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ABSTRACT 

The Berg River, Western Cape, South Africa, is an example of a catchment region where 

human pressures and conservation of natural resources collide. The river receives effluents 

from two large settlements and several smaller adjacent villages, including that of 

industrial and extensive agricultural activity. The estuary is one of the largest in South 

Africa and rated as the third most important conservation zone in the country. In this 

study, the chemical speciation of heavy metals in the river sediment was determined in 

order to evaluate the extent of pollution. 

Chemical speciation using sequential chemical extraction of sediment samples was used to 

measure the mobility and bioavailability of cadmium (Cd), lead (Pb), arsenic (As), 

chromium (Cr), nickel (Ni), cobalt (Co), iron (Fe), copper (Cu), zinc (Zn) and manganese 

(Mn). The metals Cd and Zn were found to be the most mobile and bioavailable. 

The study also examined the vertical distribution of heavy metals in estuarine sediment 

cores to evaluate the extent of heavy metal contamination with time and the degree to 

which heavy metals are influenced by other sedimentological parameters such as grain 

size, sediment composition and organic matter. Three sediment cores, ranging from 160 to 

240 em long, were collected using a mechanical vibrating corer. The vertical distribution 

of metals in the cores showed that the metal concentration was higher at the top and middle 

of the cores. Based on the enrichment factor (EF) and anthropogenic factor (AF) values, it 

is suggested that the sediments ofthe estuary are not polluted with Co, Mn, Cu, Ni, Zn and 

Fe but moderately to highly polluted with Pb, As, Cd and Cr. The data reported provide a 

useful baseline for establishing heavy metal concentrations in the estuary and will be an 

important consideration in future sediment quality studies. 

The spatial distribution ofthe metals was also studied to understand how location is linked 

to metal concentration. The average concentration of metals in the core sediment increased 

with increasing distance from the mouth of the river. 

The adsorption behaviour of the estuary sediment with micro-pollutants has a significant 

influence on the environmental quality of estuary waters. For this reason, the absorption of 

Pb, Cr, Cu, Ni, and Zn onto sediment was study. It was found that the sediments of the 

Berg River estuary have a low potential for adsorbtion of Ni and Zn making these metals 

more mobile and bioavailable. 
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THESIS OUTLINE 

The thesis report is divided into the following chapters: 

Chapter one presents the background of the thesis research about environment 

problems due to heavy metals and their chemistry, also the research hypothesis, and 

objectives of the study. The chapter also presents literature review of studies conducted by 

the other researches, in which this research problem was referred to. 

Chapter two focuses on the methodology employed to achieve the objectives of 

the study. It discusses the experiments that were conducted and also describes the study 

area, sampling sites, samples collection, storage, procedures, apparatus, adsorption 

experiments and quality control. 

Chapter three focuses on the results that were obtained from the determination of 

chemical speciation, vertical and spatial distribution of heavy metals in sediments of the 

Berg River and its estuary. It covers findings on the sediment characteristics and organic 

matter. It also covers the data obtained from the adsorption experiments. 

Chapter four focuses on the discussion of the results that obtained from the 

determination of chemical speciation, vertical and spatial distribution of heavy metals in 

sediment. It also includes the analysis of the results obtained from adsorption experiments, 

and data from the isotherm models are discussed at the end of the chapter. In addition to 

this, the chapter presents correlation coefficient between heavy metals and sediment 

characteristics. 

Chapter five gives a general conclusion of the present study. It provides 

observations, conclusions and recommendations for future work. It highlights the outcomes 

that were obtained from the study. 

XV 



Univ
er

sit
y o

f C
ap

e 
Tow

n

Chapter 1 Introduction and Literature Review 

1.1 General problems of heavy metals 

Rivers are a valuable freshwater resource, irreplaceable, and priceless asset 

providing critical habitats and corridors for nature conservation, recreation, amenity and 

economic growth. A river which comprises both the main course and the tributaries is a 

complex ecological system carrying a load of matter in dissolved and particulate phases 

from natural and anthropogenic sources (Bellos et al., 2004). 

The water quality in rivers may vary depending on the geological morphology, 

vegetation and land use (modification by human activities such as agriculture, 

industrialization and urbanization) in the catchment areas. Industries, agriculture and urban 

settlements produce nutrients (sewage effluent and fertilizers) and toxic substances, such as 

organic and inorganic pollutants, and other chemicals including heavy metals. Water 

pollution in rivers occurs when these substances, which degrade the water quality of the 

river, enter the waterway and alter their natural function (Water and Rivers Commission, 

1997). 

Environmental problems related to heavy metals have a long history. Many rivers 

and streams have become contaminated with heavy metals, as a result of human activities 

(Akcay et a!., 2003; Fatoki & Awofolu, 2003). Entry of heavy metals into rivers and 

streams can occur naturally from leaching of ore deposits and anthropogenic sources, such 

as atmospheric deposition, domestic wastewater effluents, and wash-off from urban areas, 

industrial sites, solid waste disposal units and agricultural materials. These sources tend to 

have high concentrations of metals particularly As, Cd, Cr, Cu, Mn, Ni, Ph and Zn (Nriagu 

& Pacyna, 1988; Alloway & Ayres, 1993; Pegram & Gorgens, 2001). 

Agriculture activities contributes non-point sources of heavy metal pollutants, such 

as impurities in fertilizers (Cd, Cr, Ph and Zn), pesticides (As, Cu, Ph and Zn), desiccants, 

wood preservatives (As and Cu), wastes from intensive pig and poultry production (As and 

Cu), composts and manures (As, Cd, Cu, Ni, Ph and Zn), sewage sludge (Cd, Cu, Ni, Ph 

and Zn) and corrosion of metal objects (Cd and Zn) (Alloway and Ayres, 1993). In many 

African countries, heavy metal contaminants are now a significant health issue. As a 

result of the growth in agricultural and industrial development, African aquatic 

environments are in particularly experiencing increasingly heavy metal pollution, (Lwanga 



Univ
er

sit
y o

f C
ap

e 
Tow

n

2 

et al., 2003 and Berget al., 1995). For this reason, many researchers have focused on and 

reported on the assessment of heavy metal concentrations in the environment (Zhai et al., 

2008 and Razo et al., 2004). However, currently most data on heavy metals in African 

countries are the result of regional investigations that have been limited to the area around 

the source of the heavy metals (Aguilar et al., 2002). Surveys of heavy metals across the 

whole country and comprehensive analyses, which include economic activities, are needed 

to clarify the impact of these chemicals on humans and wildlife. This will further allow for 

the protection and management of the environment in African countries. 

South Africa is rich in mineral resources such as ores of many metals (Thomas, 

2007). The main environmental problem relating to mining is uncontrolled discharge of 

contaminated water from abandoned mines as well as acid mine drainage (Pulles et al., 

2005). Acid mine drainage (AMD) is characterized by low pH and high salinity levels, and 

it can elevate concentration of toxic heavy metals such as Cd, Cr, Co, Mn, Ni, Zn and Fe 

(Akcil and Koldas, 2006). South Africa is a country that is predominantly semi-arid, with 

an average rainfall of about 450 mmf1
, well below the world average of about 860 mm. 

y" 1
• South Africa's water resources are, in global terms, extremely scarce, with the 

combined flow of the entire rivers approximately 49000 xl06 m3
• y" 1

• This number is less 

than half of that of the Zambezi River, the largest river close to South Africa (D WAF, 

2004-g). As a result, heavy metal pollution in South Africa's aquatic ecosystems, 

especially river systems, is a major environmental concern (Boocock, 2002). 

As a result of the high fresh water demand in relation to supply, the water inflow 

(including floods) reaching South Africa's estuaries and adjacent marine environment has 

been markedly reduced. This poses a significant threat to the functioning of many estuarine 

systems and hence to life-cycles of many fish and invertebrate species with an obligate 

estuarine phase in their life cycles (Lamberth and Turpie, 2003). During the 1970s concern 

also grew regarding the conditions of estuaries in South Africa. Water abstraction, dam 

construction soil erosion and pollution also were clearly affecting more and more estuaries. 

The ecological functioning and sustainability of estuarine systems are affected by the 

reduction in fresh water inflows (CSIR, 1998; DWAF, 2002, 2003a, 2003b, 2003c, 2004e, 

2004f, and 2004h). Effects include an increase in the frequency of mouth closure of 

temporarily open/closed estuaries, increase in the extent of saline intrusion in permanently 

open systems, and increase of siltation in estuaries. 
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In South Africa, there is increasing tendency for the disposal of sewage to the 

estuaries, surf zone and marine environment ranges from preliminarily treated sewage 

discharged offshore and where secondary treated effluent discharges to the surf zone and 

estuaries to untreated sewage entering the marine environment from informal settlements 

through storm water runoff (RSA DWAF, 1995). According to CSIR (1991) and DWAF 

(2004), the estimated annual volumes of sewage effluent discharges into estuaries to the 

marine environment of South Africa between 1991 and 2004 ranged from 21.4 to 55.5x 106 

m3
• i 1 respectively. The estimated volumes for municipal wastewater (point sources) 

discharged into estuaries ranged from 35 500 to 152 123 x 106 m3 /day (Taljaard et a!., 

2006). Thus, total wastewater and sewage volumes discharged to estuaries and then to the 

marine environment almost doubled and tripled between 1991 and 2004. In a comparison 

of the health status of 27 South African estuaries, assessed in the 1990s according to 

Whitfield (1995 and 2000) and more recently by Turpie (2004), showed a decline in the 

health of six of the estuaries that were evaluated. However, it was also concluded that 

many of South Africa's estuaries are still considered to be in a relatively safe state. 

In the past, water quality techniques assessment were the main tool used to assess 

the impact that humans have on the environment. However, soil and sediments are also 

prone to contamination from atmospheric and biological sources. In South Africa, this 

indicator of pollution is not intensively investigated in comparison to the water resources 

component. Poor water quality does not only affect associated sediments and aquatic life 

but also has an impact on terrestrial ecosystems and even on the economy. 

1.2 The Berg River 

The Berg River is one of the largest rivers in the Western Cape Province, is situated 

within the Berg Management Area (WMA), and lies in a region which is categorized as a 

biodiversity hotspot on the Southern African continent (Goldblatt and Manning, 2002). 

