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Only until the last tree is cut down, 

Only until the last fish is caught, 
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Abstract 

Heavy metals pollution of near shore marine ecosystems is a growing problem in most of 

developing countries. Unfortunately, total concentrations of metals in sediments have been 

shown not to be fully worth relying upon as a good predictor of the bioavailability and toxic 

effects of metals to the biota. Furthermore, besides anthropogenic sources, natural processes 

such as weathering of parent materials can contribute significantly towards total metal 

concentrations in the sediments. Generally metal fractions of natural origin are relatively less 

accessible to the biota compared to metals from anthropogenic sources. Therefore, in order to 

accurately evaluate the possible biological effects of trace metals in sediment, additional 

information on mobilization capacity and bioavailability are required. The results presented 

in this study showed that levels of total metals in sediments from locations along the coast of 

Eastern Africa were in some cases comparable to heavily polluted areas around the world. 

But further analysis revealed that heavy metal content in this lowly industrialized region was 

actually coming from natural sources. The study also showed that sediment-bound metals 

(especially at rural locations) were generally not easily available to the local biota. Inter-

locations comparisons of metal concentrations in the biota showed higher values around 

polluted urban areas compared to rural locations. In the case of marine plants, the study 

showed that the labile metal fraction was a better predictor of bioavailability, while in for 

animal species both labile and EDTA extractable fractions were found to best predict 

bioavailable metals to this group of organisms. The study approach which involved analysis 

of metal concentrations in the biota, in sediments and different types of sediment metal 

extraction procedures and the calculation of metal enrichment factors in sediments, proved to 

be able to delineate metals of natural and anthropogenic origin. 
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Chapter 1: Introduction 

Shallow estuarine and near shore waters have been extensively degraded over the recent 

years (Kennish, 1997) consequently affecting their commercial and artisanal fisheries and 

their general productivity. Control of aquatic pollution has been identified as an immediate 

intervention for sustained management and conservation of the existing fisheries and aquatic 

resources. Despite the various crusades and efforts to limit environmental pollution, 

developing countries through their industrialization efforts are continuing to release 

chemicals to the environment either through aquatic effluent, accidental spillages or 

atmospheric emissions.  

1.1 Heavy metals 

Currently, there exists what is better referred to as a ‘collision’ between civilization and 

environmental conservation with contamination of aquatic ecosystems by heavy metals being 

identified as one of the major concerns since the industrial revolution (Vinogradov, 1953; 

Förstner and Wittman, 1979). Heavy metals are of interest because they are not easily 

degraded in the natural environment and they have a potential to be bioaccumulated along the 

food chain. They are also known to affect productivity, reproduction and survival of marine 

organisms and can be very hazardous to human health at elevated concentration. 

1.2 Background Information and Rationale for the study 

Coastal areas are a home to more than half of the world’s population and much of the world’s 

economic output is related to the economic activities taking place in coastal areas and in the 

ocean such as shipping, oil and gas development, coastal tourism and fisheries (Biliana, 

2005). Over 17 million people live along the Eastern African coast with a large proportion of 

this population estimated at about 60% being concentrated in the coastal cities of Mombasa 
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and Dar-es-Salam. Mombasa for example has a population density of more than 2348 

persons/km2. The presence of such a large population density in the world’s narrow coastal 

areas is known to be responsible for major environmental problems currently being 

experienced.  

Eastern Africa (E.A) coast is experiencing a rapid increase in industrialization and other human 

activities (in order to meet the needs of the growing population) which has led to intensified emission 

of various pollutants into the environment over the last 2 decades. Traditionally, wastewater and 

solid waste management in E.A countries has been vested on Local Governments or 

Municipal Councils. However, these Authorities are facing a number of problems such as 

paucity of technical, human and financial capacities to effectively manage wastes. This is 

further aggravated by the fact that there have been no measures put in place to manage non- 

point sources pollution, thus exposing the marine realm and the organisms that in one way or 

the other depend on it to a high risk of metal toxicity. 

