV (%)° 480 239 344 241 9.3 350 297

28D = standard deviation; ? CV = coefficient of variation
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Appendix 8. Seasonal variation of trace metal levels (ugg™ dry weight) of sediment samples from Cross River

Trace Okopedi (SC-1) Ayadehe (SC-2) Nwaniba (SC-3) Oron (SC-4) J. Town (SC-5) Ibaka (SC-6)

Metals WS? DS WS? DS WS? DS® WS? DS° WS? DS WS? DS®

cd 0.73+0.04 0.73+0.10  0.49+0.07 0.45+0.06  0.56+0.06 0.54+0.07  0.39+0.08 0.39+0.05 0.11+0.09 0.07+0.01  0.74+0.18 0.80+0.11
Pb 50.4+4.1 60.3+8.3  48.4+49 450#6.2  68.3+4.01 655+9.0  64.8+33 66.2£9.1  40.4+7.2 36.3+50  77.3%11.2 77.3+10.6
Cr 8.0+09 66+1.1  129+14 128+18  151#1.8 145+21  105+14 19.3+25  17.6£2.1 16.8+25  23.4+1.4 23.8+3.2
Cu 81.1#7.1 76.7+105 515+4.4 45562  70.9+7.2 68.2+9.4  859+3.4 852+11.7 55.7+8.1 505#6.9  91.648.9 93.5+12.8
Zn 123+9 119+16 13247 127+18 13048 119+16 131+7 123+17 127411 122+18 145+6 142419
Ni 74403  7.3+10 58404  5.4%0.7 7.0:08 6.6:0.9  105+16 9.9+1.4 3.3:04 3.0+04 6.0£1.0  5.9+0.8
Co 8.0:09 8.1+1.1 74412  7.4%10 9.3+1.2  9.3%1.3 9.9+06 10.1+14  3.7+0.7 3.1:0.4 7.0:08  7.8+1.1

WS = wet season, ® DS = dry season

230



Appendix 9. Results of fraction-specific concentrations of trace metals levels of

modified BCR protocol for Cross River

Station

Fraction

Metal concentration in pugg™ dry weight

Cd Pb Cr Cu Zn Ni Co
SC-1 Exchangeable 0.21 15 0.2 13.1 38.8 0.9 1.2
Reducible 0.28 33.1 3.3 38.6 44.8 3.1 3.3
Oxidisable 0.27 6.4 2.7 17.1 24.5 1.3 1.4
Residual 0.09 24.7 1.8 13.9 21.7 2.3 2.3
Sumof3steps+ R 0.85 65.7 8.0 82.7 129.8 7.6 8.2
Pseudo-total 0.80 66.1 7.5 84.1 130.0 8.0 8.9
% Recovery 106.3 99.4 106.7 98.3 99.8 94.5 92.2
SC-2 Exchangeable 0.13 1.2 0.4 7.4 41.5 0.8 11
Reducible 0.17 25.4 5.7 21.7 48.9 2.4 3.0
Oxidisable 0.16 4.9 4.6 9.6 26.6 1.1 1.3
Residual 0.05 19.0 3.1 7.8 23.1 1.8 2.2
Sumof 3steps+R  0.51 50.5 13.8 46.5 140.2 6.1 7.6
Pseudo-total 0.49 49.3 14 49.9 1393 5.9 8.1
% Recovery 104.1 1024  98.7 93.2 100.6 102.0 934
SC-3 Exchangeable 0.16 1.6 0.4 12.1 42.1 0.9 14
Reducible 0.21 35.6 6.5 35.2 43.0 2.8 4.0
Oxidisable 0.19 6.9 5.2 15.6 21.9 1.2 1.8
Residual 0.06 26.5 3.5 12.7 21.3 2.1 2.9
Sumof 3steps+R  0.62 70.6 15.6 75.6  128.3 7.0 10.1
Pseudo-total 0.59 71.8 16.0 748 130.1 7.2 10.2
% Recovery 105.1  98.3 97.6 1011 98.6 97.5 98
SC-4 Exchangeable 0.10 5.2 0.6 14.8 36.0 14 15
Reducible 0.14 30.7 9.1 43.1 49.1 4.5 4.2
Oxidisable 0.12 7.5 7.4 19.1 26.1 1.9 1.9
Residual 0.04 27.3 5.0 15.6 23.3 3.4 3.0
Sumof 3steps+R  0.40 70.7 22.1 926 1345 112 10.6
Pseudo-total 0.42 72.6 21 934 1349 109 11.1
% Recovery 95.2 974 1057 99.1 99.7 1028 94.6
SC-5 Exchangeable 0.02 14 0.9 8.5 37.8 0.3 0.5
Reducible 0.03 19.5 7.1 23.9 45.6 1.3 1.4
Oxidisable 0.02 54 5.6 11.2 24.0 0.6 0.7
Residual 0.01 13.9 3.5 8.9 22.2 1.2 1.0
Sumof 3steps+R  0.08 40.2 17.1 525 129.6 3.4 3.6
Pseudo-total 0.07 39.8 18.5 55.4 134 3.3 3.3
% Recovery 1143 101.0 1027 96.6 99.0 98.2 104.8
SC-6 Exchangeable 0.21 3.7 1.5 16.1 47.5 1.1 1.2
Reducible 0.27 40.5 9.6 46.8 50.1 2.5 3.4
Oxidisable 0.26 7.4 7.8 20.7 27.1 1.1 15
Residual 0.10 334 5.7 16.9 24.8 1.8 15
Sumof3steps+R  0.84 85.0 246 1005 1495 6.5 7.6
Pseudo-total 0.87 84.3 26 1025 155.2 6.4 8.5
% Recovery 96.6 1008 98.1 98 96.3 101.1 88.9
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Appendix 10. Percentage fractionation of trace metals levels using modified BCR
protocol for Cross River

Percentage metal concentration

Fraction
SC-1 SC-2 SC-3 SC-4 SC-5 SC-6 SCRy
Cd
Exchangeable  24.7 25.5 25.8 25 25 25 25.2
Reducible  32.9 33.3 33.9 35 375 32.1 34.1
Oxidisable 31.8 314 30.7 30 25 31 30.0
Residual  10.6 9.8 9.7 10 125 11.9 10.8

Pb
Exchangeable 2.3 2.3 2.3 7.4 3.5 4.4 3.7
Reducible 50.4 50.4 50.4 43.4 48.5 47.7 48.4
Oxidisable 9.7 9.7 9.8 10.6 13.4 8.7 10.3
Residual  37.6 37.6 37.5 38.6 34.6 39.3 37.5

Cr
Exchangeable 2.6 2.7 2.7 2.8 4.6 5.7 3.7
Reducible 41.4 41.3 41.3 41.2 42.5 41.4 41.0
Oxidisable  33.9 334 334 334 34.5 30.6 33.1
Residual 22.1 22.6 22.6 22.6 18.4 22.3 22.3

Cu
Exchangeable  15.8 15.9 16 16 15.9 16 16.0
Reducible  46.7 46.7 46.6 46.5 46.5 46.6 46.4
Oxidisable  20.7 20.7 20.6 20.6 20.9 20.6 20.7
Residual  16.8 16.8 16.8 16.9 16.6 16.8 16.8

Zn
Exchangeable  29.9 29.6 32.8 26.8 29.2 31.8 30.0
Reducible  34.5 34.9 335 36.5 35.2 33.5 34.7
Oxidisable ~ 18.9 19.0 17.1 194 18.5 18.1 18.5
Residual  16.7 16.5 16.6 17.3 17.1 16.6 16.8

Ni
Exchangeable 12.5 12.4 12.4 12.3 10.3 16.9 12.7
Reducible 40.4 40.3 40.3 40.4 39.4 38.8 39.5
Oxidisable 17.4 17.4 17.3 17.3 19.7 16.3 17.3
Residual  29.8 29.9 30 30 30.6 28 30.5

Co
Exchangeable 18.4 14 17.2 12.3 13.1 15.7 14.5
Reducible 37.5 39.9 36.7 38.1 40.9 44.7 40.4
Oxidisable  15.7 17.6 17.6 20.4 18.6 19.8 18.2
Residual  28.4 28.5 28,5 28.6 27.4 19.8 26.9
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Appendix 11: Distribution of trace element species in surface water from Cross River using PHREEQC model

Station SC-1  Station SC-2  Station SC-3  Station SC-4  Station SC-5  Station SC-6
Metal species  conc. (M) % conc.(M) % conc.(M) % conc.(M) % conc.(M) % conc.(M) %

Cd (1) 3.56x10° 1.07x107 1.87x107 1.78x107 1.51x107 1.07x107

cdcl 2.93x10% 82.3 8.56x10° 80.0 1.54x107 82.4 1.43x107 80.3 1.20x107 79.5 8.79x10° 82.1
CdcCl, 3.62x10° 10.2 4.63x10° 4.3 1.86x10° 9.9 252x10% 14.2 6.04x10° 4.0 1.06x10° 9.9
cd* 2.64x10° 7.4 1.63x10° 152 1.42x10° 7.6 9.46x10° 5.3 247x10° 16.4 8.11x10° 7.6
Cd(Cly) 3.64x10™ 0.1 1.88x10™ 0.0 1.85x10™ 0.1 3.83x10%° 0.2 2.28x10™ 0.0 1.07x10™ 0.
Cd(HCOy)* 2.73x10™ 0.1 1.64x10™ 0.2 1.60x10™ 0.1 1.87x10™° 0.1 2.60x10™ 0.2 1.52x10™ 0.1
Cd(OH)CI 1.94x10™ 0.1 4.18x10™ 0.0 2.69x10™ 0.0 6.59x10™ 0.0 1.50x10™ 0.0 1.77x10% 0.0
Pb(l1) 8.22x10° 1.21x107 5.80x10° 6.77x10° 1.35x107 1.35x107