Due to human development, such as increasing agricultural activities and increasing 

urbanization, ecosystems in the area are steadily impacted upon by increasing 

anthropogenic pressures, such as higher nutrient inputs, unsustainable water management 

practices, and, as a consequence, reductions in biodiversity (Rouget et a!., 2003). More 

details on the Berg River will explained in the Section 2.1. 
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Figure 1.2 Location of the Berg River catchment (Source: Parsons 2007). 

The natural runoff from the catchment amounts to 931 xl 06 m3 .y"1
, nearly half of 

which (45%) is generated in the top three quaternary catchments which cover 7% of the 

area. There are already two maj or dams in the catchment, the Wemmershoek Dam (66 x l 06 

m3
) and the Voelv lei Dam (170 mm\ and numerous small farm dams. These, together 

with forested areas of the catchment, have reduced the runoff to some 682 x l 06 m3.y"1 

(DWAF, 2004b). F low and quality features have been severely modifi ed, with dry season 

releases, inter-bas in transfers and agricultural return fl ows exacerbating the effects of 

abstraction from the system. Low flows in the Berg River vary from 0.2 to 2.0 m3.s-1 in 

summer (Nov-Feb) and 4 to 15 m3.s-1 in winter (May-Aug). During floods, flows reach 150 

to 600 m3.s-1 along the river (DWAF, 2004b) . 

In thi s region, most of the rivers ari se in the Table Mounta in Group mountain 

watershed, with good water quality and with total disso lved solids concentrations of less 

than 60 mg.L-1
• The Berg River rises in the mountains near Franschhoek, and the runoff in 

this v icinity is characterized by good water quali ty (Bate and Snow, 2007). However, water 

quality deteriorates further in a downstream as a result of agricultural activities, urban 
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storm water, discharges from wastewater treatment works, and runoff from low cost 

housing and informal settlements that often have no sanitation services or dysfunctional 

systems. Certain of the head waters of the Berg River are normally acidic and colored 

brown as a result of dissolved humic substances. Many of the lower Berg River tributaries 

are underlain by Malmesbury shale of marine origin, therefore have generally high salinity 

concentrations (0 WAF, 2004b ). The shale, coupled with agricultural return flows, 

introduces elevated salinity levels in the middle and lower reaches of the Berg River. 

The river is nowadays impacted by both diffuse pollution from agricultural run-off 

and point-source pollution from urban and industrial wastewater. There are concerns that 

pesticide residue washed into the river through irrigation and leaching of fertilizers as a 

result of irrigation, are impacting on the water quality of the Berg River and its tributaries. 

Fortunately, there is no mining activity in the vicinity of the river although South Africa is 

among the World's largest producers of metals such as Cr and Mn. The construction of a 

dam on the headwaters of the Berg River in 2007 and other impoundments have the 

potential to change the hydrology of the upper catchment. It was reported that the volume 

of flow and flow characteristics would be most pronounced at Paarl, nearly 80 kms 

downstream from the dam, would be a significant effect on the sediment and water 

volumes between Paarl and Hermon (Clark and Ratcliffe, 2007). 

The Berg River estuary, the site of interest research is one of only four perennial 

estuarine systems on the west coast of South Africa, and one of the largest of the country's 

approximately 258 functional estuaries. It is a river-dominated estuary and is one of only 

three estuaries in which muddy sediments are deposited seaward of the mouth (Cooper, 

200 l ). It is also fairly unusual because it has a very large supratidal zone in association 

with the upper reaches of the estuary. The estuary is rated among the top three estuaries in 

South Africa in terms of its conservation value of the rarity in physical type, its large size 

and high diversity and abundance of biota (Turpie et al., 2002 and 2004 ). It is also 

recognised as one of the important estuaries in the country for avifauna (Turpie, 1995). It 

supports nationally important populations of several species (fish, invertebrates and 

vegetation). About 35 fish species from 30 families have been recorded in the Berg River 

estuary, and it also supports the highest recorded density of shore birds on the East Atlantic 

seaboard (Velasquez et al., 1991 and Hockey et al., 1992), while 92 water bird species 

have been recorded in the estuary over the past 1 0 years. 
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There is a scarcity of data on the sediments of the Berg River estuary or historical 

sedimentation processes such as geochemistry, sedimentation of the subsurface sediments 

and sedimentation record. Estuaries contain a mixture of river and marine sediments, the 

balance of which is determined by the size of the tidal prism (amount of water moving in 

and out of the estuary during a tidal cycle), riverine base flows and floods. The size of 

particles that can be transported from the catchment increases with increased velocity and 

larger particles are deposited first before small particles eventually precipitated with 

decreased flow. Base flows carry relatively little sediment, mostly fine silts, and this is 

deposited when fresh water flows are slowed by the incoming sea water. 

The Berg River estuary waters are well-oxygenated during the year particularly in 

the winter. On average about 5 mg.L- 1 of dissolved oxygen concentration has been 

recorded in the summer and 9-l 0 mg.L-1 in the winter (Schumann, 2007). Nutrients 

(phosphate, nitrate and silicate) enter the estuary from both the sea (inputs dominating in 

the summer) and the river (inputs dominating in the winter) as a result of agricultural 

inputs and runoff. The total nitrogen concentration was 300 Jlg.L-1 in 1980 and 2000 Jlg.L-

1 in 2005 (Day, 2007). High concentrations of phosphate and silicate were observed in the 

estuary due to the anthropogenic inputs of nutrients along the estuary and catchment 

activities (domestic and industrial). These are the main factors influencing water quality 

of the Berg River and its estuary. River water quality integrates these anthropogenic 

influences at a catchment scale. 

Organic matter also flocculates out of the fresh water when it mixes with salt water. 

These processes probably result in an accumulation of fine sediments in the lower to 

middle estuary, so that the channel and inter-tidal areas become muddier and shallower 

with time. Floods take much of silt from the catchment, and this is deposited wherever 

flood waters slow down significantly, such as on the flood plain. Floods scour away the 

sediments that have built up in the channel and the lower inter-tidal areas, and very large 

floods may scour the flood plain. The area of scouring versus deposition is likely to depend 

on the size of the flood (Clark and Ractliffe, 2007). 

During the summer low-flow period, saline water penetrates the estuary up to 40 

km from the mouth, this depending on the tidal state while the fresh water inflow to the 

estuary during winter is sufficient to push the salt water entering the estuary back to within 
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I 0 km from the mouth (Slinger and Taljaard, 1994 ). Salinity is assumed to decrease with 

increased flow, but there is little effect at low flows when the tidal flow is stronger. Higher 

flows push salt water out of the estuary. Salinity affects the species composition of all of 

the biotic components, with different species having different salinity tolerance ranges. 

When Fourie and Gorgens (1977) examined the mineralization of the Berg River, their 

study showed that the salinity increase of the river could be the result of increasing 

irrigation practices along the river. 

Temperature is fairly uniform along the estuary during winter, typically 12-15 oc 
(Schuman, 2007). Maximum temperatures are experienced in January and minimum 

usually occur in July (DW AF, 1994 ). In the summer, the river water is warmer than the 

sea, and temperatures are typically above 20°C throughout the estuary except in the lowest 

reaches. Temperature in the lower estuary varies with tidal state, and can be as low as 12 

°C after upwelling at sea. 

Anthropogenic inputs of heavy metals along the estuary channel include runoff 

from adjacent farmland, waste water from human settlements along the banks of the 

estuary concentrated mostly around the mouth, and effluent from industries situated near 

the mouth of the estuary. Waste water (domestic and industrial) tends to be rich in toxic 

compounds and can act as an important contributor of these pollutants to the estuary 

(DWAF, 2007). Development around the Berg River over the last few decades has also 

taken its toll on the natural habitats of the estuary. In particular, salt marshes have been 

significantly transformed and threatened by anthropogenic disturbance (O'Callaghan 1994 

and McDowell, 1993). 

1.3 Heavy metals 

Over the past two decades, the term "heavy metals" has been used increasingly in 

different literature and legislation related to toxic compounds and the safe use of 

chemicals. It is often used as a group name for metals and metalloids that have been 

associated with contamination and potential toxicity (Duffus, 2002). Usually the term 

"heavy metals" is used inconsistently to replace the name "trace metals." 

There are many different definitions for the term "heavy metals" in the 

environmental literature. The term "heavy metals" is based on the density (specific 
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gravity), atomic weight (relative atomic mass), atomic number and toxicity of the metals. 

According to the International Union of Pure and Applied Chemistry (IUPAC) the term 

"trace metals" defines metals in very low concentration, in mass fraction of a part per 

million or less, in some specified source (e.g. soil, sediment, plant, tissue and ground 

water). 

One definition as given by Jennett et al. (1980) and Davies (1992) is that "heavy 

metal" is a term that includes any element with an atomic density greater than 5 g/cm3 and 

may include some 39 elements. Within the context of this broad category, major metals 

such as Na, K, Ca, and Mg are not usually considered to be heavy metals due to their 

lighter atomic mass and prevalence within the natural environment. Metals such as AI, As, 

Cr, Co, Cu, Fe, Mn, Mo, Ni, Sc, Sn, V and Zn may be required by some organisms in small 

quantities and are sometimes referred to as trace metals or trace elements (Thornton, 

1995). 

The most useful definition for the purposes of this study is Thornton's (1995) 

definition of heavy metals, includes any metal or metalloid that is associated with 

contamination and potential toxicity. Heavy metals are most commonly associated with 

human-induced contamination of the aquatic environment including As, Cd, Pb, Hg, Cr, 

Cu, Ni, and Zn (Jennett et al., 1980). According to Jennett (1968), the term "trace metal" is 

used to denote those metals that are distributed in the earth's crust, in very low 

concentrations. The general elements of this group are Cd, Cr, Co, Cu, Pb, Ni and Zn. Fe 

and Mn also often find a place in the study of trace metals, as the environmental chemistry 

of the trace metals are closely related to that of heavy metals. 

Aluminium falls outside most definitions of heavy metals due to its density (3 

g/cm3
) but is often included in contamination studies because it can serve as an indicator of 

clay content (Daskalakis and O'Connor, 1995). It also has a high natural concentration that 

causes AI to exhibit conservative behaviour in estuarine systems (de Groot, 1995). 