Goal 7 of Millennium Development Goals (MDGs) more specifically addresses the issue of 

environmental sustainability with the target of integrating the principles of sustainable 

development into country policies and programmes. One of the most important targets with 

regards to environmental protection is the protection of the marine environment from ‘land-

based activities’. So far there is no tangible evidence to show that this target is near to being 

achieved in any of the E.A countries. 

E.A countries (just like the other developing countries) have in the past concentrated their 

pollution research on organic pollution with little efforts being directed towards heavy metals 

and persistent organic pollutants. Of the few studies carried out on heavy metals, a number 

investigated total concentration of heavy metals in the sediments (Kamau, 2001 and 2002) 
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despite the fact that it does not give information on the mobility, bioavailability and toxicity 

of these metals and as such is not of direct biological significance.  

In order to accurately estimate the effects and potential risks associated with heavy metals 

contamination, there is need to not only identify sources of metal pollution; evaluate the 

concentration levels and compartments in which such pollutant occur in the aquatic systems 

but also to accurately estimate the bioavailable fraction (in sediments and biota) which is 

more informative with regards to setting environmental quality criteria and standards due to 

its direct relation to metal toxicity. This should involve the estimation of physicochemical 

form of metals more particularly of free ion activity and very labile complexes under diverse 

range of conditions possible i.e. sediments pH and redox potential changes.  

1.3 Objectives and research approach of the study 

This study was conducted with one goal, to determine the extent of and the potential impact 

on the biota of metal contamination along the East coast of Africa. This preliminary study, 

which at this scale is the first in the region, consisted of three specific topics; i) assessment of 

the basis, necessity and scientific foundation for installing a regional biomonitoring program, 

ii) assess the potential bioavailability of sediment bound metals and iii) assess the potential 

toxicity of sediment bound contaminants to marine invertebrates. The second objective is the 

main focus of my study.    

Specific Objectives 

To achieve the above general objective, the following specific/ working objectives were 

investigated 

1 To compare the results of different sediments’ metals extraction procedures and 

determine which of these procedures best predicts sediments heavy metals’ 

bioavailable fraction.  



Introduction 

 
Bioavailability of E.A Coast Sediments Bound Heavy Metals and their Trophic Transfer 4

2 To determine the physicochemical characteristics of test sediments and predict their 

influence on sediments’ heavy metals bioavailability. 

3 To determine the bioavailability of metals in the biota and investigate the possibilities 

of trophic transfer of heavy metal along the trophic hierarchy. 

Study approach 

1 Previous studies (i.e. Biney et al., 1994) showed that in most parts of Africa, the 

impact of pollution was mostly evident around urban areas with remote places 

showing relatively low background levels. Therefore, our approach was to sample 

from two types of environments, i) areas within or close to coastal cities (i.e. Port area 

of Massawa in Eritrea, locations around Mombasa in Kenya and river estuary passing 

through Dar es Salaam in Tanzania). The second types of sampling locations were 

selected on the basis of being far from these urban areas.  

2 To investigate possible trophic transfer or hierarchy in terms of metal contamination, 

only the data from locations with the highest bio-diversity was used. 

1.4 Study area description 

1.4.1 Kenyan Sites 

Gazi Bay (4.92°S, 39.50°E; Figure 1) is a shallow tropical coastal water system located in the 

Southern coast of Kenya, approximately 50 km from Mombasa City. The total surface area of 

the bay including that covered by the mangrove forest is 15 km2. Seagrass meadows and 

mangrove forest cover a surface area of about 12 km2. The bay is open to the Indian Ocean 

through a relatively wide (3,500m) entrance, and is mostly shallow with mean depth at the 

entrance about 5m. Two rivers, the Kidogoweni River to the north-west of the bay and the 

Mkurumuji River to the south-west side of the bay drain into the bay. Apart from the artisanal 



Introduction 

 
Bioavailability of E.A Coast Sediments Bound Heavy Metals and their Trophic Transfer 5

fishing being carried out in the area, there are no major anthropogenic activities that are prone 

to causing heavy metals pollution. The two sampling sites: Gazi and Chale are located within 

this Bay.  