Ph** 3.46x10° 42.1 6.64x10° 54.9 3.36x10° 57.9 3.25x10° 48.0 9.41x10® 69.7 7.82x10° 57.9
PbCI* 2.20x10° 26.8 2.01x10® 16.6 2.08x10° 35.9 2.80x10° 41.4 2.64x10° 19.6 4.85x10° 35.9
PbCO, 1.82x10° 22.1 2.55x10° 21.1 5.14x10™° 0.9 2.29x10° 3.4 9.68x10° 7.2 2.30x10° 1.7
PbOH* 4.85x10° 5.9 7.54x10° 6.2 1.25x10%° 0.2 3.05x10"° 0.5 2.73x10° 2.0 3.38x10%° 0.3
PbCl, 2.39x10° 2.9 9.56x10%° 0.8 2.22x10° 3.8 4.35x10° 6.4 1.17x10° 0.9 5.19x10° 3.8
Pb(NO;)* 7.61x10™ 0.1 2.71x10" 0.2 6.64x10™ 1.1 1.58x10™° 0.2 1.09x10° 0.8 7.96x10™ 0.6
Pb(Cls) 4.43x10™" 0.1 7.16x10™ 0.0 4.06x10™ 0.1 1.21x10™ 0.2 8.10x10™ 0.0 9.45x10™ 0.1
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Appendix 11: Distribution of trace element species in surface water from Cross River contd.

Station SC-1 Station SC-2 Station SC-3 Station SC-4 Station SC-5 Station SC-6
Metal species conc. (M) % conc.(M) % conc.(M) % conc.(M) % conc.(M) % conc.(M) %
Ni (11) 3.07x10” 3.92x10” 2.56x107 8.03x10” 1.69x10° 1.71x10°
Ni%* 3.02x107 98.4 3.85x107 98.2 2.51x107 98.0 7.90x107 98.4 1.65x10° 97.6 1.67x10° 97.7
NiSO, 4.08x10° 1.3 6.89x10° 1.8 3.83x10° 1.5 9.84x10° 1.2 3.08x10° 1.8 3.42x10° 2.0
NiCI* 7.33x10™° 0.2 4.37x10™° 0.1 5.95x10™ 0.2 2.64x10° 0.3 1.74x10° 0.1 3.97x10° 0.2
Ni(NO3)* 1.02x10%° 0.0 2.37x10™ 0.1 7.60x10™ 0.3 5.94x10™ 0.1 2.89x10° 0.2 2.61x10° 0.2
Cu(1) 2.67x10” 1.17x107 2.42x107 3.44x10” 2.34x10” 6.86x10”
Cu(Cly) 2.01x107 75.3 9.73x10° 83.2 1.82x107 75.2 2.29x107 66.6 1.94x107 82.9 5.18x107 75.5
Cu(Cly)* 6.34x10° 23.7 1.13x10° 9.7 5.68x10° 235 1.14x107 33.1 2.09x10° 8.9 1.60x107 23.3
cu’ 2.93x10° 1.1 8.00x10° 6.8 2.75x10° 1.1 1.56x10° 0.5 1.87x10® 8.0 7.85x10° 1.1
Cu (1) 1.90x107 3.87x10” 7.34x10° 5.03x10° 5.37x10” 2.12x10”
CuCO; 8.83x10° 46.5 1.56x107 40.3 2.42x10° 3.3 6.72x10° 13.4 9.63x10® 17.9 1.30x10% 6.1
cu® 6.88x10° 36.2 1.69x107 43.7 6.47x10® 88.1 3.85x10® 76.5 3.89x107 72.4 1.80x10" 84.9
CuOH* 2.54x10° 13.4 4.98x10° 129 6.34x10™ 0.9 9.64x10™° 1.9 2.93x10® 55 2.05x10° 1.0
cucl* 415x10° 2.2 4.77x10° 1.2 3.80x10° 52 3.18x10° 6.3 1.02x10%® 1.9 1.06x10° 5.0
CuSO, 1.53x10° 0.8 5.00x10° 1.3 1.63x10° 2.2 7.91x10™° 1.6 1.19x10® 2.2 6.08x10° 2.9
Cu(PO,) 9.74x10™ 05 1.61x10° 0.4 2.20x10™ 0.0 6.84x10"* 0.0 1.52x10™ 0.0
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Appendix 11. Distribution of trace element species in surface water from Cross River contd.

Station SC-1 Station SC-2 Station SC-3 Station SC-4 Station SC-5 Station SC-6
Metal species conc. (M) % conc.(M) % conc.(M) % conc.(M) % conc.(M) % conc. (M) %
Zn (11) 3.26x10° 1.15x10° 9.65x10” 1.46x10° 2.11x10° 1.75x10°
Zn* 2.97x10° 91.1 1.07x10° 93.0 8.91x107 92.3 1.31x10° 89.7 1.99x10° 94.3 1.59x10° 90.9
ZnClI* 1.37x107 4.2 2.31x10° 2.0 4.05x10® 4.2 854x10® 58 4.06x10° 1.9 7.50x10° 4.3
ZnSO, 6.56x10° 2.0 3.13x10% 2.7 2.23x10® 2.3 2.70x10® 1.8 6.07x10° 2.9 5.39x10° 3.1
ZnOH* 3.07x10® 0.9 8.83x10° 0.8 2.49x10%° 0.0 957x10™ 0.1 4.32x10° 0.2 5.41x10™ 0.0
Zn(HCO,)" 2.74x10% 0.8 9.51x10° 0.8 8.99x10° 0.9 2.36x10° 1.6 1.86x10® 0.9 2.70x10® 1.5
Zn(OH)CI 1.71x10® 05 2.16x10° 0.2 1.34x10™° 0.0 7.32x10% 0.1 9.50x10™ 0.0 2.76x10™ 0.0
ZnCl, 424x10° 0.1 3.13x10™ 0.0 1.23x10° 0.1 3.73x10° 0.3 5.08x10™° 0.0 2.24x10° 0.1
Co (1) 3.06x10” 4.58x107 2.55x107 3.40x107 8.83x10” 9.86x10~
Co* 2.07x107 67.6 3.82x107 83.4 2.46x107 96.5 3.25x107 95.6 8.67x107 98.2 9.54x107 96.8
H(Co0,) 9.21x10° 30.1 7.00x10® 15.3 2.10x10** 0.0 5.15x10™ 0.0 2.65x10° 0.3 1.27x10™ 0.0
CoClI* 6.93x10° 2.3 6.00x10° 1.3 8.06x10° 3.2 1.50x10® 4.4 1.26x10° 1.4 3.12x10% 3.2
Co(NO,)" 4.40x10™ 0.0 1.49x10™ 0.0 4.71x10™ 0.2 1.54x10™ 0.0 9.58x10™ 0.1 9.41x10™ 0.1
CoS0, 2.23x10™ 0.0 5.47x10™ 0.0 3.01x10™ 0.0 3.23x10* 0.0 1.29x10™° 0.0 1.56x10™° 0.0
Cr (1 7.77x10° 1.55x107 1.04x107 1.38x107 3.11x107 2.94x107
Cr(OH)," 6.95x10° 89.4 1.38x107 89.0 2.67x10® 25.7 6.57x10® 47.6 2.28x107 73.3 8.46x10° 28.8
Cr(OH)* 5.03x10° 6.5 1.23x10® 7.9 7.25x10° 69.7 7.07x10®° 51.2 7.95x10° 25.6 1.98x107 67.3
Cr(OH), 3.17x10° 4.1 471x10° 3.0 3.25x10" 0.0 2.11x10™ 0.2 1.99x10° 0.6 1.20x10™° 0.0
crt 7.98x10" 0.0 2.42x10™ 0.0 4.33x10° 4.2 1.65x10° 1.2 6.10x10"° 0.2 1.02x10® 3.5
CrCl* 1.58x10** 0.0 5.82x10* 0.1 3.12x10* 0.0 3.69x10"? 0.0 1.37x10™ 0.0
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Appendix 12: Physicochemical characteristics of surface water quality from Qua Iboe River

Sampling Station Temp. .~ Alkalnity Turbidity TDS E.C. Hardness DO  COD BOD;  CI F NH-N NOsN NO,N PO,” SO,
Station/Month ~ Code °C P (mg/L) (NTU) (mg/L) (uS/cm) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

Jun. 09

Iwuokpom 1 SQ-I 251 7.11 683 453 871 1645 26 517 229 233 989 0.99 0.01 2.4 0.02 0.07 103
Iwuokpom 2 SQ-2 253 7.02 80.3 30.2 1181 2222 26 576 191 205 1159 1.02 0.01 2.9 0.03 0.03 105
Iwuochang SQ-3 259 6.79 40.2 57.8 464 929 21 458 20.2 212 1064 0.08 0.07 5.4 0.08 0.04 134

Eketai SQ-4 259 6.61 182 30.1 173 346 272 634 193 219 172 000 004 50 004 012 342
Atabong SQ-5 261 6.68 204 78.6 242 484 852 475 162 189 289 002 008 94 015 0.08 463
Marina SQ-6 262 6.79 222 54.3 205 410 761 554 144 171 434 010 006 7.2 0.06 0.08 445
Jul-09