Consequently, it tends to have relatively constant concentrations over space and time 

(Purton and Statham, 1990). This property makes AI useful in normalizing total metals 

according to natural levels of enrichment (Menon et al., 1998). Arsenic is technically 

considered a metalloid but is often regarded as a heavy metal due to its similarity in 

chemical properties and behaviour to other heavy metals. 
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Lastly, Fe and Mn are not usually considered as contaminants because of their high, 

naturally occurring concentrations (Chen et al., 1999). Under certain soi I conditions, 

however, such as strong reducing, anoxic conditions, toxicity of these metals are a concern 

(Williams et al., 1994 ). A group of non-essential elements including Ag, Au, Cd, Hg and 

Pb also qualify as heavy metals (Furness and Rainbow, 1990). In this study, all the metals 

(As, Cd, Pb,, Cr, Cu, Mn, Co, Fe, Ni, and Zn) are considered as heavy metals rather than 

trace metals in order to avoid confusion. 

1.4 Heavy metals-pollution and toxicity 

Pollution from heavy metals began with the industrial revolution at the end of the 

191
h century resulting in the fluxes of many heavy metals from terrestrial and atmospheric 

sources to the aquatic environment have increased (Brannvall et al., 2007). The pollution 

by trace metals is a worldwide problem requiring attention at global and national levels. In 

recent years, there has been growing interest in studying the environmental turnover of 

metal species. Analytical techniques have been developed for the determination of 

inorganic turnover of metal species and organic forms of the metals in different 

environmental matrices (Haraldsson et al., 1994). 

Not all metals have the same environmental impact. Some are potent toxins, and 

some are essential trace elements, and for some the eco-toxicological properties are not 

well known (Jonsson, 2000). The first of these categories includes metals such as Pb, Hg, 

As and Cd. These metals are considered to be among the severe pollutants under natural 

conditions because of their persistent and bioaccumulation properties, especially with 

respect to such ecosystems as rivers or other industrialized coastal areas that receive 

chronic inputs of these metals (Tam and Wong, 2000). They are also classified as priority 

pollutants because these metals are not necessary for metabolic activity, and can be toxic 

even in small concentrations (US-EPA, 1999). 

The second category includes metals that are required for living organisms, and also 

includes these most widely used in society, such as Fe, Cu and Zn. These metals are major 

constituents of the so-called technosphere. The third category includes metals such as 

platinum (Pt), rhodium (Rh) and iridium (lr), metals that are increasingly used in catalysts 

and electronic components, but whose effects on the environment are not well studied. 
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Contamination caused by heavy metals also affects the ocean waters and coastal 

zone, where, besides having a longer residence time, metal concentrations are higher due to 

the input and transport by river runoff. The impact of anthropogenic perturbation is most 

strongly felt by estuarine and coastal environments adjacent to urban areas. Trace metals 

from incoming tidal water and fresh water sources are rapidly removed from the water 

body and are deposited onto the sediments (Guzman and Garcia, 2002). 

Since heavy metals cannot be degraded biologically, they are transferred and 

concentrated into plant tissues from soil or sediments, and can have a long-term damaging 

effect on plants. Heavy metals, that accumulate in soils and sediment not only exert 

deleterious effects on plant growth, but also inhibit the soil microbial communities and soil 

fertility (Ong Che, 1999). Chemical pollution by heavy metals can also cause mass 

mortality of fish stocks, decline or changes in the composition of fish populations or an 

entire ecosystem, an increase in fish disease and decline in growth rates (UNEP, 1996). 

This thesis focuses on total concentration of heavy metals and chemical speciation 

in sediments of the Berg River and its estuary. Ten heavy metals are investigated; these 

include Cd,, Pb, As, Cr, Cu, Co, Ni, Mn, Fe and Zn. This group includes very toxic three 

metals (Cd, As and Pb) that still constitute a dangerous to the environment and to public 

health, even though they have given rise to extensive concern environmental amongst for a 

long time (Abel, 1996). 

1.5 Chemical speciation of heavy metals and their partitioning in 

sediment 

Due to the presence of empty d orbital's in transition metal ions and f orbitals in 

lanthanides and actinides, these metals exist in various oxidation states. For this reason, the 

metal ions occur in the environment in different oxidation states, and form different 

species, for example, for chromium, Cr (III) and Cr (VI). The different oxidation states of a 

particular metal ion possess different physical and chemical properties. Speciation is a 

concept frequently used in biological science, and it was adopted by those in analytical 

chemistry, expressing the idea that the specific chemical forms of an element should be 

considered individually (Frank, 1997). 
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The tenn chemical speciation may be used to encompass both functionally defined 

speciation and that is, the detennination of species that are, for example, available to plants 

or present as 'exchangeable' forms, and operationally defined speciation, which refers to 

the detennination of 'extractable fonns' of an element. Whilst it is often possible to define a 

particular compound or oxidation state when dealing with solutions, for example, natural 

waters, it is far more difficult to characterize the actual chemical form of an element in 

solids such as soils and sediments. Thus, speciation tends to be defined somewhat 

differently by workers to reflect this field of study. However, one of the most 

comprehensive fonnal definitions of speciation is the one recommended by the 

International Union of Pure and Applied Chemistry (IUPAC), which states that speciation, 

is the process yielding evidence of the atomic or molecular fonn of an analyte (Templeton 

et al., 2000). 

The definitions of species and speciation of elements are based on many different 

levels of atomic and molecular structure where species' differences are manifest. Here, 

two levels were considered: electronic or oxidation state and inorganic and organic 

compounds. The chemical speciation of elements in aquatic environments is one of the 

most important topics in the fields of analytical chemistry, geochemistry, and 

environmental chemistry (Bernhard et al., 1986a). It is essential for discussing the 

chemical reactivity of trace constituents in the environment, such as biological availability 

and toxicity, and the geochemical behavior of chemical species. Chemical speciation 

analysis has also become important in heavy metal research to understand the different 

processes that control metal distribution in aquatic environments and the risks associated 

with metal pollution (Donat et al., 1994). 

There are a number of important environmental factors which may affect the 

speciation of metals in the environment and these should be borne in mind during 

speciation research. One of the most important of these is the prevailing redox conditions 

which not only detennine the oxidation state of some metals, but may also affect the 

bioavailability and toxicity of the element. For example, Fe (II) and Mn (II) are soluble in 

natural waters deficient in oxygen but will precipitate out at higher oxidation states. 

Speciation studies are also important in estuary systems because metal speciation is 

affected by the change of environmental conditions such as salinity, pH, temperature, and 
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sediment redox potential (Gambrell et a!., 1980). High salinity gradients strongly affect the 

extent of chloride complexation to Cu (II), Cd (II) and Hg (II). 

Hydrogen ion concentration (pH) is also a most important factor controlling 

chemical speciation of metals. pH affects both solubility of metal hydroxide minerals and 

adsorption-desorption processes. Most metal hydroxide minerals have very low solubility 

under the pH conditions prevailing in natural water. Because the concentration of 

hydroxide ion is directly related to pH, the solubility of dissolved metal hydroxide minerals 

increases with decreasing pH, and more dissolved metals become potentially available for 

incorporation in biological processes as pH decreases. Ionic metal species also are the most 

toxic form to aquatic organisms (Salomons, 1995). Temperature exerts a significant 

influence on metal speciation, because most chemical reaction rates are highly sensitive to 

temperature changes (Elder, 1989). 

Aquatic systems are physically and chemically dynamic. The ability to determine 

the chemical forms of metal ions in sediment is becoming increasingly important, in 

identifying sources and sinks for aquatic metal constituents. It is also important in the 

identification and quantification of the metal associations in sediments (suspended and 

bottom) and the reactions among sediment, water, and biota (Rauret et a!., 1991 ). 

A search of the literature on sedimentary chemical partitioning shows that two 

approaches have been used. The first approach aims at determining how trace metals are 

retained on or by sediments - the so-called mechanistic approach. According to Gibbs 

( 1977), there are many mechanisms for inorganic accumulation in or on sediments; 

adsorption processes, precipitation, co-precipitation with hydrous iron and manganese 

oxides and carbonates and incorporation in crystalline minerals. 

Adsorption will be discussed in Section 1.6. Precipitation and co-precipitation are 

readily understandable terms. Incorporation in crystal minerals is also called substitution. 

These entail the substitution of one element for another within a fixed crystal structure; 

substitution is governed by ionic radius and charge. 

The second approach seeks to determine where inorganic constituents are retained 

on or by sediments (phase or site) -the so-called phase approach. This has been attempted 

because individual constituents such as Cd, Pb, Fe, Mn, Zn, Ni, Co, and Cu may be, and 
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usually are associated with many phases. The term phase is used in the thermodynamic 

sense and incorporates categories like interstitial water, clay minerals, sulfides, carbonates, 

humic acid, manganese oxides, and so forth. 

Despite this relatively simple division into two approaches, very few attempts to 

chemically partition complex sediment samples entail a purely mechanistic or phase 

approach; rather, they combine features of both. 

One of the oldest and most commonly used methods of chemically partitioning 

sediments involves the use of partial chemical extractions. Much of the original work in 

different areas was carried out on marine material (Chester & Messiah-Hanna, I 970; 

Horowitz, I 974; Horowitz & Cronan, 1976; Tessier et al., 1979). The principle of this 

process is based on the selective extraction of trace metals in different physicochemical 

fractions of material using specific solvents (Bruder-Hubscher et al., 2002). These 

techniques have also been widely used in a range of environmental media, involving 

sediments (Tokalioglu et al., 2000; Petit & Ruccandio, 1999; Fytianos et al., 1995; Martin 

et al., 1998; Stephens et al., 200 I; Steve et al., 200 I; Tuzen., 2003; Guevara-Riba et al., 

2004; Yuan et al., 2004) soil (Davidson et al., I 998; Mossop & Davidson, 2003; Fernandez 

et al., 2004) and waste materials (Alonso et al., 2002; Brudet-Hubscher et al., 2002). 