Mikindani and Mtwapa sampling sites (Figure 1) are both located in Tudor creeks (39° 36' 

and 39° 42' E). Tudor Creek is on the Eastern side of Mombasa Island and is separated from 

Makupa Creek by a narrow strip of landfill, the Makupa causeway. Kenyan coastal city of 

Mombasa and its environs have in the recent past seen considerable industrial and population 

development (Mwashote, 2003). The rapid expansion of the region is mainly due to the 

presence of Kilindini harbour, the principal port which serves a number of landlocked 

countries within the region, as well as a thriving tourism industry. It is feared that the 

anthropogenic influences associated with these developments may lead to both direct and 

indirect degradation of the marine ecosystems.  

1.4.2 Tanzanian Sites 

Msimbazi sampling site (Figure 1) is located along Msimbazi River, an urban river that runs 

through the centre of the Dar es Salaam city located between latitudes 6°27´ and 7° 15´S and 

between longitudes 39° and 39° 33´E. Dar es Salaam city hosts most of the country's 

industrial activity. Major pollution- related problems in Dar es Salaam include sewage, solid 

waste disposal and industrial and domestic waste discharge.  

Mbegani is in Bagamoyo town, 70 kilometres North of Dar es Salaam, at latitude 6°44´S and 

longitude 38°89´E (Figure 1). Incidents of heavy metal pollution to its coastal environments 

by anthropogenic input are relatively much reduced as compared to those of Dar es Salaam. 
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1.4.3 Eritrean Sites 

 
The Massawa City is the main harbour for Eritrea (Figure 1). It is located in the western side 

of the Red Sea coast at 15° 37’ 00” N latitude and 39° 5’ 00” E longitudes. Gurgussum 

sampling site is located in the northern part of the Massawa city. It is relatively a clean area 

with no known sources of pollution.  Port area sampling site is located in the centre of the 

Massawa city with known sources of pollution resulting from loading and offloading 

activities in the port, oil leaks from ship and fishing vessels during embankment and direct 

disposal of sewage in to the harbour water. 

 

 
 

Figure 1. Map showing the selected sampling sites along the Eastern African Coast 
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Chapter 2: Literature Review 

Pollution of the natural environment by heavy metals is a worldwide problem (Nriagu and 

Pacyna, 1988) which has been reported to be one of the major threats to aquatic ecosystems 

(Van Alsenoy et al., 1993 and Baeyens et al., 1998). Aquatic environment is more 

susceptible to the harmful effects of heavy metal pollution because aquatic organisms are in 

close and prolonged contact with the soluble metals. Aquatic sediments serve as a reservoir 

for heavy metals in aquatic environment and can be sensitive indicators for monitoring 

contaminants in aquatic environments. Sediments therefore deserve special consideration in 

the planning and design of aquatic pollution research studies.  

2.1 Heavy metals 

Heavy metals are groups of metallic elements with atomic weights greater than 40 and are 

characterized by similar electronic distribution in their outer shell (Rand, 1985). They are 

found throughout the earth, in rocks, soils and sediments in stable forms and are able to be in 

circulation as a result of natural process such as weathering and erosion.  

Some of the heavy metals are essential in enzymatic activities and are considered as nutrients 

(Fe, Mn, Co, Ni, Cu and Zn) while some are non-essential and are highly toxic (As, Cd and 

Pb). It is important to note that the essential metals can however be toxic at elevated 

concentrations (Clark, 1997). A number of heavy metals are not only toxic but also tend to 

bioaccumulate and persist in living systems (Clark, (1997). Langston and Spence, (1995), 

reported that the toxic effects vary from one organism to the other and from one metal to the 

other. Unlike organic wastes, heavy metals are not easily biodegraded by bacteria and even if 

they are, the rate is quite slow that they can as well be considered as permanent additives to 

the marine environment (Clark, 1997).  
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Metals are introduced into marine ecosystems as a result of natural physical and chemical 

processes such as weathering, volcanic activities, erosion, leaching of soils, wind blown dust 

and forest fires (Clark, 1997). It is a well known fact that in the absence of anthropogenic 

sources, heavy metals are maintained and distributed in constant ratios in time in the 

geological cycles (Nieboer and Richardson, 1980 and Kruus et al., 1991). This stability 

becomes destabilized once there is an increase in the loading of heavy metals into the 

environment from anthropogenic sources.  