Iwuokpom1  SQ-1 258 7.01 66.6 38.4 598 1404 21 529 242 242 1074 095 005 35 0.02 0.04 262
Iwuokpom?2  SQ-2 26.0 6.92 786 31.6 804 1886 21 6.34 189 234 1331 099 008 45 0.03 0.05 144
Iwuochang SQ-3 266 6.69 384 59.4 329 838 18 392 173 199 416 013 024 42 008 008 319

Eketai SQ-4 266 659 165 41.6 129 328 224 543 234 263 293 006 037 32 010 008 36.6
Atabong SQ-5 26.7 658 189 60.3 238 606 702 494 182 239 454 007 050 122 015 0.09 396
Marina SQ-6 268 6.73 204 55.8 158 404 626 575 175 241 368 015 026 43 0.09 009 383
August 09

Iwuokpom1  SQ-1 263 7.11 66.7 335 618 1454 27 588 254 248 1095 103 049 13 0.01 0.08 327
Iwuokpom?2  SQ-2 26.2 6.97 787 46.7 822 1902 27 516 199 245 1345 099 053 13 002 005 281
Iwuochang SQ-3 266 721 386 54.5 318 811 23 438 181 239 659 013 075 15 004 005 276

Eketai SQ-4 266 649 16.6 32.7 113 288 295 6.26 252 253 201 005 09 28 008 010 326
Atabong SQ-5 26.7 697 187 75.2 262 667 776 482 179 226 378 007 113 45 010 0.09 36.2
Marina SQ-6 268 658 206 50.9 178 453 827 502 182 241 245 015 079 21 005 010 377
Sept. 09

Iwuokpom1  SQ-1 263 7.11 68.3 36.8 654 1668 56 6.17 265 282 1307 092 005 24 003 011 287
Iwuokpom?2  SQ-2 265 7.02 80.3 30.2 922 2198 36 571 227 273 1559 095 008 29 0.04 004 284
Iwuochang SQ-3 271 6.79 402 47.8 572 1460 21 458 168 232 664 018 024 74 013 002 290

Eketai SQ-4 272 659 183 30.0 127 324 372 6.34 259 307 247 011 037 70 012 012 392
Atabong SQ-5 268 6.68 325 68.6 275 701 699 575 184 279 318 012 050 113 015 0.09 429
Marina SQ-6 269 6.79 222 54.2 179 456 797 554 178 281 263 020 026 72 012 011 433
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Appendix 12 continued

Alkalinity Turbidity TDS E.C. Hardness DO COD BODs CI F NHy-N NOsN NO-N PO,> SO,
(mg/L) (NTU) (mg/L) (uS/cm) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

Sampling Station  Temp.

Station/Month ~ code °C pH

Oct. 09

Iwuokpom1  SQ-1 258 7.22 82.6 65.8 881 2383 25 456 219 225 1452 107 002 32 001 005 115
Iwuokpom?2  SQ-2 265 7.02 98.6 425 1300 3180 27 6.43 253 281 1536 1.03 051 13 001 006 321
Iwuochang SQ-3 294 732 431 71.2 922 1604 30 694 277 125 1678 11 011 18 0.1 01 421

Eketai SQ-4 305 6.87 24.0 61.7 924 420 256 796 309 358 1715 1.11 0.7 2.1 011 0.12 51.2
Atabong SQ-5 30.0 682 422 71.4 284 802 677 6.23 30.3 388 2422 121 0.6 6.4 0.09 0.11 547
Marina SQ-6 294 6.84 28.0 76.6 248 550 810 768 30.1 405 1876 113 0.54 2.1 0.1 0.12 47.8
Nov. 09

Iwuokpom1  SQ-1 291 7.21 70.0 44.2 617 1573 30 6.63 264 129 1139 101 009 14 006 013 337
Iwuokpom?2  SQ-2 293 7.12 820 28.4 862 2120 30 6.65 201 132 1485 105 014 17 006 0.08 331
Iwuochang SQ-3 296 6.89 420 51.2 340 866 25 622 212 162 712 015 042 40 010 0.08 326

Eketai SQ-4 289 6.49 200 25.4 134 343 320 6.11 283 115 259 0.07 0.69 4.4 0.13 0.15 326
Atabong SQ-5 293 6.78 220 53.8 293 748 1003 493 193 289 416 0.08 0.92 7.5 0.17 0.13 36.2
Marina SQ-6 294 6.88 240 42.6 214 545 895 561 20.0 114 310 0.7 047 4.3 011 0.15 377
Dec. 09

Iwuokpom1  SQ-1 29.7 7.26 75.0 32.6 626 1597 26 8.14 282 307 1272 102 069 15 0.08 015 470
Iwuokpom?2  SQ-2 302 7.19 77.0 31.3 869 2137 23 824 221 29 1317 101 046 33 008 0.09 46.2
Iwuochang SQ-3 304 721 436 48.5 350 894 23 891 202 291 759 015 075 40 010 0.08 447

Eketai SQ-4 317 6.64 16.6 27.7 155 395 295 692 273 371 240 0.07 0.95 45 0.13 015 441
Atabong SQ-5 321 6.88 288 68.9 286 728 777 515 213 301 648 014 071 144 021 0.13 395
Marina SQ-6 321 654 197 44.8 224 572 760 6.71 204 323 340 0.19 0.68 6.8 0.13 014 422
Jan. 10

Iwuokpom1  SQ-1 31.3 7.12 109.0 39.1 623 1588 19 8.68 244 327 1797 109 064 14 0.08 014 439
Iwuokpom?2  SQ-2 316 7.09 121.0 37.5 854 2168 17 878 191 315 1832 108 066 3.0 007 009 431
Iwuochang SQ-3 322 6.77 126.0 74.1 894 2286 19 6.82 268 381 2144 118 043 19 010 0.12 5238

Eketai SQ-4 324 698 98.0 58.2 371 946 17 532 175 310 96 016 070 38 010 0.08 417
Atabong SQ-5 328 652 568 82.6 274 698 527 549 184 321 648 015 067 71 020 0.12 36.8
Marina SQ-6 321 6.83 445 53.7 223 569 56 715 177 344 35 020 064 64 012 0.13 393
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Appendix 12 continued

Alkalnity Turbidity TDS  E.C. Hardness DO COD BODs; CI FF NHy-N NOsN NO-N PO SO,

Sampling Station  Temp.
(mg/L) (NTU) (mg/L) (uS/cm) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

Station/Month ~ code °Cc pH

Feb. 10
Iwuokpom1 SQ-1 321 719 96.8 37.7 726 1851 23 885 276 333 1351 111 0.7 1.5 0.07 013 449

Iwuokpom?2  SQ-2 325 7.14 1042 36.2 838 2136 21 895 217 321 180 110 059 33 006 0.08 475
Iwuochang SQ-3 331 695 745 56.1 374 955 21 748 198 316 734 016 076 41 009 0.07 454

Eketai SQ-4 328 6.64 31.3 32.1 186 474 171 771 267 403 254 0.08 0.96 45 0.11 0.14 4438
Atabong SQ-5 324 671 451 79.7 302 771 439 562 208 327 648 015 0.73 11.3 019 0.12 401
Marina SQ-6 337 6.68 33.7 51.8 235 600 429 729 20.1 351 470 0.21 0.69 6.9 0.11 0.13 4238
Mar. 10

Iwuokpom1  SQ-1 333 720 998 40.4 744 1897 22 832 243 347 89 116 071 15 0.08 0.14 407
Iwuokpom?2  SQ-2 337 7.16 1185 38.8 714 1821 20 933 214 335 939 115 066 33 007 0.09 401
Iwuochang SQ-3 344 7.09 9038 60.1 517 1319 20 6.74 196 329 812 017 077 41 010 0.08 387

Eketai SQ-4 332 6.69 391 34.3 175 447 106 811 265 420 460 0.08 097 46 012 015 382
Atabong SQ-5 342 6.65 536 85.4 298 759 261 583 207 341 59 015 073 97 021 013 342
Marina SQ-6 346 681 412 55.5 241 615 255 760 199 365 260 022 070 70 012 014 365
Apr. 10

Iwuokpom1  SQ-1 308 7.34 90.8 46.3 739 1885 26 729 242 313 926 116 039 21 005 011 345
Iwuokpom2  SQ-2 309 7.27 1074 373 664 1692 24 815 207 291 85 117 036 34 005 0.07 273
Iwuochang SQ-3 326 711 7038 63.7 329 838 22 6.11 204 292 527 013 045 52 010 0.07 299

Eketai SQ-4 319 682 310 348 154 392 204 781 234 345 451 005 055 52 009 015 39.1
Atabong SQ-5 331 6.60 400 548 214 545 602 571 189 286 402 009 044 103 019 011 435
Marina SQ-6 328 673 342 593 173 441 122 710 176 291 287 017 041 7.7 010 012 503
May-10

Iwuokpom1  SQ-1 283 7.23 795 45.8 528 1346 26 6.23 236 273 835 107 020 22 004 009 224
Iwuokpom?2  SQ-2 286 7.14 938 33.8 631 1610 25 695 199 248 998 110 019 31 004 0.06 189
Iwuochang SQ-3 293 695 555 60.7 326 832 22 534 203 252 546 010 026 53 009 005 216