In order to optimize sequential extraction of metals in relation to the characteristics 

of the sediments or to distinguish the two metal fractions in the oxidizable fraction, the 

methods have been modified by many researchers (Campanella et al., 1995; Zdenek., 1996; 

Gomez-Ariza et al., 2002). In order to harmonize the different sequential extraction 

methods used for sediment analysis, in 1992, the BCR 3-step, procedure was proposed 

(Sahuquillo et al., 1999). This method consists of three successive steps that allows one to 

associate the metals with one of the following fractions: 

Fraction 1 (acid-soluble phase) 

This fraction is comprised of exchangeable metals and others bound to carbonates 

that can easily enter the water column when, for example, the pH decreases. This is a 

fraction with the most labile union to the sediment and, therefore, the most dangerous for 

aquatic systems. 
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Fraction 2 (reducible phase) 

This fraction is made up of metals associated with iron and manganese oxides that 

can free themselves if the conditions of the sediment change from oxic to anoxic. A change 

to anoxic conditions can be caused, for instance, by the activity of microorganisms present 

in sediments. 

Fraction 3 (oxidizable phase) 

This fraction shows the amount of metal bound to the organic matter and sulphides 

that can be freed under oxidizing conditions. These conditions occur, for example, as a 

result of sediment re-suspension (due to current and flooding) when the sediment particles 

come into contact with oxygen-rich water. 

Furthermore, a fourth residual or inert phase was determined; this is the difference 

between the total content and the sum of the content in the three previous fractions. The 

metals that primarily correspond to this fraction are those associated with minerals, which 

form part of their crystalline structure, and which, as a result are unlikely to be released 

from the sediments. 

In the study not only were the total amounts often metals (Cd, As, Pb, Hg, Cr, Co, 

Cu, Fe, Ni, and Zn) determined in sediment cores of the Berg River and its estuary, but 

metal fractionation was also determined. Fractionation studies the mobility and 

bioavailability of these metals in the sediments that affect their ability to enter the water 

under changes in the environmental conditions of the Berg River and its estuary. 

1.6 Adsorption of heavy metals on to sediment 

Conventionally, adsorption is accepted as a phenomenon where molecules of contaminants 

dissolve in water attach themselves the surface of individual sediment particles (Sparks, 

2003). Adsorption process entails the condensation of atoms, ions, or molecules on the 

surface of another substance. Materials having large surface areas are good adsorbers 

(Jenne, 1976). In our case, the surface sediment is the 'adsorbent' and the metal ion 

concentrated or adsorbed on the surface of bed sediment is "adsorbate." On this basis, the 

sediment particles are referred to as "the adsorbent." 
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Adsorbates 

(a) Monolayer adsorption model (b) Multilayer adsorption model 

Figure 1.6 Adsorption models showing (a) the monolayer adsorption models assumed by Langmuir 

Theory and (b) the multilayer adsorption model assumed by BET Theory 

Adsorption of heavy metals on sediment constituents is one of the most important 

reactions that determine the mobili ty and bioavailabil ity of metals in aquatic environments. 

Adsorption properti es of the sediment provide valuable information relat ing to the 

tolerance of the system to the added heavy metal load. Many rivers and estuaries hi ghly 

populated areas conta in anomalously hi gh concentration of metals. The metal 

concentrati ons in river water vary with fl ow as we ll as sediment concentrations. The metal 

load of sediments reaches high levels that it is sudden desorption whi ch poses a great 

danger to aquatic life (Salomons and Forstner, 1984). Therefore, adsorption and desorption 

processes infl uence the water quality to a considerab le extent. Earli er studies have 

identified three of the most important geochemical components affecting bioavailability in 

aquatic systems: Mn ox ides, Fe ox ides and organic materials (Lion et a l. , 1982; Perret et 

al. , 2000). These effects are crucia l for bind ing and adsorption of metals onto the surface of 

sediments, indicated by different analytical methods that w ill be used in the research such 

as sequenti al extraction (Lion et a l. , 1982 and Chartier et a l. , 2000). Furthermore, 

corre lation analys is will also be used (Wang and Chen, 2000). Lastly, the combination of 

chemical extraction and adsorption techniques have been used (Lion et al. , 1982 and 

Fuji yoshi et al. , 1994). Many techno logies have also been developed to remove toxic 

meta ls from water using different material. The most important of these inc lude adsorption, 

ion exchange and reverse osmos is. 

In thi s thesis, adsorption studies were carried o ut on sed iment of the Berg River 

estuary because adsorption plays an important ro le in the transport of metals in aquatic 

systems but no data is available regarding the adsorption of metals on to these sediments. 
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The primary factors controlling adsorption process include chemical speciation, sediment 

type and environmental parameter as pH. 

1. 7 Aquatic sediments 

1. 7.1 Sediment transport in riverine environment 

Sediments are integral and inseparable parts of the river ecosystem, therefore any 

environmental program concerning river water quality would be incomplete without the 

proper study of its sediments. Sediment is the loose sand, clay, silt and other soil particles 

that settle at the bottom of a water body (US.EPA, 2002). 

Consequently, bottom sediments act as both carrier and long-term source of 

contaminants in the aquatic environment. They not only play an important role in 

influencing river pollution but can be used to record the history of this pollution, and they 

also reflect the quality of an aquatic system (Mucha et al., 2003). Sediment contaminants 

can be passed to fish, birds, and mammals until they accumulate to levels that may be 

toxic. Such toxic effects may include neurological, developmental, and reproductive 

impacts. Toxic chemicals such as heavy metals come from point and nonpoint sources 

(US.EPA, 1998). These contaminants may pose a high risk to the environment on a large 

scale and hence need to be monitored at regular intervals. 

Sediment is the most important reservoir of pollutants and acts as a source of trace 

contamination (Salomons and Forstner, 1984). Sediments give an indication of potential 

contamination on a temporal scale. The analysis of water indicates the contamination status 

at present, whereas sediment can provide information on the systems contamination history 

(Shine, 2004). Sediment is also an important component of coastal aquatic ecosystems 

since it provides a necessary habitat for communities of autotrophic and heterotrophic 

organisms, and bacteria (MacDonald et al., 2003). As such, sediment is essential to the 

functioning of 'healthy' coastal aquatic ecosystems (Burton, 1991). Coastal waters receive 

contaminants from local anthropogenic activities through riverine inputs, amongst other 

factors. Within these waters the contaminants partition between aqueous phase (pore water 

and overlying water) and solid phase (sediment, suspended particulate matter and 

organisms (Luoma, 1983). 
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1. 7.2 Sediment transport in the Estuarine Environment 

In general, estuaries are areas of accretion where sediment deposition and 

movement is driven by vertical and horizontal circulation patterns within the water body 

(Salomons and Forstner, 1984). The sediment distribution pattern in an estuary depends on 

several factors such as sediment sources, the texture (particle size) of the sedimentary 

material supplied, the bottom topography of the basin and salinity ranging from that of 

saltwater to freshwater (Seralathan, 1986) more details in the next paragraph. 

The main characteristics responsible for sediment distribution are hydrodynamic 

regime of an estuary such as tidal action, river inflow, waves and wind. As a result of the 

complex relations between these factors, sediment distributions tend to be extremely 

variable on both spatial and temporal scale (Perillo, 1995 and Williams et al., 1994), 

although tides arguably exert the most significant control over an estuary's ability to 

transport sediment (Dyer, 1995). Estuaries can be classified according to their tidal range 

as microtidal (< 2 m), mesotidal (2-4 m) and macrotidal (> 4 m) (Dyer, 1994). With 

increasing tidal range, the whole of the estuarine water mass can move in response to tidal 

periodicity (Dyer, 1995). Sediment characteristics also control of sediment transport; 

sediments carried by estuary waters typically encompass the range of sizes from less than 

0.002 mm to more than 0.004 mm, but the fine sizes dominate most estuaries. Cohesive 

sediments such as coarser sands and silts are transported as single grains in several modes 

by bouncing or creeping (Mehta, 1986). 

In estuarine systems, the metals enter through river flow and can be distributed in 

sediment components, and associated with them in different ways including adsorption, 

precipitation, and sedimentation processes (Dawson & Macklin, 1998; Deepulal et al., 

2012). Metals tend to be accumulated in, or trapped immediately by bottom sediments 

(Dauvalter, 1998) because of their strong affinity for particulate matter and organic matter 

(Luoma, 1990 and Campbell & Tessier, 1996). Estuarine sediments provide a long-term 

record of the accumulation of trace metal inputs from riverine, atmospheric and 

anthropogenic sources (Kennish, 1992 and Windom, 1992). Chemical processes at the 

sediment/water interface are complex and are governed by physicochemical characteristics 

such as grain sizes and organic matter. 
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1.7.3. Water and Sediment Quality Guidelines 

According to OW AF ( 1996) the term water quality describes the physical, chemical 

and biological properties of water that determine its fitness for a variety of applications and 

for protecting the health, integrity of aquatic ecosystems, and guidelines for the protection 

of the marine environment. 

No sediment quality guidelines (SQGs) exist for fresh water in South Africa. The 

current South African Water Quality guidelines are focused on the effects of dissolved 

chemicals in the water column while ignoring both chemicals associated with settled 

sediment and the sediments themselves (erosion and sedimentation) (Gordon & Muller, 

2010). For this reason, the study used international sediment quality guidelines such as 

CCME (1995), ANZECC (2000), Ontario (1993) and CMSQG (2000a) for compare the 

obtained results. 

The Canadian Council of Ministers of the Environment (CCME) has developed 

sediment quality guidelines for the protection of aquatic life to assist in evaluating 

sediment quality. Screening levels have been established, based on toxicology data, to 

determine the potential effect of chemicals in sediment on aquatic organisms (CCME, 

1999). Canadian sediment guidelines give two values, namely the interim sediment quality 

guidelines (ISQGs) and probable effect levels (PELs). For trace metals, SQG can be used 

to evaluating the degree to which adverse biological effects are likely to occur, as a result 

of exposure to metals in sediments. 

Many factors, affect water and sediment quality in river systems: environmental 

characteristics of river basins such as climate, topography, geology, and vegetation and the 

activities that occur with them, shape the physicochemical features of the river. The links 

between characteristics of the drainage basin and water and sediment quality in the river 

are climate and river flow, winter conditions (flooding), soil erosion (sedimentation), 

pollution (point and nonpoint sources), river obstruction (dams) and wetlands (CCME, 

2008). International guidelines for pollution classification of sediments are based on the 

determination of total trace metal concentrations (Perdomo et al., 1998). 
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1. 7.4 Physical and chemical properties of sediment 

Many physical and chemical factors affect sediment's ability to collect and 

concentrate heavy metals. The physical factors include grain size, surface area, 

composition and so forth. However, chemical factors (surface charge and cation exchange 

capacity) are equally important, especially for differentiating between samples having 

similar bulk chemistries and for inferring or predicting environmental availability. 