In the recent past, anthropogenic sources such as metal ore refining, plating and vehicle 

industries, food processing, domestic waste discharge and sewage treatment discharges have 

played a leading role in the introduction of metals to marine ecosystems.  The introduction of 

heavy metals into the environment and aquatic systems (Salomons and Forstner, 1984; 

Nriagu, 1990) by anthropogenic sources has been so extensive to an extent that it has 

surpassed natural sources. 

Transport of heavy metals is primarily controlled by the water column while their distribution 

is controlled by sediments. Whether a metal will be transported as colloidal, dissolve ionic or 

dissolved complex forms will depend on the physico-chemical composition of the water 

column (Luoma, 1996). Whether metals will be mobilized from sediments or not usually 

depends upon the physical texture and chemical nature of the sediments, which as reported by 

Kramer and Duinker, (1983) determines the amount and the strength of metal binding. Once 

the metals are released into aquatic environments, they are distributed in the various 

compartments. The target compartment depends on the affinity of the metal for that 

compartment and the prevailing environmental parameters.  

Sediment is a very important compartment as pertains to accumulation of heavy metals. 

Carvalho et al., (1998) reported that sediment is the compartment where natural and 
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anthropogenic chemicals accumulate while Förstner and Patchineelam, (1981) reported that 

there is usually higher concentration of heavy metals in sediments than in water. Aquatic 

sediments are known to act both as a sink and a source of metals in aquatic environment. As a 

sink, Van Ryssen et al., (1998) found out that sediments eliminate pollutants from the 

aqueous phase as a result of settling down of suspended particles (Huh et al., 1992) thus 

reducing the potential toxicity to pelagic aquatic organisms but this exposes the benthic 

organisms to a higher risk. As a source, sediment acts like an enriched pool of metals that can 

potentially be accumulated by the benthic organisms (Campbell et al., 1988) especially 

during high storms or when environmental conditions change.  

Even though heavy metals are present in sediments throughout the coasts, these pollutants are 

generally significantly higher in number and concentration in sediments and embayment that 

are adjacent to the most populated and industrialized areas (Salomons and Föster, 1984) than 

in sediments that have little or no history of contamination (Hornberger et al., 1999). In 

natural dynamic environments, sediments continuously interact with the aqueous and other 

particulate compartments (i.e. suspended particles) through such processes as settling, 

adsorption, desorption and resuspension of chemicals. Of these process, adsorption and 

desorption influences the fate, transport, bioavailability and toxicity of heavy metals in 

aquatic environments. Changes in pH and salinity in the water may also result into processes 

such as coagulation, flocculation or co-precipitation, which can lead into removal of 

dissolved heavy metals from the water column to sediments (Boyle et al., 1977).  

2.2 Bioavailability 

Bioavailable metals can be defined as the fraction of the total amount of heavy metals present 

in a specific environmental compartment that within a given time span, is either available or 

can be made available for uptake by organisms, from either direct surrounding of the 
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organism, or by ingestion of food. Bioavailable metals fraction in sediments is the only 

amount of metals that can result into metals toxicity to organisms directly exposed to them.  

It has been reported elsewhere that bioavailability of heavy metals may have decreased 

during the past years due to increasing investments in wastewater treatment or because of the 

establishment of strict environmental standards and laws which regulate emissions 

(Czarnezki, 1985). Though  in most parts of  the developing counties such effort are yet to be 

put in place, the few oxidations ponds that are already installed have reduced the 

concentration of water-borne ionic compounds. Greater part of heavy metals may presently 

be contained in particulate fractions. Bryan and Langston, (1992) reported that the 

concentrations of heavy metals in sediments usually exceed those of the overlying water by 

between three and five orders of magnitude. Tessier et al., (1984) noted that this situation 

could lead to elevated concentrations of heavy metals in benthic animals and marine plants. 

Thus more attention ought to be put on sediments since it is like a timed bomb waiting to 

explode once the environmental conditions become favourable. 