Eketai SQ-4 289 6.71 246 32.4 158 402 238 707 214 282 316 002 030 51 006 013 36.6
Atabong SQ-5 296 6.64 302 66.7 223 569 727 523 175 237 690 0.05 026 98 017 0.09 449
Marina SQ-6 295 6.76 282 56.8 190 483 441 632 161 231 384 013 023 75 008 010 474

29.6+ 691+ 613+ 505+ 495+ 1210+ 222+ 642+ 219+ 277+ 860+ 053+ 046+ 46+ 009+ 010+ 36.2+

MeantSD 2.8 0.24 35.1 15.8 315 737 291 0.94 1.6 0.71 140 0.04 0.26 1.0 0.03 0.02 6.6
25.1- 6.49- 16.5- 25.4- 113-  288- 17- 3.92- 144- 089- 172- 0.003- 0.01- 1.25- 0.01- 0.02- 10.3-

Range (n=72) 346 7.34 132.2 85.4 1300 3180 1003 933 309 420 2420 121 113 1436 021 015 54.7

SD = standard deviation
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Appendix 13. Seasonal variation of physicochemical characteristics of surface water samples from Qua Iboe River system

Iwuokpom 1 (SQ-1)

lwuokpom 2 (SQ-2) lwuoachang (SQ-3)

Eketai (SQ-4)

Atabong (SQ-5)

Marina (SQ-6)

Parameters
WS DS WS DS WS DS WS DS WS DS WS DS

Temp. °C 27121  31.1+17 27.3x21 31518 28.0+25 32.0+2.0 27.9+22 315+1.7 28.2+2.1 32.4+2.1 28.2+1.7 32.4+2.0
pH (range) 7-01-7.34 7.12-7.26 6.92-7.27 7.09-7.19 6.69-7.21 6.89-7.21 6.49-6.82 6.49-6.69 6.58-6.97 6.52-6.88 6.58-6.79 6.54-6.88
Alkalinity (mgL’l) 73.4+9.8  90.1+17 86.5+12  100.5+20 47.3#13 69.8+26  20.9+5.8 30.0+£12  26.8+8.8 41.3+15 24.6£5.5 32.6+11
Turbidity (NTU) 41.0+55 38.8+4.2 35.0+6.3 34.4+44 57.3+5.6 548448 33.6+4.3 30.5£3.8 67.4+8.9 74.1+13 55.2+2.8 49.7+5.7
TDS (mgL’l) 668+120 667+62 837+200 827164 390+110 390+72 142423 169+24 242423 291+11 180+16 228+11
E. Cond. (uScm'l) 1570+£200 1700+160 1920+250 2080+140 9514252  996+180 347+43 430+61 595480 74129 441+30 580+28
Hardness (mgL’l) 30£13 24+4 275 2245 2142 21+3 268161 210493 726184 601+290 596270 479+350
DO (mgL’l) 6.0+0.8 8.1+0.9 6.4+1.1 8.4+1.1 4.8+0.8 6.9+1.4 6.5+£0.8 7.3+0.8 5.2+0.4 5.4+04 5.9+0.7 6.9+0.8
COD (mgL™) 24513 26.2¢1.8 20.2+14 20.9+1.2 189+1.6 19.7#1.4 23.1+24 26518 17.9+0.9 20.1+1.2 16.9+1.4 19.6+1.1
BODs (mgL™?) 2.65+0.30 2.89+0.90 2.49+0.30 2.80+0.84 2.38+0.33 2.82+0.68 2.78+0.44 3.41+1.30 2.43+0.36 2.76%1.10 2.43+0.43 2.99+1.1
Chloride (mgL™) 1040+£160 1280+340 1210+260 1590+380 646+230 797+100 280+100 307+190 422+140 590+100 330476 347+78
Fluoride (mgL ™) 1.02£0.09 1.08+0.06 1.04+0.08 1.08+0.05 0.13+0.03 0.15+0.01 0.05+0.04 0.08+0.00 0.07+0.04 0.13+0.028  0.15+0.03 0.20+0.02
NH5-N (mgL™) 0.20+0.20 0.57+£0.27 0.21+0.20 0.50£0.22 0.34+0.24 0.68+0.15 0.43+0.30 0.89+0.12 0.49+0.36 0.75+0.1.0 0.33+0.25 0.64+0.10
NO;-N (mgL™) 2.28+0.71 1.43+0.06 3.01+1.01 2.92+0.70 4.84+1.93 4.02+0.15 4.69+1.52 4.42+0.16 9.58+2.71 10.00+2.97 6.01+2.27 6.27£1.15
NO, -N (mgL™) 0.03+0.01 0.07£0.01 0.03+0.01 0.07+0.01 0.09+0.03 0.11+0.01 0.08+0.03 0.12+0.01 0.15+0.03 0.20+0.02  0.08+0.025  0.12+0.01
PO, (mg/L) 0.08+0.03 0.14+0.01 0.05+0.01 0.09+0.00 0.05+0.02 0.08+0.00 0.12+0.02 0.15+0.01 0.09+0.01 0.13+0.01  0.10+0.014 0.14+0.01
S0~ (mgL’l) 25.848.8 42.0#5.2 21.3x7.8 42.0+5.7 25.6+6.9 40.6#5.2 36.4+2.6 40.2¢5.0 42.2+3.7 37.4+2.4 43.615.0 39.7x2.7

BDL = Below detection limit; WS =

wet season, DS = dry season’
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Appendix 14: Results of trace metal levels (ugL™) in surface water from Qua Iboe

River

sampling  Station Trace metal concentration (in pgL™)
Station/Month  code Cd Pb Cr Cu Zn Ni Co
Jun-09
Iwuokpom 1 SQ-I BDL? 23 12 32 124 8 19
Iwuokpom 2 SQ-2 2 12 7 23 65 11 12
Iwuochang SQ-3 55 1 19 18 62 5 5
Eketai SQ-4 1 2 3 13 39 22 3
Atabong SQ-5 14 21 64 92 136 191 91
Marina SQ-6 7 14 25 71 98 81 54
Jul-09
Iwuokpom 1 SQ-I 2 17 8 28 88 15 24
Iwuokpom 2 SQ-2 1 13 8 17 76 9 18
Iwuochang SQ-3 75 6 26 14 59 7 6
Eketai SQ-4 2 1 4 9 36 3 4
Atabong SQ-5 82 32 76 132 168 128 88
Marina SQ-6 44 18 32 65 124 87 67
Sept. 09
Iwuokpom 1 SQ-I 1 13 11 34 73 17 25
Iwuokpom 2 SQ-2 1 11 9 21 84 11 21
Iwuochang SQ-3 55 8 22 18 62 8 5
Eketai SQ-4 3 1 5 11 34 2 3
Atabong SQ-5 65 41 65 82 173 131 51
Marina SQ-6 33 20 24 55 135 75 62
Oct. 09
Iwuokpom 1 SQ-1 2 23 15 48 132 25 37
Iwuokpom 2 SQ-2 1 18 13 29 123 15 32
Iwuochang SQ-3 121 11 37 24 93 12 8
Eketai SQ-4 4 2 7 15 54 4 5
Atabong SQ-5 113 56 109 164 263 196 107
Marina SQ-6 59 29 43 92 211 124 99
Nov. 09
Iwuokpom 1 SQ-I 3 21 13 32 234 22 43
Iwuokpom 2 SQ-2 3 15 18 29 98 12 26
Iwuochang SQ-3 76 14 34 34 87 9 8
Eketai SQ-4 6 8 8 17 65 8 5
Atabong SQ-5 84 67 87 224 174 136 122
Marina SQ-6 56 23 56 78 187 178 87
Dec. 09
Iwuokpom 1 SQ-1 4 31 22 61 279 35 62
Iwuokpom 2 SQ-2 4 23 25 46 165 21 42
Iwuochang SQ-3 118 20 51 47 135 15 12
Eketai SQ-4 8 8 112 26 91 9 7
Atabong SQ-5 135 98 138 278 315 242 157
Marina SQ-6 81 39 73 121 293 230 135
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Appendix 14 continued

Sampling Station Trace metal concentration (in pgL™)
Station/Month  code Cd Pb Cr Cu Zn Ni Co
Jan. 09
Iwuokpom 1 SQ-I 4 32 20 56 258 33 57
Iwuokpom 2 SQ-2 3 22 22 42 154 19 40
Iwuochang SQ-3 126 18 49 42 126 14 11
Eketai SQ-4 7 7 51 23 84 8 7
Atabong SQ-5 133 88 134 266 301 230 154
Marina SQ-6 70 36 69 116 276 213 128
Feb. 09
Iwuokpom 1 SQ-I 4 33 22 62 282 36 62
Iwuokpom 2 SQ-2 3 24 24 46 321 21 44
Iwuochang SQ-3 138 21 53 46 137 15 12
Eketai SQ-4 8 8 56 25 92 9 8
Atabong SQ-5 145 97 146 291 329 251 169
Marina SQ-6 83 41 75 127 302 23 140
Mar-09
Iwuokpom 1 SQ-I 5 38 27 76 346 43 77
Iwuokpom 2 SQ-2 15 29 31 57 205 26 52
Iwuochang SQ-3 146 25 63 58 167 19 15
Eketai SQ-4 10 35 139 32 113 11 9
Atabong SQ-5 167 220 171 345 391 311 195
Marina SQ-6 100 48 91 150 363 285 167
Apr. 09
Iwuokpom 1 SQ-1 3 27 19 53 240 30 53
Iwuokpom 2 SQ-2 7 20 22 40 142 18 36
Iwuochang SQ-3 102 17 44 40 116 13 15
Eketai SQ-4 7 7 96 22 78 8 14
Atabong SQ-5 116 84 119 240 271 208 135
Marina SQ-6 70 34 63 104 252 198 114
May-09
Iwuokpom 1 SQ-1 3 43 16 44 202 25 44
Iwuokpom 2 SQ-2 4 17 18 33 118 15 30
Iwuochang SQ-3 87 14 37 35 97 11 100
Eketai SQ-4 6 42 82 18 65 7 8
Atabong SQ-5 97 70 99 199 225 173 112
Marina SQ-6 58 28 52 87 210 165 96