Chemical factors entail phase associations (with such sedimentary components as 

interstitial water, sulfides, carbonates and organic matter) and ways in which the metals are 

entrained by the sediments (such as adsorption, complexation and within mineral lattices). 

1. 7.4.1 The Grain Size Effect 

Grain size is one of the main factors controlling both suspended- and bottom­

sediment capacity for retaining trace metals (Hirst, 1962; Jenne, 1968; Gibbs, 1977; Jones 

and Bowser, 1978; Filpek & Owen, 1979; Jenne et al., 1980; Thome and Nickless, 1981 ). 

In lakes, rivers, estuaries, and oceans and in sediment chemistry in general most sediment 

tends to be composed of materials smaller than 2 f.tm (very coarse sand). There is very 

strong positive correlation between decreasing grain size and increasing trace metal 

concentrations; this correlation results from numerous factors that are both physical and 

mineralogical (compositional). Clay-sized sediments (less than 2 to 4f.lm) have surface 

areas measured in square meters per gram, as opposed to, for example, sand-sized particles 

with surface areas usually measured in tens of square decimetres per gram (Grim, 1968; 

Jones & Bowser, 1978). Surface chemical reactions are critical to aquatic heavy metal 

sediment interactions; thus, fine-grained sediments, because oftheir large surface areas, are 

the main sites for the collection and transport of inorganic constituents (Jones & Bowser, 

1978; Jenne et al., 1980). However, Jenne (1976) indicates that the clay-sized particles 

may be viewed only as mechanical substrates upon which trace metals can concentrate 

(without chemical interaction). Metal concentrations can and do accumulate on many 

substrates, including sand, pebbles, cobbles, and boulders (Filipek et al., 1981; Robinson, 

1982); nevertheless, high concentrations are more commonly associated with fine-grained 

material. 

The characteristics of iron and manganese oxides in the sediment are also 

important. These substances have long been known as excellent scavengers of trace metals 
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from solution. The most spectacular demonstration of this effect is the manganese nodules 

located at the sediment-water interface on deep ocean floors or in river beds (Mero, 1962 

and Moore et al., 1973). The separation and identification of manganese micronodules in 

core and grab samples indicate that they are ubiquitous and play a significant role 

throughout the sediment column as metal collectors in aquatic environments (Horowitz & 

Cronan, 1976; Jones & Bowser, 1978; Forstner, l982a, b). 

In soils, suspended sediment, bottom sediment, iron and manganese oxides also 

usually occur as coatings on various minerals and finely dispersed particles (Forstner and 

Wittmann, 1979). Those forms that are most capable of concentrating metals range from 

amorphous to microcrystalline to crystalline and have large surface areas on the order of 

200 - 300 m2/g (Buser and Graf, 1955). Regardless of the form, whether micronodules or 

coatings, hydrous iron and manganese oxides are significant concentrators for trace metals 

in aquatic systems. 

1. 7.4.2 Organic matter effect 

Particulate organic matter (OM) enters rivers and estuaries through many 

processes: erosion of soils and sediments, organic productivity in the water column and 

disposal of wastes (sanitary, agricultural, and industrial). Because the organic solids are of 

low density, they are transported in and through sedimentary environments with the fine­

grained (silt and clay) fraction of inorganic particles. Deposition of this material from 

quiescent waters produces organic-rich mud accumulations. This mud supports intense bio­

geochemical activity which exerts a profound influence on the chemistry of both the 

sediments and, through nutrient regeneration and oxygen consumption, the overlying 

water. Organic matter is an essential component of the bio-geochemical cycles in these 

systems providing substrate for the detritus-based food webs that characterize many 

estuaries (Raymond and Bauer, 2000). Therefore, the bio-geochemical interactions in 

riverine and estuarine sediments are essential to the understanding of future changes in 

water quality. 

In a riverine and coastal mud both the concentration of organic matter and the rates 

of processes of microbial degradation of organic matter decrease with increasing depth in 

the sediment column. At depths of more than a few tens of centimetres, the concentration 
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of organic matter levels off at a finite value, and the rate of further degradation are too 

slow to be readily detectable (Berner, 1971; 1974; 1980). 

The characteristics of aquatic and sediment organic matter are important, and the 

ability of organic matter to concentrate trace metals in and on soils as well as suspended 

and bottom sediments is well recognized (Singer, 1977; Nriagu & Coker, 1980; Forstner, 

1982a, b). Aquatic organic matter, termed humic substances has been subdivided by 

Jonasson (1977) into four categories: humin, humic acids, fulvic acids, and yellow organic 

acids. 

The ability of organic matter to concentrate metals varies with the constituent and 

the type of organic matter (Swanson et al., 1966; Saxby, 1969; Bunzl et al., 1976; 

Jonas son, 1977). Organic matter can concentrate between 1% and 10% dry weight of Co, 

Cu, Fe, Pb, Mn, Ni, and Zn (Swanson et al., 1966). The ability to concentrate different 

trace metals appears to be related to a number of factors, including large surface area, high 

cation exchange capacity, high negative surface charge, and material trapping. It is also 

related to the stability of the organic-metal constituent complex (Ovemell, 2002). 

1.8 Overview of related literature 

The knowledge of related literature of the previous studies is essential for any 

research for the formulation of sound methodology that acts as a guiding force of research. 

Much analytical work has been done on both freshwater and marine sediments throughout 

the globe and as such a voluminous literature is available on the subject. Literature on total 

and chemical speciation of heavy metals in estuarine and river sediments and their 

adsorption on to sediment are available. 

A review of the literature related to chemical speciation, mobility, bioavailability 

and total content of heavy metals in sediment using sequential chemical extraction is 

organized and presented as follows; Chukwujindu (2011) studied chemical partitioning of 

metals in the sediment of the Orogodo River (Southern Nigeria). Elisangela et al. (20 1 0) 

performed partitioning of the heavy metals in sediments for samples collected from eight 

locations in the Poxim River estuary (Brazil), while Fatima et al. (200 1) determined the 

chemical speciation of heavy metals (Zn, Cr, Mn and Fe) in estuarine sediment (Northeast 

of Brazil). Carlos et al. (20 1 0) also studied heavy metal concentration and their partitioning 
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in sediments of the Estrela River (Brazil). Morillo et a!. (2002) analyzed seventeen 

sediment samples in the Tinto River and its main tributaries (Spain) while Morillo et a!. 

(2004) determined the distribution of heavy metals with major sedimentary phases in 

samples from the south coast of Spain. Similarly, Morillo et al. (2002) also examined the 

distribution of heavy metals in core sediment samples from the Odie! River and its estuary 

and tributaries (Spain). 

Studies have been done on cadmium in estuaries throughout the world (Edmond, 

1985; Elbaz-Poulichet et al., 1987; Boutier et al., 1993 and Kraepiel et a!., 1997). They 

showed unambiguously that this metal, bound to suspended matter, is mobilized when river 

water mixes with salt water. 

In South Africa, water quality surveys have been conducted, mainly focusing on 

physico-chemical parameters of the Berg River such as pH, salinity, dissolved oxygen and 

nutrients (Fourie & Gorgens, 1977; Quibell, 1993; Gorgens & De Clercq, 2005; De 

Villiers, 2007; Schumann, 2009; Eric et a!., 20 12). Although a number of authors have 

studied the physical and chemical properties of some rivers in South Africa, information on 

the physic-chemical parameters of sediment from Berg River is limited. 

Studies have been done by many authors in different areas in South Africa as 

follows; Greenfield et al. (2006) analyzed eight heavy metals in the Nyl River system, 

Limpopo Province. Similarly, Coetzee (1993) studied the speciation often heavy metals in 

the Hartbeespoort Dam (South Africa) sediments. 

Other research also carried out on metal accumulation in fresh water sediment 

(South Africa) showed an increase in metal levels with addition of the industrial effluents 

and agricultural wastes; Songca et a!. (2013) analyzed sediment and water samples 

collected from the Umzimvubu River Estuary, while Jackson et al. (2009) determined the 

concentration of heavy metals in water and sediment samples from the Plankenburg and 

Diep Rivers. Similarly, Jackson et a!. (2007) determined the trace metals in collected 

sediment, biofilm and water samples from three sites along the Berg River to examine the 

level of metal pollution. Awofolu et a!. (2005) also assessed the levels of trace metals in 

water, sediment and vegetables from the Tyume River. A survey of heavy metals was 

carried out in the sediments ofthe Swartkops River Estuary (South Africa) by Binning and 
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Baird (2001). Another study on South African estuaries those of the Bushmans, Kariege, 

Kowie and Great Fish Rivers were made by Watling and Watling (1983). 

Studies have been conducted on total heavy metal concentrations in different areas 

around the World; (Maxfield et al., 1974, in a study of the delta of the Coeur d'Alene River 

(USA). Similarly Pilotte et al. (1978) analysed estuarine sediments in Florida for heavy 

metal deposits. Wingar & Andreasen (1985) analysed heavy metal residues in the 

sediments of lakes in the Atchafalaya River Basin (Louisiana). Moriarty & Hanson (1988) 

analysed heavy metal accumulation in sediments of the Eccleboume River, Derbyshire 

(UK), while Marcus et al. (1988) analysed heavy metal concentrations in sediments of 

coastal South Carolina. Lietz and Galling (1989) examined sediments of the Oker River in 

the Federal Republic of Germany for contamination with Cd, Zn and Ph while Pardo et al. 

(1990) recorded contents of Zn, Cd, Ph, Cu, Ni, and Co in sediments of the Pisuerga River 

(Spain). Gibbs (1994) examined the distribution of metals in bottom and suspended 

sediments of the Hudson River Estuary. Ganasan et al. (1991) also analysed heavy metal 

concentration in sediments of the Khan and Kshipra Rivers (India) and identified pure 

textile dyes to be the primary source of all metals. Singh et al. (2002 and 2003) analysed 

heavy metals freshly deposited in stream sediments of rivers associated with urbanization 

of the Ganga plain. Impact of industrial and municipal waste on heavy metal levels has 

also been examined by Singh et al. (2005) and Jain et al. (2008) in bed sediments of the 

Gomti and Narmada Rivers (India) respectively. Alessandro et al. (2006) determined 

concentrations of heavy metals in surface sediment samples collected in the Taranto Gulf 

(Ionian Sea, South Italy). A study has also been conducted on the areas around the Port 

River estuary and northern Spencer Gulf (Australia) over the past few years to examine of 

the fish and sediment quality by EPA.SA (2000). 