A number of chemical and physical conditions in the site under investigation can greatly 

influence the form in which metals occur in the environment and thus the degree to which 

metals are sorbed to sediments. Apart from geological origin, sediments grain size is 

probably the most significant factor determining the concentration of sediments’ trace metals 

(Kigget Michell, 1989). Surface area is an important factor in controlling the processes of 

sediments trace metals concentration. Gaw, (1977) found out that metal contaminants show 

high affinity for particulate and preferably fine grained fractions while Kigget Michell, 

(1989), reported that trace metals concentrated by many geochemical phases’ usually increase 

with a decrease in sediments grain size. 
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Brown et al., (1974) noted that the presence of organic compounds and suspended particles 

could change the activity of free metal ions. Organic matter has large surface area and high 

cation exchange capacity which influence their interaction with metals (Gaw, 1997). Shea, 

(1988) found out that organic matter and Fe-oxy-hydroxides are the key binding phases for 

metals in oxic or oxidized sediments while Eimers et al., (2002) found out increasing organic 

matter concentrations in sediments may increase the retention of metals in the sediment and 

as such reduces bioavailability.  

Binding of metals to sediments as well as their release from sediment are known to influence 

availability of metals to aquatic life (Tessier et al., 1984; Prosi and Műller, 1987) just in the 

same manner as biological or chemical transformations (Jensen and Jernelöv, 1969). These 

factors together  with physiological factors for example accumulation rates and the binding 

capacity in an animal (Jeng and Sun, 1981); ecological influences like temperature (Prosi and 

Müller, 1987) and feeding habits (Mathers and Johansen, 1985) determine the bioavailable 

metals. Thus, the pathways of metal flux into aquatic organisms depend on specific features 

of water chemistry, sediments, and on the biological characteristics of the organisms.  

There is a growing consensus that the mobility, bioavailability and related toxicity of heavy 

metals to biota are strongly dependent on metals chemical forms (Nelson and Donkin, 1985). 

Each metal has unique physical and chemical properties that determine the forms of that 

particular metal and even the form of the other metals in sediments, pore water and their 

relative bioavailability to aquatic biota. Metals in insoluble solid forms are not bioavailable to 

sediments’ dwelling organisms while those in solution or colloidal suspension in sediment 

pore water or in adsorbed forms that are readily desorbed (leached) into the dissolved phase 

by small changes in oxygen concentration, pH, or  electrical potential (Eh) are bioavailable. 

More specifically, fluctuation of salinity has been found to be a prime factor in the coastal 

areas, which influences partitioning and bioavailability of metals (Mitra et al., 1999).  
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2.3 Bioavailability from sediments  

Metals are present in all sediments; however, a large quantity of the total metals in most 

sediments is in residual fraction. Residual fraction forms part of the natural minerals that 

make up the sediment particles and are not bioavailable to the biota. The remaining fractions 

of metals in sediments are adsorbed to or complexed with various sediment components and 

may be bioavailable. Metals in oxic sediments are mainly distributed in different 

operationally defined geochemical phases, such as carbonates, total organic carbon (TOC), 

and Fe and Mn oxides, which have diverse binding abilities with various metals and 

contrastive influences on the metal bioavailability (Tessier and Campbell, 1987; Bryan and 

Langston, 1992).  

A number of studies have noted that sediments heavy metals bioavailability and toxicity 

cannot be predicted by determining the total concentrations of trace metals, in spite of this 

method being simple and convenient (Luoma, 1989; Di Toro et al., 1990). Even though most 

of the current water quality standards and risk assessment procedures of metals are based on 

determination of total or dissolved metal concentrations, it is becoming more acceptable that 

neither total nor dissolved aqueous metal concentrations are good predictors of metal 

bioavailability and toxicity (Campbell, 1995 and Janssen et al., 2000). To assess the 

bioavailability of sediments associated heavy metals correctly, one must focus on the 

adsorbed rather than the total metal ions in the sediments. 