MeanSD" 41+49 31430 45+39 7071 163+89 62+82 55+48
Range BDL-167 1-220 3-171 9-345 34-391 2-311 3-195
CV (%)* 120 97 87 101 55 132 87

ABDL = below detection limit; ®SD = standard deviation; ¢ CV = coefficient of variation
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Appendix 15. Seasonal variation of trace metal levels (ugL™) in surface water samples from Qua Iboe River

Sampling . Mean metal concentration
. Station b
station code Cd Pb Cr Cu Zn Ni Co

Wet season ~ Mean+SD 2+1 24+10 14+4 40+£10 14365 2048 34+13

Iwuokpom 1 Q-1 Dry season CV (%) 50.0 41.7 28.6 25.0 45.5 40.0 38.2
Wet season ~ Mean+SD 4+1 3146 2145 5716 280+42 3448 60+12
Dry season CV (%) 25.0 194 23.8 28.1 15.0 235 20.0
Wet season ~ Mean+SD 3+2 15+4 13+6 27+8 10131 1343 25+9

lwuokpom 2 Q-2 Dry season CV (%) 66.7 26.7 46.2 29.6 30.7 23.1 36.0
Wet season ~ Mean+SD 615 2315 2415 44+10 197494 2045 41+9
Dry season CV (%) 83.3 21.7 20.8 22.7 43.9 25.0 22.0
Wetseason ~ Mean+SD  83%26 10+6 31+10 25+10 82+24 9+3 23138

Iwuochang Q-3 Dry season CV (%) 31.3 60.0 32.3 40.0 29.3 33.3 165.2
Wetseason ~ MeantSD  121+27  20+4 50+10 45+9  130+29 1444 12+3
Dry season CV (%) 22.3 20.0 20.0 20.0 22.3 28.6 25.0
Wet season ~ Mean+SD 4+2 9+16 33144 1545 51+18 87 614

Eketai SQ-4 Dry season CV (%) 50.0 177.8 133.3 33.3 35.3 87.5 66.7
Wet season ~ Mean+SD 8+1 13+12 73452 255 89+17 9+1 7+1
Dry season CV (%) 125 92.3 71.2 20.0 19.1 11.1 14.3
Wetseason ~ MeantSD  81+38  51+24 89424 152462 206455 171+34 97424

Atabong Q-5 Dry season CV (%) 46.9 47.1 27.0 40.8 26.7 19.9 28.9
Wetseason ~ MeantSD  133+30 114461 135+31 281+44 302+79 234463 159426
Dry season CV (%) 22.6 53.5 23.0 15.7 26.2 26.9 16.4
Wetseason  Mean+SD  45+23 2418 40+16  79+18 172461 122450 82+24

Marina SQ-6 Dry season CV (%) 51.1 33.3 40.0 22.8 35.5 41.0 29.3
Wetseason  MeantSD  78+16  037+9 7313 118426 284+63 226+39 131+29
Dry season CV (%) 20.5 24.3 17.8 22.0 22.2 17.3 22.1

CV (%) = coefficient of variation; SD = standard deviation
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Appendix16. Monthly distribution of some physicochemical properties of sediments
from Qua Iboe River

Physicochemical parameters

Sampling
station/Month H EC. NO;y NO; PO# sOF TOC TOM
PP (usem?) (mgkg?) (mgkg®) (mgkg?) (mokg?) (%) (%)
Iwuokpoml (SQ-1)
Jul-09 7.56 1400 137.5 3.20 102.7 180.9 1.22 2.10
Sep-09 8.06 1402 137.5 5.21 2714 2154 0.69 1.19
Nov-09 8.11 1405 137.5 7.20 440.0 2498 0.16 0.28
Jan-10 7.22 6512 161.8 7.31 4185 2736 0.50 0.86
Mar-10 6.67 7201 173.3 8.08 4712 2974 0.46 0.79
May-10 7.27 11944  149.7 7.23 329.2 2617 0.33 0.57
Iwuokpom 2 (SQ-2)
Jul-09 7.55 13000  225.0 4.00 454 177.6 0.32 0.55
Sep-09 6.65 13220  168.8 6.00 93.1 366.3 1.28 2.21
Nov-09 6.59 13440 1125 8.00 140.8  555.0 2.24 3.86
Jan-10 7.12 15682  165.5 8.24 1376  541.9 2.07 3.57
Mar-10 6.56 16229 1604 9.09 153.8  605.8 2.34 4.03
May-10 6.86 19414  139.2 8.12 139.2 5485 2.15 3.71
Iwuochang (SQ-3)
Jul-09 7.40 14300  156.5 3.78 33.6 167.8 1.10 1.90
Sep-09 7.68 9880 184.5 5.49 2324 208.8 1.12 1.93
Nov-09 7.95 5460 212.5 7.20 431.2 2498 1.14 1.97
Jan-10 6.99 9023 233.5 7.46 390.3  269.7 1.33 2.29
Mar-10 6.92 9765 218.4 8.22 4447  294.1 1.43 2.47
May-10 7.47 9655 223.0 7.33 410.2  259.7 1.24 2.14
Eketai (SQ-4)
Jul-09 6.69 11200 1625 3.00 27.8 183.2 0.72 1.24
Sep-09 6.86 6310 168.8 4.30 71.1 230.5 0.64 1.10
Nov-09 6.61 1420 175.0 5.60 1144 2778 0.55 0.95
Jan-10 7.15 4547 202.2 5.82 109.1  299.0 0.72 1.24
Mar-10 7.12 4798 199.8 6.41 122.7  326.2 0.76 1.31
May-10 6.88 3978 188.6 571 111.8  288.4 0.64 1.10
Atabong (SQ-5)
Jul-09 7.11 11048 171.4 3.70 84.9 175.6 1.04 1.79
Sep-09 6.95 11712 1476 5.05 148.8  189.0 0.61 1.05
Nov-09 6.78 12376 1235 6.40 2126 2024 0.17 0.29
Jan-10 7.04 14169  159.5 6.73 2126 230.2 0.46 0.79
Mar-10 7.02 14228  158.4 7.39 236.2  248.1 0.43 0.74
May-10 6.91 17696 1415 6.57 2126  216.3 0.32 0.55
Marina (SQ-6)
Jul-09 7.24 7208 145.2 3.20 454 188.7 0.82 1.41
Sep-09 7.18 6994 144.6 4.50 121.8  156.0 0.47 0.81
Nov-09 7.02 6780 144.0 5.80 198.2 123.3 0.11 0.19
Jan-10 7.12 8102 169.8 6.06 188.2 164.3 0.34 0.59
Mar-10 7.03 9178 1715 6.66 211.9 171.2 0.32 0.55
May-10 7.07 9921 156.9 5.93 193.2 143.8 0.23 0.40
MeantSD 7.12+ 9461+ 167.4+ 6.11+ 203.0+ 264.9+ 0.85+  1.46+
(n=36) 0.39 4731 29.5 1.62 131.4 1203 0.61 1.05
Range 6.56-  1400- 1125~ 3.00- 27.84- 123.3- 0.11- 0.19-
8.11 19414 2335  9.09 4712 6058 234 4.03
CV (%) 55 50.0 17.6 26.5 64.7 45.4 71.8 71.9
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Appendix 17. Seasonal variation of physicochemical characteristics of sediment samples from Qua Iboe River

Parameters Iwuokpom 1 Iwuokpom 2 Iwuoachang Eketai (SQ-4) Atabong (SQ-5) Marina (SQ-6)
(SQ-1) (SQ-2) (SQ-3)
WS DS WS DS WS DS WS DS WS DS WS DS
Temp. °C 28.0£1.9 31.1+2.0 282419 31.2+2.1 28.242.0 31.2+2.1  28.1+2.1 31.3+2.1 28.1+2.0 32.0+2.4 28.3+2.1 31.8+2.3
pH 7.27-8.06 6.67-8.11 6.65-7.55 6.56-7.12  7.40-7.686.92-7.95 6.69-6.88 6.61-7.15 6.91-7.11 6.78-7.04  7.07-7.24 7.02-7.12

E.Cond. (uScm™)
NO; (mgkg )
NO, (mgkg )
PO,* (mgkg™)
SO,” (mgkg )
TOC (%)

TOM (%)

49206100 5040+3200

142+7 158+18
5.2+20 7.5+05
234+118 44327
219+41  274+24

0.75+0.45 0.37+0.19
1.23+0.68 0.64+0.32

15200+3600 15100+1500

178+44 146+29

6.0+2.2  8.4+0.6
93+47 144+9

364+186  568+34

1.35+0.92 2.22+0.14
2.16+£1.58 3.82+0.23

11300+26198080+2300
188+33 222+11
5.5+1.8 7.6+0.5
225+188 422+28
212+46  271+22
1.15+0.08 1.30+0.15