In terms, spatial and vertical distribution of heavy metals in core sediments and its 

characteristics, a number of studies have used spatial and vertical distribution to determine 

the heavy metal pollution and contamination history at different environment conditions; 

Agnes et al. (20 13) studied the spatial and vertical distribution of heavy metals in sediment 

and sediment texture of the Msimbazi River mangrove forest (Tanzania), while Mariam et 

al. (20 12) examined the depth profile of some heavy metals in core sediment collected 

from the Seine River estuary (France). Adi Slamet et al. (2011) also examined the spatial 

and temporal variations of heavy metals contamination in the Jakarta Bay (Indonesia), 
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whereas Liu et al. (20 11) analyzed core sediment samples collected from the Pearl River 

Estuary (China).Usha and Ranga (201 0) studied the vertical profile of heavy metals 

concentration in core sediments of the Buckingham canal, Ennore (India). Li et al. (2007) 

studied the distribution of heavy metals in sediment collected from Ell-Ren River 

(Taiwan). Harry (2006) investigated physical and chemical characteristics of water and 

sediment in four major river systems (Eastern South Africa). 

Monteiro and Roychoudhury (2005) analysed core sediment samples collected from 37 

sites throughout the St. Helena bay and the mouth of the Berg River using a multicorer. 

Spencer and Macleod (2002) determined the total metal concentrations and historical 

contaminated sediments in sediment cores collected from three estuaries (South-east 

England). Caeiro et al. (2005) studied the contamination of heavy metal in the Sado estuary 

sediment (Portugal) using an index analysis approach. 

Finally, a few studies have focused on the adsorption of heavy metals on river and 

estuary sediment. There is not much literature associated with it. Most of these literatures 

contained results of batch experiments for the contact time, pH and metal concentration. 

However, there is much work available on the metal removal from wastewater using 

different materials. 

A study has been carried out on competitive adsorption of heavy metals (Ph, Cu, 

Cd, Ni and Cr) on natural bed sediments of the Jajrood River (Iran) by Saeedi & 

Hosseinzadeh (20 11 ). Wang & Li (20 II) have measured of Cu and Zn adsorption on to 

surficial sediment components from the Songhua River (China). Rose ( 1989) found that 

the valence of heavy metal would affect the adsorbabilities of sediment to metals; the 

higher the valence of the metal, the higher the adsorbability of the sediment. Palheiros et 

al. (1989) have studied the adsorption of cadmium onto bed sediment of the Ganga River 

(India) and reported that pH is the most important parameter in the control of such 

adsorption. Fu and Allen (1992) also studied the adsorption of cadmium by oxic sediments 

using a multi-site binding model. 

Studies indicated that levels of metals were higher in sediment than in water; 

Krauskopf (1955) suggested that the heavy metal concentration increases in the sediment 

due to the adsorption of cations by organic matter present in the sediment layers. Similarly 

Curits (1966) and Singer (1977) proposed that metals interact with organic matter in an 
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aqueous phase and settle down resulting in high concentrations, in sediments. Gibbs (1973) 

indicated the importance of organic molecules in controlling trace metal concentrations on 

and in suspended and bottom sediments, and in sediment-water interactions. While Saxby 

(1969) showed that the relative attraction between metals with colloidal, suspended, and 

bottom sediment-associated organic matter can range from weak and readily replaceable 

(adsorption) to strong (chemically bonded). 

1.9 Hypothesis for the present study: 

The total concentrations of heavy metals in the Berg River may be affected by 

pollution. Sedimental accumulation of these metals may give a history of any such 

pollution. Also the distribution of heavy metals in sediments is affected by pH, 

adsorption, and sediment characteristics. 

1.10 Objectives of the present study 

In order to test the research hypothesis, the main purposes of the study are: 

• To measure the total concentrations of heavy metals in Berg River sediment; 

• To identify possible sources of contamination should it exist; 

• To determine the anthropogenic impact on metal concentrations; 

• To investigate the ability of Berg estuary sediment to adsorb heavy metals; 

In order to achieve these broad objectives, many detail objectives are required: 

• To study the mobility and bioavailability of metals in Berg River sediments and its 

estuary 

• To determine vertical and spatial distribution of heavy metals in sediment 

• To determine the adsorption isotherm models for Pb, Cr, Cu, Ni and Zn onto bed 

sediment of the estuary 

• To examine the relationship between metal concentration and core composition; 

• To compare metal concentrations in the river and its estuary with national standards 

for sediment quality and levels recorded in other estuaries around the world; 
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Chapter 2 Materials and Methods 

2.1 Introduction 

This chapter outlines the research methodology involved in field tests as well as 

laboratory analysis and experimental methods. The analyzed parameters include total 

concentrations and speciation of heavy metals, as well as organic matter content and 

sediment characteristics. The sediment coring approach is used to determine the amounts 

of sediment laid down within the catchment from certain contributing landscape and land 

use areas. The study of the core sample gives a historical record of concentration of heavy 

metals in bottom and surface sediments representative of pre-industrial and recent times 

respectively. The study of sediment cores has also proved to be an excellent tool for 

establishing the effects of anthropogenic and natural processes on depositional 

environments (Singh and Nayak, 2009). Part ofthis study is also to ascertain ifthere is any 

correlation between the heavy metal levels and particle size of the sample taken. Particle 

sizes ranging from 0.0 I to 2000 11m fractions have been analysed to determine fluvial 

transport conditions prior to deposition. The adsorption experiments were performed at 

room temperature and pH 6.0 to be representative of environmentally relevant conditions. 

Clean and unclean sediments were used for adsorption experiments.The sampling was 

conducted three times at nine different sites along the Berg River over a period from 

November 2011 to February 2013. Finally, the methods of sampling, processing, storage, 

preparation and analysis of sediment are discussed in this chapter. 

2.2 Description of the study area 

The Berg River is located in the Western Cape Province of South Africa. It rises in 

the Drakenstein mountains and flows northwards past Paarl and Wellington. The Berg 

River then flows westwards past Porterville, Piketberg, Hopefield and Velddrifto discharge 

into the ocean in an estuary at Laaiplek (DWAF, 1993). The river drains an area of 

approximately 8980 km2 and has a total length of about 285 km (DWAF, 2007). It consists 

of nine major and seven minor tributaries, six of which are naturally perennial, such as the 

Franschhoek, Wemmershoek, Dwars, Klein Berg, Vier-en-Twintig and Matjies rivers. The 

Berg River drains the western slopes of the Olifants River Mountains, the Winterhoek 

Mountains and the Drakenstein Mountains as well as the Swartland. The map of the Berg 

River catchment is shown in figure 2.2. I. 
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Topographica lly, the Berg River catchment covers an area of a lmost 9000 km 2
, and 

ts subdivided into 12 quaternary catchments ranging in size from 125 km2 near the 

headwaters to 2000 km2 in the drier weste rn parts of the catchments (Shillington 1998). 

Much of the catchment area is fl at, w ith an average topographical gradi ent of 

0.00 I between Paarl and the river mouth at Laaiplek (DWAF, 2007) . 

Berg River Catchment 

Atlantic 
Ocean 

egend 

Figure 2.2.1 Map showing spatia l representation of Berg River Catchment in respect to South 

Africa (source: Geographical Info rm ation System software, GIS I 0.1) 

In 1995, the number of the population liv ing w ithin the Berg River was 369 280, 

about 79% of them living in the urban areas. The main activ ities w ithin the area are 

agricultures, commercial industries and residentia l development. A bout 15% of the 

catchment area is under a li en vegetati on. Historically, many economic activ ities 

(commercial fi shing, fi sh processing factories and boat repair fac ilities) have been 

assoc iated w ith the estuary, including tourism and recreati on in the last years. ln addition, 

small commercial salt works generate further income in the area (River Health Programme, 

2004). 
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The Berg River estuary is located approximately 130 km north of Cape Town on 

the western coast of South Africa. The estuary extends about 69 km from the mouth, based 

on the extent of tidal influence (Slinger & Taljaard 1994), although sea water does not 

penetrate this far (Schumann 2007). Tidal range at the mouth is 0.5 - 1.5 m: in the middle 

of the estuary at the railway bridge it is 0.2 - 0.8 m, and in the upper estuary 

(Jantjiesfontein), it is less than 0.2 m. Tidal flows in the lower estuary (at the R27 

bridge) are 50-I 00 m3 .s-1 and 200-300 m3 .s-1 during neap and spring tides, respectively 

(Beck & Basson 2007). Tidal action attenuates rapidly upstream, and inter-tidal areas occur 

mainly downstream of the railway bridge. Upstream of the railway bridge, the estuary is 

flanked by a seasonally-inundated flood plain that varies in width from 1.5 to 4 km. The 

estuary, including flood plain, is expected to cover an area of 61 km2
• The estuary's 

shallow gradient and extensive flood plain make it typical in relation to most South African 

estuaries (Schuman, 2007), which are short, in particular because of rapidly ascending 

coastal topography (Schumann, 2009). The main channel at Velddrif is about I 00-200 m 

wide, becoming progressively narrower and shallower upstream. The depth is about 3-5 m 

on average, up to 9 m in places. The total volume of the estuary is estimated to be about 

12x I 06 m3 (Beck and Basson, 2007). 

In 1966, a new estuary mouth was cut through the sand dunes and stabilised 

between concrete walls (Slinger and Taljaard 1994). The original mouth has silted up and 

the former channel currently forms a blind arm or lagoon running parallel to the coast. The 

lower 4 km of the estuary is also dredged to a depth of at least 4 m to allow for boat 

navigation. However, these developments are not considered to have had a significant 

effect on the hydraulics and sediment transport in the estuary, except at the mouth (CAPE, 

2008). Bridges lead to some local scouring of banks. Much of the lower estuary flood plain 

has been reclaimed for salt production.The Berg River catchment comprises s~quences of 

rocks of the Malmesbury Group, the Cape Granite Suite, the Klipheuwel Group, the Table 

Mountain Group and younger cenozoic sediments in the western part of the catchment. The 

Malmesbury Group and Klipheuwel Group comprise soft, erodible rocks that form flat 

plains in low lying areas. In general, these areas have moderate to high agricultural 

potential. The Malmesbury Group is steeply folded along a North West axis (Visser 1989). 
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2.3 Sampling collection and Storage 

The objective of any sampling programme is to deliver samples to the laboratory 

that are representative of the original material (IAEA, 2003). Collection and storage of 

sediment samples for heavy metals analysis require special handling in order to avoid 

contamination, especially ifthe variables to be measured occur in very low concentrations. 