The nature of actually available and accessible fractions may differ strongly, ranging from the 

free metal activity in solution to the total metal content in the solid phase of the soil or 

sediment under consideration. This is the reason behind the development of a variety of 

methods and methodologies to link available and accessible fractions to labile and non-labile 

metal pools. Most empirical approaches start with either single or sequential extraction 
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techniques or digestive methods, and subsequently attempt to correlate results of extractions 

or digestions to either biological uptake or effects data.  

Single extraction procedures (i.e. EDTA and water extraction) are designed to separate metals 

into non-residual and residual metals (Agemian and Chau, 1977). Even though these 

procedures provide a better contrast between analogous and background samples than do the 

total metal concentration, it suffers a disadvantage of inability to find a single reagent that is 

effective in dissolving quantitatively non residual forms of the metal without dissolving the 

residual forms (Tessier et al., 1979).  

A single extraction scheme using EDTA has been proposed by the Measurement and Testing 

Programme (BCR) in order to assess the bioavailable metal fraction. EDTA extraction has 

been widely applied due to its chelating ability for different heavy metals (Norvell, 1991) by 

forming stable complexes with most metals. The efficiency of EDTA extraction is known to 

be dependent on a number of factors which include labilability of heavy metals in sediments, 

the strength of EDTA, pH and sediments matrix (Elliot and Brown, 1989).  

Through tiered analytical methods especially sequential extraction techniques, estimates of 

the available fraction of metals in sediment can be obtained (Tessier and Campbell, 1987). A 

number of studies have reported that certain geochemical phases hold the most biologically 

active metals where as other phases hold less bioavailable forms (Rude and Alden III, 1996). 

Sediments are usually subjected to sequential extraction using chemicals of decreasing pH 

and increasing oxidizing strength to remove various operationally defined geochemical 

phases (Ngiam and Lim, 2001).  

The use of sequential extraction is effective in providing detailed information about the 

origin, mode of occurrence, biological and physiochemical availability, mobilization and 

transport of trace metals (Perin et al., 1997 and Tessier et al., 1979).  In addition to the 
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analytical determination of the bioavailable fraction, it is possible to qualitatively determine 

the potential for bioavailability based on certain sediments’ chemical and physical parameters 

(i.e. pH, organic carbon, and electrical potential). The procedure has also been successfully 

applied in distinguishing between metals originating from anthropogenic sources and metals 

of geochemical origin. 

Among the sequential extraction schemes proposed to investigate the distribution of heavy 

metals in soil and sediment, the five-step and six-step extraction schemes developed by 

Tessier et al., (1979) and Kersten and Forstner, (1986) respectively have been widely used. 

Following these two basic schemes, some modified procedures with different sequences of 

reagents or operational conditions have also been developed (Campanella et al., 1995 and 

Gomez Ariza et al., 2000). Considering the diversity of procedures and lack of uniformity in 

different protocols, a BCR (now the European Community (EC) Standards Measurement and 

Testing Programme) method was developed (Ure et al., 1993) harmonizing different 

extraction schemes for sediment analysis. This procedure has been applied and accepted by a 

large group of specialists (Salomons, 1993; Usero et al., 1998; Martin et al., 1998).  

BCR sequential extraction is a simplification of Tessier Procedure which uses acetic acid to 

provide for acid-base, hydroxylamine hydrochloride for reduction and hydrogen peroxide for 

oxidation interactions. This sequential extraction scheme consists of three steps and an 

additional step, which give rise to four different fractions (Tokalioglu et al., 2000): 

a) Exchangeable fraction and associated with carbonated phases.  

In this fraction, the metals are adsorbed on the sediments or on their essential components, 

denominated by clays, Fe and Mn hydroxides and humic acids. Metal adsorption is related 

with changes in the ionic composition of the water, which may affect the processes of 

adsorption–desorption (Tessier et al., 1979). Significant trace metals concentration has been 
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found to be associated with sediments carbonates. The availability of this fraction depends on 

the pH of the environment (Perhac, 1974).  

b) Reducible fraction or fraction associated with Fe and Mn oxides.  