1.98+0.14 2.24+0.25

7160+3700 3590+1900

173+14  192+15

43+14 59+04
70+42 115+7

234+53  301+24

0.67+0.05 0.68+0.11
1.16+0.07 1.17+0.19

135003700 13600+1100

154+16 14721
51+14  6.8+0.5
149+64  221+14
194421  227+23

0.66+0.36 0.35+0.16
1.13+0.62 0.61+0.28

8040+1600 8020+1200
149+7  162+15
45+14 6.2+04
120+74 19912
163+23 153+26
0.51+0.30 0.26+0.13

0.87+0.51 0.44+0.22

WS = wet season, DS = dry season
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Appendix 18. Monthly distribution of trace metals concentration of sediments
from Qua Iboe River

Sampling Metal concentration (pgg™) dry weight

Station/Month ¢4  ppb Cr Cu  Zn Ni Co
Iwuokpom 1 (SQ-1)
Jul-09 0.78 16.1 8.0 77.0 123 7.7 8.8
Sep-09 0.82 22.9 7.0 81.6 133 8.1 9.3
Nov-09 0.62 16.0 8.0 59.6 133 6.1 7.0
Jan-10 2.10 12.4 35.5 34.3 122 53 6.4
Mar-10 1.26 8.6 26.0 24.3 128 3.7 8.7
May-10 1.77 111 32.5 30.8 140 4.8 8.0
Iwuokpom 2 (SQ-2)
Jul-09 0.43 111 14.0 45.4 131 5.6 1.7
Sep-09 0.45 16.5 145 48.1 141 5.9 8.5
Nov-09 0.34 11.6 11.0 35.1 139 4.5 7.3
Jan-10 1.65 11.9 16.0 25.2 142 3.4 5.4
Mar-10 0.99 8.2 12.0 18.8 135 24 7.2
May-10 1.39 10.6 145 23.2 99 3.0 6.6
Iwuochang (SQ-3)
Jul-09 0.71 12.2 125 62.8 119 4.1 4.8
Sep-09 0.77 174 125 66.6 129 4.3 5.1
Nov-09 0.54 12.2 10.0 48.6 110 3.2 3.8
Jan-10 2.66 11.3 5.0 37.0 108 2.7 0.9
Mar-10 1.60 7.8 6.0 26.8 113 1.9 0.8
May-10 2.24 10.1 6.0 35.6 106 24 0.9
Eketai (SQ-4)
Jul-09 2.06 16.1 37.0 53.2 104 6.1 9.0
Sep-09 2.16 22.9 38.5 56.4 113 6.4 9.5
Nov-09 1.62 16.0 29.0 41.2 119 4.8 7.1
Jan-10 1.34 16.3 22.5 42.1 99 4.5 4.4
Mar-10 0.82 11.5 17.0 30.2 103 3.2 3.1
May-10 1.14 14.6 21.0 38.1 87 4.0 3.9
Atabong (SQ-5)
Jul-09 3.20 23.1 49.0 67.2 144 13.6 8.8
Sep-09 3.45 33.2 51.0 71.3 158 14.2 11.2
Nov-09 242 22.6 38.5 52.1 149 10.7 8.4
Jan-10 3.56 145 44.0 55.4 127 6.2 4.5
Mar-10 2.14 10.0 32.5 41.2 129 4.3 3.3
May-10 3.00 12.9 40.5 50.8 125 55 4.1
Marina (SQ-6)
Jul-09 1.95 94 18.5 52.6 127 3.9 3.1
Sep-09 2.04 134 18.5 55.7 137 24 3.2
Nov-09 1.53 94 15.5 40.7 126 4.7 2.5
Jan-10 1.44 2.6 10.5 39.0 86 1.3 2.6
Mar-10 0.86 1.9 8.0 27.4 9 0.9 1.2
May-10 1.21 24 9.5 35.0 98 1.2 2.0

Mean+SD? 159+ 134+ 209+ 453+ 121 4.9+ 5.5+

0.87 6.2 13.5 15.8 17 3.0 2.9
034- 19- 50- 188- 8- 091- 0.7-

3.56 33.2 51.0 81.6 158 14.2 11.2
CV (%) 547 46.6 64.4 35.0 145 61.0 52.5

Range

43D = standard deviation; P cV = coefficient of variation
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Appendix 19. Seasonal variation of trace metal levels (ugg™ dry weight) in sediments samples from Qua Iboe River

Iwuokpom 1 Iwuokpom 2 Iwuoachang Eketai (SQ-4) Atabong (SQ-5) Marina (SQ-6)
Lfgfaﬁs (SQ-1) (SQ-2) (SQ-3)
WS? DS WS? DSP WS? DS WS? DS® WS? DS® WS? DSP

Cadmium 1.12+0.56 1.33+0.74 0.76+0.55 0.99+0.66  1.24+0.87 1.60+1.06 1.79+0.56 1.26+0.41  3.22+0.23 2.71+0.75 1.73+0.46 1.28+0.36
Lead 16.7+6.0  12.4+3.7 12.7+3.3 10.6x2.0 13.2+3.8 10.5+2.3 17.9+4.4 146+2.7  23.1+10.1 15.7+6.4 8.4+56 4.6+4.2
Chromium 15.8+14.4 23.2+14.0 143+ 0.3 13.0+2.7 10.3+3.8 7.0+2.7 32.2+9.7 22.8+6.0 46.8+5.6 38.3+5.8 155+5.2 11.3+3.8
Copper 63.2+28.1 39.4+18.2 38.9+13.7 26.4+8.2  55.0+16.9 37.5+10.9 49.2+9.8 37.8+6.6  63.1+10.8 49.6+7.4  47.8+11.2 35.7+7.2

Zinc 132+9 128+6 124+22  138+3 118+11 110+2.3 101+13  107+10 142+17  135#11 121+20  102+22
Nickel 6.9+1.8 5.1+1.2 49+16 3.4+10 3.6£1.0 2.6+0.7 5.5¥1.3 4.2+0.9 11.1+4.8 7.1+3.2 2514 23%21
Cobalt 8.7+0.7 7.4+1.2 7.6+x1.0 6.7¢1.1 3.6£24 1.8+1.7 7.5¥3.1 4.8+21 8.1+3.6  5.4+27 2.7#0.7 2.1+0.38

AWS = Wet season, bps = dry season
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Appendix 20. Results of fraction-specific concentrations of trace metals in

sediments from Qua Iboe River using modified BCR protocol

Metal concentration in pugg™ dry weight

Station Fraction

Cd Pb Cr Cu Zn Ni Co
SQ-1 Exchangeable 0.45 0.3 0.9 5.0 38.9 0.6 0.9
Reducible 0.73 6.2 13.7 14.7 39.8 2.1 2.6
Oxidisable 0.60 1.2 11.3 6.5 20.2 0.9 1.2
Residual 0.26 4.6 7.4 5.3 19.7 15 1.9
Sumof 3steps+ R 2.04 12.2 33.2 315 119 5.1 6.5
Pseudo-total 2.10 12.4 355 343 1217 5.3 6.4

% Recovery 97.1 98.6 93.6 91.7 97.5 96.3 101.6
SQ-2 Exchangeable 0.43 0.4 0.6 3.9 47.1 0.4 0.8
Reducible 0.56 4.7 5.9 11.4 48.1 1.3 2.1
Oxidisable 0.53 1.2 4.8 5.0 24.5 0.6 1.0
Residual 0.16 3.3 3.7 4.1 23.9 1.0 1.5
Sumof 3steps+ R 1.68 9.7 15.1 244 1435 3.3 5.4
Pseudo-total 1.65 11.9 16 252 1416 3.4 5.4

% Recovery 102 81.1 94.1 96.8 101.3 95.9 98.9
SQ-3 Exchangeable 0.49 0.6 0.4 45 32.3 0.3 0.1
Reducible 0.96 5.0 1.9 17.3 36.4 1.1 0.5
Oxidisable 0.83 1.0 1.7 7.5 20.5 0.5 0.2
Residual 0.33 3.8 1.4 6.5 16.4 0.8 0.3
Sum of 3 steps + R 2.61 104 5.3 35.7 105.6 2.7 11
Pseudo-total 2.66 11.3 5.1 37.0 108.1 2.7 0.9

% Recovery 98.1 921 1039 96.3 97.7 99.3 123
SQ-4 Exchangeable 0.30 1.1 1.1 7.2 31.1 0.5 0.7
Reducible 0.58 6.7 1.7 17.7 35 1.7 1.6
Oxidisable 0.39 1.6 6.2 8.6 19.7 0.8 0.9
Residual 0.13 6.0 5.4 6.3 15.7 1.3 1.2
Sumof3steps+ R  1.40 154 20.4 39.8 102 4.3 4.5
Pseudo-total 1.34 16.3 225 42.1 98.9 4.5 4.4

% Recovery 1045 945 90.7 94.5 103 96.4 103
SQ-5 Exchangeable 0.97 0.5 1.9 10.2 38.6 0.5 0.6
Reducible 1.35 6.9 175 25 43.3 2.4 1.9
Oxidisable 0.83 1.9 14.3 12.1 22.7 1.1 0.9
Residual 0.45 4.9 7.6 8.8 20.9 1.7 1.3
Sum of 3 steps + R 3.6 14.2 41.3 56.2 1255 5.6 4.6
Pseudo-total 3.56 145 44.0 55.4 1274 6.2 4.5