The representative sampling sites for the assessment of heavy metals in sediments were 

chosen based on characteristics of the Berg River and its estuary, and the possible sources 

(point and non-point sources) of contamination. A total of nine sites were selected for the 

collection of core samples. Russian and Vibracorer methods were used to collect the 

sediments. The location of the selected sites along the river is shown in Figure 2.3.1. 

For the investigation of metals speciation, six sediment cores, of 50 em length, were 

obtained using a Russian Peat Corer from three sampling sites 3, 8, and 9 along the Berg 

River. Two of cores in the upper reach of the river (Site 3) while the other four cores were 

extracted from the estuary (Site 8) and coast (Site 9). 

Russian Peat Corer is a hand-operated, mechanical sampling device that utilizes a 

side-filling mechanism to obtain uncompressed samples from wetlands and estuaries. One 

of the main advantages of using a smaller design is that it is manually controlled. Sites 3, 8 

and 9 were selected for the collection of core samples. A single sediment core is a half­

cylindrical sample with a five centimetre diameter and a fifty centimetre length. The corer 

was deployed (in the closed position) to the desired depth with hand pressure and most 

often using a hammer to penetrate compact sands and loose stone. The corer was rotated 

clockwise 180° so that the sharpened edge of the chamber cut a sediment core which was 

contained by the cover plate. The corer was turned to hold the captured semi-cylindrical 

shaped sediment sample in place before being extracted from the ground. The sediment 

core was exposed by a counter clockwise movement of the cover plate until the entire core 

was exposed onto the plate. The semi-cylindrical sediment core was then placed in a half­

round 50 mm plastic pipe (figure 2.3.2). Duplicate, 5 em samples were taken every 20 em 

to investigate the speciation, mobility and bioavailability of heavy metals. In totally, 36 

samples were selected from these 6 short cores. 
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Figure 2.3 .1 : Map of study area, and core sampling sites in the Berg River and its estuary (Source Google 

Earth) . 
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Figure 2.3.2 Inserting the short corer on the left and Storage of sub- samples on the right 

The remaining three sediment cores (1 , 2 and 3) were collected using a mechanical 

vibrating corer according to the US.EPA (2001 ) protoco l. The advantage of the vibracorer 

is its success in recovering cores of significant length that cannot be sampled by other 

methods. The vibra coring system is manufactured by Ful ton M ilwaukee, USA. Four 

sediment cores each of 240 em in length, and two cores of 160 em length were co llected 

from water depth varying between 0.5 to 1 m from the Berg River estuary using the 

vibracorer (figure 2.3.3). Sites 5, 6, and 7 were selected for the collection of these core 

samples. 

The vibracorer was mounted on a safe, stable platform fo r the co llecti on of cores . 

An aluminium tube of 5 em diameter was pushed and vibrated in to the muddy sediment to 

a depth of up 250 em below the sediment/water interface . A new core tube was used at 

each site. Once the core had been extracted, each core was spl it longitudinally to expose 

the core sediments, which were photographed and logged prior to sampling. 

In order to study the vertical di stribution of heavy metals w ithin each sediment 

profil e, duplicate samples were taken at 20 em intervals fro m the cores . Totally, 78 

samples were selected from these 6 vibracores. The samples were immediate ly frozen with 

dry ice to avo id any changes in metal distribution among different phases. After being 
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transported to the laboratory, the samples were stored in polyethylene bags under a 

nitrogen atmosphere in a freezer to avoid sample oxidation according to the US-EPA 

(1997) protocol. 

Figure 2.3 .3 Vibracores collection on the left and selected subsamples on the right. 

A ll glassware and plastic conta iners used in the co llection and storage of the sediment 

samples were cleaned in a detergent so lution to avoid contamination. They were also 

rinsed with ultrapure water Milli -Q water and soaked in a nitric ac id bath (20%, v/v) 

overnight. This was followed by: thoroughly rinsing w ith ultra-pure water and dried before 

use. 
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The coordi nates, depths, and visua l descriptions of the sediments for the core 

sampl ing sites are presented in Table 2.3. 

Table 2.3 Berg River and its estuary core sampling si tes(* Field Duplicate Sample) 

Core 
Kind of Description ofthe 

Site Date Length Latitude Longitude 
Corer sediment core 

(em) 

Russian Brown organic silts 
1 26/09/ 12 50 19°.03'.1057"E 33 °.53'.5923"S 

corer Sandy and clay 

Russian 
2 26/09/12 50 19° .02'.0440"E 33°.52'.3994"S Sand and clay 

corer 

Russian Brown/yellow si lts 
3 26/09/12 50 18° .58'.5297"£ 33 °.40'.02 16"S 

corer sand 

Russian Black organic/gray 
4 26/09/12 50 18° .58'.345 1 "E 33 °.3 7'.4456"S 

corer si ll s sand 

5 Vibracorer 15/02/13 240 18°.19'.735"E 32°.54'.222"S 
Brown organic si lts 

Sandy and clay 

6 Vibracorer 15/02/13 240 18°.19'.733"E 32°.47'.287"S 
Black organic si lts 

Sandy and clay 

Black organic silts 

7 Vibracorer 15/02/13 160 t8 °. t9'.733"E 32°.54'.432"S Sandy and grey 

clay 

Russian 
Black organic si lts 

8 18/ll/11 50 t8°. tO'I0.33"E 32°.4 7'.2958"S Sandy and grey 
corer 

clay 

Russian 
9 18/11111 50 18°.08'4944"E 32° .46'.0920"S Sandy 

corer 

2.4 Apparatus 

A measurement of Varian 730-ES model inductively coupled plasma with optical 

emission spectroscopy (ICP-OES, Germany) was used for the of heavy metal 

concentrations in the sediment samples, Microwave plasma atomic em iss ion spectrometer 

(MP-AES, model 41 00) was used for adsorption experiments. Sediment extractions were 

conducted using a Balmar mechanical shaker (Mode l GFL 3005, USA). A centri fuge 
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(KUBOTA 5100, Japan) was used to obtain the supernatant extracts at 3000 rpm for 20 

min. A Hotplate (CEM MARSX, USA) was used for the total digestion of sediment 

samples. A sieve set of 0.63 11m and 200 11m mesh size (GEO supplies Ltd, UK) was used 

to obtain fine sediment for metal speciation analysis. Stainless steel sieves of 63, 150, and 

250 11m mesh sizes (ENDECOTTS Ltd, ENGLAND) were also used to obtain fine 

sediment for both metal speciation and total metal content. Malvern Mastersizer 2000 

laser instrument was used for sediment characteristics. All plastic containers were made of 

polypropylene (PP) except the digestion vessels which were made of 

polytetrafluoroethylene (PTFE), in order to minimize contamination. pH meter (micropH 

2000, Spain ) was used to measure pH value for extraction and adsorption experiments. 

2.5 Chemicals 

All chemicals were pure analytical grade reagents and solutions were prepared in 

Millipore deionized water (16.2-18.2 MO). Concentrated nitric acid (Kimix), acetic acid 

(Kimix), hydrofluoric acid (Sigma-Aldrich), hydrogen peroxide (Merck), ammonium 

acetate (Kimix) and hydroxylamine hydrochloride (Sigma-Aldrich) were used as the 

sequential extraction reagent. All reagents used were checked and excluded for possible 

heavy metal contamination. Certified aqueous reference material, Multi-Element Standard 

(ULTRASPEC) was used for adsorption experiments. 

2.6 Samples preparation and methodology 

2. 6.1 Metal speciation experiment 

Hoenig (200 1) states that the preparation of samples is one of the most crucial steps 

in trace element analysis and frequently controls the quality of the final results obtained. 

The primary goal of the sample preparation is to prepare a sample in such a way that the 

original elemental distribution at the time of sampling is preserved and that the 

introduction of foreign elements is prevented (IAEA, 2003). In order to minimize 

contamination, all laboratory glassware and plastic ware for samples preparation were first 

cleaned with deionized water, then with nitric acid 2% and rinsed again with deionized 

water. 
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In the laboratory, the samples that were previously deep frozen, in order to limit 

biological and chemical activities, were removed from the freezer, thawed and placed in 

polypropylene beakers then were defrosted and air-dried at 30 oc for 24 hours. The dried 

samples were homogenized and ground with a pestle and mortar, then sieved through a 

clean nylon sieve of< 200 11m mesh size to remove any large organic matter such as reeds 

and grass. The remaining material was sieved through a nylon sieve of< 63 J.lm mesh size 

to obtain the fine particle-size fraction. In this study, the < 63 11m fraction was used for 

metal speciation analyses due to a strong association of metals with fine-grained sediments 

(Che et al., 2003). The sieved material was then placed in polypropylene tubes and labelled 

for storage in a cool, dry place until analysis and processing. 

In this study, the samples were analyzed by inductively coupled plasma optical 

emission spectrometry (ICP-OES) in order to determine heavy metals in the sequential 

extracts. The instrument parameters for metal analysis were as recommended in the 

literature (Grasshoff et al., 1998). The main analytical advantages of ICP over other 

excitation sources originate from its capability for efficient and reproducible vaporization, 

atomization, excitation, and ionization for a wide range of elements in various sample 

matrices. This is mainly due to the high temperature, 6000 - 7000 K, excellent accuracy 

and precision, excellent detection (0.1-1 00 ng/mL- 1
) low background emission and 

relatively low chemical interference. 

2.6.1.1 Sequential extraction 

The determination of heavy metal speciation in environmental media usmg 

sequential extraction techniques offers a more realistic estimate of actual environmental 

impact. The principle of this method is based on the selective extraction of trace metals in 

different physic-chemical fractions of material using specific solvents. These procedures 

have been widely used for determining specific chemical forms of trace metals in a range 

of environmental media. Additionally, sequential extraction schemes are increasingly 

considered useful tools for assessing potential metal mobility, bioavailability and toxicity 

in contaminated sediments and soils (Davidson et al., 1998). 
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2.6.1.2 Extraction procedure 

The metal speciation (fractionation) was determined by means of the sequential 

extraction scheme using a three-step modified BCR (European Community Bureau of 

Reference) according to Cuong and Obbard (2006). This scheme consists of three 

successive extractions steps that allow the determination of the metal concentrations at four 

phases: acid soluble, reducible, oxidizable and residual (Table 2.6.1.2). 

A detailed description of this procedure is provided below; 

Step 1: Acid soluble fraction- bound to carbonates 

This fraction consists of weakly adsorbed metals retained on the solid surface by relatively 

weak electrostatic interaction, metals that can be released by ion-exchange processes and 

metals that can be co-precipitated with carbonates present in many types of sediment. 

Changes in the ionic composition, influence adsorption-desorption reactions, as does 

lowering of pH. Exchangeable metal ions are measures of those trace metals which are 

released most readily into the environment (Ahnstrom and Parker, 1999; Narwal et a!., 

1999). The acid-soluble fraction is sensitive to pH changes, and metal release is achieved 

through dissolution of a fraction of the solid material at pH close to 5.0 (Accomasso eta!., 

1993). 

Procedure 

About 0.5g of the ground sediment was accurately weighed on a digital analytical 

balance (Sartorius; BP211 0; D = 0.01 mg). 20 mL of 0.11 moi!L acetic acid was added to 

0.5 g of air-dried sediment in a 50mL, polypropylene centrifuge tube. The tube was shaken 

for 16 h at room temperature and with speed of 30± I 0 rpm. No delay occurred between the 

addition of the extracting solution and the beginning of the shaking. 

The extract was separated from the solid phase using centrifugation at 3000 rpm for 

20 minutes. The supernatant liquid was decanted into a 50 mL polypropylene centrifuge 

tube and stored in a freezer prior to analysis. The residue was washed with 15 mL of 

deionized water and shaken again for 15 min and then centrifuged for 20 min. The liquid 

phase was decanted and removed carefully to avoid loss of the solid phase. 
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Table 2.6.1.2: Extractants used in each step and the phases of sediments in the sequential extraction 
procedure 

Extraction step Reagent, concentration and time 

2 

3 

Acetic acid (CH3COOH)-0.11 moi.L-1 for 16h 

Hydroxylamine hydrochloride 
(NH20HHCI)-D.S moi.L-1 

(pH 2 with HN03) for 16 h 

Hydrogen peroxide H20r8.8 for I h 
At room temperature at 85 'c 

Ammonium acetate (CH3COO NH4)--I.O moi.L-1 

(pH 2 with HN03) for16 h 

Sediment fraction 

Acid-soluble 
(exchangeable ions, carbonates) 

Reducible 
(iron/manganese oxides) 

Oxidizable 
(organic substances and sulfides) 

4 Mixed acid (3:1) HN03: HF for 16 h Residual 
(Insoluble components of metals in the steps before) 

Digestion of the residual material is not a step of the BCR protocol. 

Step 2: Reducible fraction (bound to Fe and Mn oxide) 

This fraction is referred to as sinks in the surface environment for heavy metals. 

Scavenging by these secondary oxides, present as coatings on mineral surfaces or as fine 

discrete particles, can occur by any or a combination of the following mechanisms: co­

precipitation, adsorption, surface complex formation, and ion exchange (Hall et al., 1996). 

Fe and Mn oxides are in the largest proportion in soil and sediments. 

In general, this fraction can be divided into three sub-fractions: easily reducible 

fraction, moderately reducible fraction, and poorly reducible fraction. Each scheme allows 

differentiating between metals associated with moderately or easily reducible Fe-Mn 

oxides. In order to simplify the extraction of metals, most sequential extraction scheme 

(SES) proposed in the last years only includes a reducible fraction. Hydroxylamine 

hydrochloride in nitric acid medium is the most widely used reagent for leaching out the 

easily reducible fraction (Ure et al., 1995). 
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Procedure 

20 mL of freshly prepared (0.5M) hydroxylamine hydrochloride (adjusted to pH 1.5 

with nitric acid) was added to each residue from step one in the centrifuge tube. The tubes 

were shaken forl6 h at 22±5 oc at a speed of 30± I 0 rpm and centrifuged at 3000 rpm. The 

extracted fraction was separated from the solid phase by centrifugation and decantation as 

described for Step I and stored in a freezer. The solid residue was washed as in Step one 

before proceeding to Step 3. 

Step 3: Oxidizable fraction (bound to organic matter and sulfides) 

The trace metals may be associated through a complexation process with various 

forms of organic material such as living organisms, detritus or coatings on mineral 

particles. Organic substances exhibit a high degree of selectivity for divalent ions 

compared to monovalent ions and in aquatic systems, the probable order of binding 

strength for metal ions on to organic matter is Hg > Cu > Pb > Zn > Ni > Co (Filgueiras et 

al., 2002). This fraction is most important, especially in polluted sediments and sewage 

sludge (Ridgway and Priece, 1987). 

Procedure 

5 ml of 8.8 moi.L-1 hydrogen peroxide (30%) was added carefully to the residue 

from step two in the centrifuge tube. The tube was covered with a watch glass and heated 

at room temperature for 1 h in a water bath, with occasional shaking. The tube was then 

continuously digested for I h at 85±2 °C in a water bath with occasional shaking for 30 

min, and then the volume was reduced to around 2-3 mL by further heating of the 

uncovered tube. 5mL of 8.8 moi.L-1 hydrogen peroxide (pH 2-3) was added again. The 

covered tube was heated again to 85±2°C and digested for 1 h before the volume in the 

uncovered tube was reduced to a small volume (2 mL). After cooling 25mL of 1.0 moi.L-1 

ammonium acetate (pH 2) was added to the cold, moist residue and shaken for 16 h at room 

temperature. The extraction procedure was repeated with separation as described in step 

two. 
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Step 4: Residual fraction (inert fraction and strongly associated to the crystalline structures 

of the minerals) 

The metal content of the residue from Step 3 was determined using a hotplate 

digestion method instead of a microwave-assisted acid digestion method. Two replicates of 

the residue from Step 3 were transferred to a Teflon digestion's vessel, and a mixture of 

acid (9 mL concentrated HN03 and 3m! concentrated HF) was added carefully to the 

residue from Step 3. The digestion's vessels were then sealed and heated on a hot plate at 

II 0 ±5 oc for 16 h. The vessels were opened and heated again until dryness. The dry 

residue was then mixed with 2 mol.L-1 nitric acid and the suspension was diluted to 25 ml. 

Finally, the suspension was centrifuged at 3000 rpm for I 0 min to remove the supernatant 

and stored at 4 °C. 

The total metal concentration digested as residue from Step three was digested in a mixture 

(3: I) of concentrated HN03 and HF. A detailed description of this procedure is given in the 

next section (Section 2.6.2). 

2.6.2 Total metal concentration 

For analysis of arsenic, cadmium, lead, mercury, chromium, copper, iron, 

manganese, nickel, and zinc, sediment samples were digested according to the US.EPA 

(2002) protocol. In order to quantify the total metal contents in sediment, the samples were 

immediately digested using the hotplate digestion procedure as follows: 

The oven dried sediment samples were ground manually to a fine powder in an 

agate mortar and sieved through a clean metal sieve of 250 11m mesh size to remove any 

large organic matter and this was followed by sieving through a clean metal sieve of 150 

11m mesh size. 

For total metal analysis approximately, 0.5g of sediment was weighed directly into 

Teflon vessels. Each sample was thoroughly digested with 9 ml of 3: I mixture of 

concentrated nitric acid and hydrofluoric acid. The vessels (30 mL) were then closed 

tightly (closed vessel digestion) and were heated on a hot plate at 110 ±5 oc for 16 h until 

dryness as described in step four. The contents were transferred into 50 mL centrifuge 

tubes and brought up to 50 mL with 2 mol.L-1 nitric acid after cooling. Samples were 

centrifuged for 5 minutes at 3000 rpm before analysis. The total concentration of metals 

was determined by ICP-OES (Chemical Engineering Services Laboratory). 
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2.6.3 Quality control for heavy metal analysis 

The best method of checking the experimental extraction procedure is to use a 

sediment standard reference material. Unfortunately this was not available and so the 

extracted metal concentration was checked against the total metal concentration in the 

sediment. The samples were analysed using ICP-OES in the ppm and ppb range with 

confidence limits from 80 to 120%. Check samples were analysed according to the % 

recovery obtained, and a confidence limit was assigned to the calibration curve. Analytical 

blanks were prepared using the same procedures and reagents. Blanks determinations for 

total and metals speciation were carried out in the same conditions as the samples using the 

same acid concentrations and extraction. All the dilutions were done in 25 mL volumetric 

polypropylene flasks and the solutions were transferred immediately to 50 ml 

polypropylene tubes to avoid adsorption of trace metals on the walls of the flasks. All the 

analysis readings were performed in triplicate, and the samples were prepared in duplicate. 

The concentrations were expressed in mg/kg dry weight. Sediment data in this study are 

reported on a dry weight basis. Pearson's correlation analysis was performed in order to 

obtain information about the relation and behaviour of the metals in sediment. 

2.6.4 Organic matter content 

A common way to generate a rough sediment geochemistry profile is to use the 

loss-on-ignition (LOI) method. Numerous authors from Dean (1974) onwards have noted 

that this process can be considered to be a good tool for determining the organic matter of 

sediments, even if several uncertainties limit the absolute precision of the process (Dean, 

1974; Bengtsson and Enell, 1986; Heiri et al., 200 l ). The relative changes of loss-on­

ignition parameters throughout the analysed core sections were regarded as very useful in 

interpreting the impact of changing climatic conditions on different biogeochemical 

processes throughout the sediment sequence, and often are sufficient for correlation 

between overlapping cores. Loss-on-ignition analyses were carried out at 565 oc in a 

Naber-therm muffle furnace with digital temperature display and thermostatic temperature 

control (Nabertherm, Germany). 

The sediments were dried, finely ground and homogenised by hand stirring and 

shaking in a closed container. Care was taken that no humidity remained in samples before 

weighing. Therefore, empty crucibles were dried at 105 oc overnight, and all samples were 
























































































































































































































