% Recovery 101.0 97.8 939 1014 985 91.1 1015
SQ-6 Exchangeable 0.32 0.4 0.6 6.5 25.2 0.2 0.4
Reducible 0.41 5.1 4.1 18.8 29.2 0.5 1.2
Oxidisable 0.39 14 3.0 8.3 16.2 0.2 0.5
Residual 0.15 3.6 2.2 6.8 14.0 0.3 0.4
Sumof3steps+ R 1.26 104 9.8 40.4 84.6 1.2 2.5
Pseudo-total 1.44 12.6 10.5 39.5 86.4 13 2.6

% Recovery 87.5 82.4 93.7 1023 979 91.5 96.1
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Appendix 21. Percentage fractionation of trace metals in sediments from Qua
Iboe River using modified BCR protocol

Percentage metal concentration
SQ-1  SQ-2 SQ-3 SQ4 SQ-5 SQ-6 SQRT

Fraction

Cd
Exchangeable  22.1 25.6 18.8 21.4 26.9 25.4 23.4
Reducible  35.8 33.3 36.8 41.4 375 325 36.2
Oxidisable 29.4 31.6 31.8 27.9 23.1 31 29.1
Residual  12.8 9.5 12.6 9.3 125 11.9 114

Pb
Exchangeable 2.3 4.0 53 7.3 3.5 3.5 4.3
Reducible  50.3 48.7 48.3 43.4 48.5 48.5 48.0
Oxidisable 9.7 12.9 9.8 10.6 135 13.4 11.7
Residual  37.6 34.5 36.7 38.6 34.6 34.6 36.1

Cr
Exchangeable 2.6 4.2 7.0 5.4 4.6 5.7 4.9
Reducible 414 39.4 355 37.8 42.5 41.4 39.7
Oxidisable  33.9 31.6 31.9 30.4 34.5 30.6 32.2
Residual  22.1 24.8 25.7 26.4 18.4 22.4 23.3

Cu
Exchangeable  15.8 15.9 125 18.2 18.2 16.0 16.1
Reducible  46.7 46.7 48.4 44.5 445 46.6 46.2
Oxidisable  20.7 20.7 20.9 21.6 21.6 20.6 21.0
Residual  16.8 16.8 18.2 15.7 15.7 16.8 16.7

Zn
Exchangeable  32.8 32.8 30.6 30.6 30.8 29.8 31.2
Reducible ~ 33.5 335 345 34.5 345 345 34.2
Oxidisable ~ 17.0 17.1 194 194 18.1 191 18.4
Residual  16.6 16.6 155 155 16.7 16.6 16.3

Ni
Exchangeable  12.5 12.3 122 12.3 9.4 17.7 12.7
Reducible  40.5 40.2 40.4 40.2 42.4 40.3 40.7
Oxidisable  17.3 175 17.4 17.4 18.6 135 17.0
Residual  29.8 30.1 30.0 30.1 29.6 28.6 29.7

Co
Exchangeable  14.1 14.1 11.7 16.4 13.2 16.7 14.4
Reducible  39.9 39.8 41.4 35.6 40.8 47.6 40.9
Oxidisable  17.6 17.7 20.7 20.4 18.7 18.3 18.9
Residual  28.4 28.4 26.1 27.6 27.3 175 25.9
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Appendix 22: Distribution of aqueous chemical species in surface water from Qua Iboe River using PHREEQC model

Metal species Station SQ-1  Station SQ-2  Station SQ-3 Station SQ-4 Station SQ-5 Station SQ-6
P conc.(M) % conc.(M) % conc.(M) % <conc.(M) % conc.(M) % conc.(M) %
cd (1) 2.67x10° 3.56x10° 8.90x10” 5.34x10° 9.35x10” 5.34x10”
Cd(OH)CI 1.57x10® 58.8 2.18x10° 61.2 4.57x107 51.3 7.63x10™ 0.0 6.23x10% 0.0 3.41x10™ 0.0
cdcr 4.78x10° 17.9 4.90x10° 13.8 2.10x10" 23.6 3.94x10° 73.8 7.44x107 79.6 4.04x10° 75.7
Cd(OH), 3.62x10° 13.6 5.95x10° 16.7 1.07x107 12.0 3.63x10™® 0.0 7.83x10™ 0.0 6.18x10* 0.0
CdOH* 1.45x10° 5.4 1.76x10° 4.9 6.48x10° 7.3 2.47x10™ 0.0 1.23x10%* 0.0 9.65x10™ 0.0
CdCl, 5.19x10™ 1.9 6.09x10™° 1.7 1.49x10° 1.7 1.22x10° 2.3 3.80x10® 4.1 1.44x10° 2.7
Cd* 4.85x10™° 1.8 4.42x10™ 1.2 3.14x10° 35 1.27x10° 23.8 151x107 16.1 1.14x107 21.3
Cd(OH)5 557x10™ 0.2 4.60x10™ 0.1 1.31x10%® 0.0 1.27x10® 0.0 9.78x10%® 0.0
Cd(HCO,)* 6.70x10™ 0.0 1.47x10™ 0.3 2.19x10° 0.2 1.48x10° 0.3
Pb(11) 1.31x10” 9.18x10° 6.76x10°® 5.31x10° 3.82x10”7 1.45x107
Pb(OH), 7.66x10° 58.7 4.85x10° 52.8 4.40x10® 65.1 2.23x10™ 0.0 2.67x10™ 0.0 1.13x10* 0.0
Pb(OH)5 4.65x10° 35.6 4.04x10% 44.0 1.69x10° 25.0 7.15x10%° 0.0 3.84x10%® 0.0 1.60x10% 0.0
PbOH"* 4.15x10° 3.2 1.94x10° 21 3.60x10° 53 2.05x10™ 0.4 5.65x10%° 0.1 2.38x10™ 0.2
PbCO, 2.66x10° 2.0 8.28x10%° 0.9 2.66x10° 3.9 7.72x10° 15 2.77x10° 0.7 1.02x10° 0.7
Pb(CO3),” 6.19x10™ 0.5 1.82x10™ 0.2 4.10x10™ 0.6 4.43x10™ 0.0 1.00x10™ 0.0 2.97x10™ 0.0
PbCI* 5.83x10%? 0.0 1.30x10™ 0.0 2.82x10™ 0.0 7.86x10° 14.8 8.26x10° 21.6 2.41x10° 16.6
Pb?* 3.28x10"? 0.0 2.05x10™ 0.0 7.32x10™ 0.0 4.39x10® 82.7 2.90x10" 75.9 1.18x107 81.4
PbCl, 2.16x10"° 0.4 3.73x10° 1.0 7.59x10™ 0.5
Pb(NO,)" 1.76x10"° 0.3 2.31x10° 0.6 6.24x10"° 0.4

249



Appendix 22: Distribution of aqueous chemical species in surface water from Qua Iboe River contd.

Metal species Station SQ-1  Station SQ-2  Station SQ-3 Station SQ-4 Station SQ-5 Station SQ-6
conc. (M) % conc.(M) % conc.(M) % conc.(M) % conc.(M) % conc.(M) %
Ni (11) 4.44x10°7 2.73x10” 2.06x10” 1.36x10” 3.41x10°® 2.88x10°
Ni(OH), 2.66x107 59.9 1.46x107 53.5 1.35x107 65.5 8.55x10"" 0.0 3.90x10™® 0.0 3.40x10*® 0.0
Ni(OH)s 1.62x107 36.5 1.22x107 44.7 5.18x10® 25.1 2.74x10% 0.0 5.61x10% 0.0 4.80x10% 0.0
Ni* 1.57x10® 3.5 4.75x10° 1.7 1.75x10® 85 1.32x107 97.1 3.32x10° 97.4 2.79x10° 96.9
NiSO, 2.65x107%° 0.1 7.00x10' 0.0 3.44x10%° 0.2 3.93x10° 2.9 896x10% 2.6 8.74x10° 3.0
NiCl* 3.37x10" 0.0 1.16x10* 0.0 2.56x10* 0.0 8.91x10™ 0.1 3.57x10° 0.1 2.14x10° 0.1
NiNO," 8.00x10™ 0.1 4.00x10° 0.1 2.22x10° 0.1
Cu (1) 4.33x10™ 2.44x10™ 3.93x10™ 5.60x107 1.22x10° 3.54x10”
CuCl, 3.35x10™" 77.4 1.82x10* 74.6 3.25x10™ 82.7 4.24x10° 75.7 1.01x10° 82.8 2.79x107 78.8
CuCl,* 9.13x10™"? 21.1 5.86x10%% 24.0 5.26x10™* 13.4 2.62x10° 4.7 1.11x107 9.1 2.02x10® 5.7
cu* 6.35x10"° 1.5 2.61x10%° 1.1 1.52x10%* 3.9 1.11x10® 19.8 9.42x10% 7.7 5.49x10® 155
Cu (2) 7.56x107 5.52x10” 5.36x10” 2.43x10” 2.09x10° 1.17x10°®
CuCO;(OH),* 6.58x107 87.0 4.67x10" 84.6 4.36x107 81.3 9.13x10™® 0.0 9.19x10™® 0.0 4.33x10™ 0.0
Cu0,” 4.10x10° 5.4 592x10% 10.7 156x10% 29 572x10%® 0.0 1.92x10%° 0.0 1.05x10%® 0.0
CuOH* 2.75x10° 3.6 1.52x10% 2.8 4.13x10® 7.7 2.61x10° 1.1 9.63x10° 0.5 5.58x10° 0.5
CuCO, 1.64x10° 2.2 6.04x10° 1.1 2.84x10% 53 9.14x10° 3.8 4.38x10° 2.1 2.21x10%® 109
Cu(C0s),? 9.70x10° 1.3 3.38x10° 0.6 1.15x10° 2.1 1.34x10™ 0.0 4.04x10™ 0.0 1.65x10™® 0.0
CuPO, 3.47x10° 05 1.12x10° 0.2 3.51x10° 0.7 1.15x10™ 0.0 1.53x10* 0.0 9.57x10™ 0.0
cu® 1.47x10™ 0.0 6.09x10™ 0.0 3.22x10* 0.0 2.17x107 89.3 1.90x10° 90.9 1.07x10° 915
cucl* 7.83x10%° 0.0 3.67x10** 0.0 1.16x10* 0.0 3.60x10° 15 5.03x10® 24 2.02x10% 1.7
CuSo, 1.06x10® 4.4 8.45x10% 4.0 5.50x10% 4.7
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Appendix 22: Distribution of aqueous chemical species in surface water from Qua Iboe River contd.

Metal species Station SQ-1  Station SQ-2  Station SQ-3 Station SQ-4 Station SQ-5 Station SQ-6
conc. (M) conc.(M) % conc.(M) % conc.(M) % conc.(M) % conc.(M) %
Cr (VI) 1.46x107 1.55x107 3.44x10” 9.09x10** 2.12x10% 1.06x10%
Cro,~ 1.46x107 100.0 1.55x107 100.0 3.44x10” 100.0 8.95x10% 9.8 1.03x10%® 4.9 1.01x10% 95.3
HCrO, 6.27x10™ 0.0 4.76x10™ 0.0 2.46x10™ 0.0 8.19x10* 90.1 2.02x10*° 95.3 4.90x10?" 4.6
Cr (111) 4.50x10™ 1.12x107® 3.95x10™" 4.40x10” 9.50x10”’ 4.75x10”
Cr(OH), 4.32x10™ 96.0 1.08x10™® 96.4 3.70x10"" 93.7 2.30x10™* 0.0 4.63x10™ 0.0 2.37x10" 0.0
Cr(OH), 1.81x10™%° 4.0 3.30x10% 2.9 2.45x10™® 6.2 1.82x10™° 0.0 8.18x10™ 0.0 4.26x10™ 0.0
Cr(OH)," 7.87x10% 0.0 1.06x10% 0.0 1.61x10% 0.0 1.34x107 30.5 1.39x107 14.6 7.21x10% 15.2
CrOH* - - - - - 291x107 66.1 7.22x107 76.0 3.62x107 76.2
cr¥ - - - - - 1.38x10% 3.1 8.26x10° 8.7 3.99x10% 84
Cr,(OH),* - - - - - 1.35x10™ 0.0 9.48x10™ 0.1 2.16x10™° 0.0
Cr3(OH),*" - - - - - 1.33x10™° 0.0 1.11x10° 0.1 1.19x10™ 0.0
Zn (1) 3.14x10° 2.16x10° 1.59x10° 1.04x10° 3.83x10° 3.41x10°
Zn(OH), 2.62x10° 83.4 1.70x10° 78.7 1.40x10° 88.1 2.88x10™* 0.0 1.91x10™ 0.0
Zn(OH)3 4.87x107 155 4.35x107 20.1 1.65x107 10.4 2.82x10"° 0.0 8.44x10%* 0.0 7.65x10% 0.0
ZnOH* 1.78x10® 0.6 8.76x10° 0.4 1.54x10° 1.0 3.48x10™° 0.0 5.57x10™ 0.0 5.12x10™ 0.0
Zn(OH)CI 8.62x10° 0.3 4.73x10° 0.2 4.54x10° 0.3 457x10™ 0.0 1.15x10™ 0.0 7.38x10™ 0.0
Zn(OH),” 6.54x10° 0.2 8.18x10° 0.4 1.34x10° 0.1 1.79x10%° 0.0 2.50x10% 0.0 2.16x10% 0.0
Zn* 3.35x10™ 0.0 1.20x10™ 0.0 3.96x10™ 0.0 9.69x107 93.2 3.54x10° 92.4 3.16x10° 92.7
ZnClI* 1.38x10™ 0.0 5.70x10™ 0.0 1.16x10™ 0.0 1.29x10® 1.2 7.76x10% 2.0 4.94x10° 1.4
ZnSO, 9.28x10™ 0.0 2.92x10™ 0.0 1.30x10™ 0.0 4.77x10° 4.6 1.60x107 4.2 1.65x107 4.8
ZnHCO;" 7.65x10™ 0.0 1.00x10® 1.0 4.66x10° 1.2 3.71x10° 1.1
ZnCl, 2.02x10™ 0.0 9.87x10™ 0.0 9.68x10™ 0.0 4.29x10™ 0.0
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Appendix 22: Distribution of aqueous chemical species in surface water from Qua Iboe River contd.

Metal species Station SQ-1  Station SQ-2  Station SQ-3 Station SQ-4 Station SQ-5 Station SQ-6
conc. (M) % conc.(M) % conc.(M) % <conc.(M) % conc.(M) % conc.(M) %
Co (1) 7.82x107 5.44x10” 3.06x10” 1.19x107 2.14x10° 1.77x10°®
HCoO, 7.82x107 100.0 5.44x107 100.0 3.06x107 100.0 1.36x10™ 0.0 1.97x10* 0.0 1.66x10** 0.0
Co* 1.18x107 99.2 2.11x10° 98.6 1.75x10° 98.9
CoClI* 1.09x10° 0.9 3.11x10® 1.5 1.84x10% 1.0
CoNO," 4.49x10™ 0.0 1.60x10° 0.1 8.76x10™° 0.0
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ABSTRACT

Cross River (CR) and Qua Iboe River (QIR) in Akwa Ibom State are prone to pollution
from diverse sources including urbanisation and agricultural activities. The state and
national agencies are exploiting the river banks for establishing industrial and
recreational parks. Due to scarcity of data on the pollution and human exposure risks of
these rivers, there is need to establish their pollution status. This work was aimed at
determining the physicochemical characteristics, metal speciation in surface water and

sediments and saturation indices on these rivers.

Surface water and sediment samples were collected monthly between June 2009 and
May 2010 from six stations with high human activities along CR (Okopedi, Ayadehe,
Nwaniba, Oron, James-Town, Ibaka) and QIR (lwuokpoml, lwuokpomz2, Iwuochang,
Eketai, Atabong, Marina). Sampling was done by compositing three grab samples from
each station giving a total of 144 each of water and sediment samples. Selected
pollution parameters and trace metal concentrations were determined using APHA
methods. A thermodynamic model, pH-Redox-Equilibrium-Computer programming
language-Interactive (PHREEQCI), was employed to determine some metal species and
saturation indices of associated mineral phases in water samples. The relationship
between metal speciation in water with sediment in terms of bioavailability was
evaluated using the European Union Binding Corporate Rules reference method. Data

were analysed using coefficient of variation and Pearson correlation at p = 0.05.

The concentrations (mgL™) of alkalinity (36.1+19.2, 61.3+35.1), dissolved oxygen
(7.6+1.2, 6.4+0.9), nitrate (12.3+9.6, 4.6£2.9), chloride (880+£520, 860+140), phosphate
(0.05£0.02, 0.10£0.02) and sulphate (30.9+9.0, 36.2+6.6) in the rivers (Cross, Qua
Iboe) respectively were obtained. The concentrations (mgL™) of Cd (0.02+0.01,
0.04+0.05), Pb (0.02+0.01, 0.03+0.03), and Ni (0.05+0.05, 0.06+0.08) in water
exceeded the WHO limits while those of Cr (0.02+0.02, 0.04+0.03), Cu (0.04+0.02,
0.07£0.07) and Zn (0.11£0.07, 0.20£0.09) were below the limits. Metal variability in
water for Cross River was higher for Cd (81.3%) and Ni (94.0%). There were strong
correlations for Cr/Co (r=0.9), Cu/Co (r=0.9) and Ni/Co (r=0.8) indicating point source
of metal pollution. The dominant metal species for the rivers were the free hydrated
species of Co?*(97.0, 97.7%): Cu*'(82.8, 70.2%): Ni**(98.1, 97.6%); Pb*(60.0,



62.0%); CdCI*(82.2, 82.3%) and CrOH**(53.1, 58.7%). The concentrations (pgg ™) of
Cd, Pb, Ni, Cr, Cu, Zn and Co in sediments of Cross and Qua lIboe Rivers
correspondingly were 0.50+0.24, 1.59+0.87; 59.3+14.2, 13.446.2; 6.60%2.3, 4.9+3.0;
15.945.3, 20.9+£14.0; 71.8+£17.3, 45.3£16; 129+12, 122+18; 7.60+2.3, 5.5+3.0. The
non-residual sediment fraction of Cd, Pb and Cu in Cross and Qua Iboe Rivers were
89.3 and 88.7%, 62.4 and 64.0%, and 83.1 and 83.3% respectively. Saturation indices
showed supersaturation for CdCr,O4, CuCr,O4, PbHPO, and Pb-pyromorphite
minerals. There was a dominance of bioavailable fractions bound to Fe/Mn-oxide and
organic/sulphide components. Comparison with PHREEQCI data showed higher metal

bioavailability in water than in the sediments.

The metal pollution levels in the two rivers may be due to anthropogenic activities in
the rivers. The occurrence of bioavailable metals suggests potential health risk from

metal toxicities.

Keywords: Saturation Index, River Pollution, Thermodynamic Modelling, Trace Metal

Speciation.

Word count: 480
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