Fe and Mn oxides act as cement or are present as nodules between particles or cover the 

same. Heavy metals are strongly bound to these oxides but in anoxic conditions, these metals 

are thermodynamically unstable (Jenne, 1968) and are released into solution. 

c) Oxidizable fraction or bound to organic matter.  

Trace metals may be bound to organic matter. The complexation or peptization of heavy 

metals by the natural organic substances is well documented. Under oxidizing conditions, 

organic matter is usually degraded releasing the bound metals (Tessier et al., 1979). 

d) Residual fraction.  

This final phase contains the remaining metals once the metals in the other phases have been 

removed. Residual solids mainly contain primary and secondary solids that occlude the 

metals in their crystalline structures. These occluded metals are not expected to be released 

into solution under the normal environmental conditions. It is anticipated that samples 

collected at the locations under low anthropogenic pressure will show the dominance of the 

residual fraction content relative to the mobile fractions.  

2.3 Bioavailability of metals through food chain or trophic transfer 

The fate of environmental heavy metals is a fundamental aspect in ecotoxicology. For a 

chemical to bioaccumulate, it must first be bioavailable for accumulation. Metals enter food 

chain through bioaccumulation (process of uptake and retention of a bioavailable chemical 

from single or combined possible external sources). Depending on the physico-chemical 

properties of a metal, it maybe subject to biomagnification (metal concentration in an 
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organism that exceeds that in its diet after dietary absorption; Gobas and Morrison, 2000) and 

transfer along the trophic hierarchy (Gobas et al., 1999; Bard, 1999 and Lee et al., 2000).  

Bioavailable metals have been found to bioaccumulate by passive diffusion or active 

transport down a concentration or activity gradient across the outer membranes of the 

organism (Newman and Jagoe, 1994). Heavy metal concentrations found in biota tissues may 

be a direct indication of the availability of metals to them. This approach provides an estimate 

of the potential for trophic transfer rather than simply evaluating the potential for direct 

toxicity to the exposed organisms. It is therefore necessary to consider bioaccumulation 

especially where exposures to upper trophic level species are involved.  

Bioaccumulation may either be measured directly by collecting and analyzing the tissues of 

representative organisms or it may be estimated (BJC, 1998). The analysis of body burden 

has increasingly been used as a measure of the abundance and availability of metals in the 

environment leading to the adoption of bioindicator concept (Langston and Spence, 1995). 

Investigations of food chain transfer of heavy metal contaminants have been carried out since 

1960s (Bryan, 1979 and Fowler, 1982). The starting point of such studies was the Minolta 

incident in the 1950s in Japan as a result of mercury contamination. Dudka and Müller, 

(1999) indicated that heavy metals are not only non-biodegradable and become toxic at some 

concentrations, they also tend to bioaccumulate along the food chain where man is one of the 

last links.  

A numbers of studies have quantified metal concentrations in different marine organisms and 

at different trophic levels (Bryan 1984 and Kennish, 1997). These studies found variations in 

orders of magnitude in metal concentrations both intra- and interspecifically. Even though 

most of the studies have found no evidence indicating a general rule about the 
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biomagnification of trace metals across different trophic levels, there does appear to be a 

difference in metal transfer along different marine food chains.  

Several authorities have found out that the processes of bioconcentration, bioaccumulation, 

and biomagnification of chemical contaminants in marine biota are dynamic and that they 

involve many interconnected variables. These variables include and are not limited to the 

properties of the chemical (hydrophobicity, lipophilicity, and resistance to degradation); 

environmental factors (salinity, temperature, concentration of other organic chemicals, and 

redox potential), biotic factors (the organism’s mode of feeding, trophic position, lipid 

concentration, and metabolism), and bioavailability of the metal in question (e.g. current 

chemical inputs, transport mechanisms, and degree of contamination) (Shin and Lam, 2001; 

Gobas et al., 1999; and Lee et al., 2000).  

Tropical shore and near shore ecosystems are diverse in benthic invertebrates. Many deposit 

feeders can ingest sediments almost twice their tissue dry weight each day and this exposes 

them to a higher risk resulting from metal uptake (Wang et al., 1980b). Morrison et al., 

(1996), indicated that utilization of benthic organisms as a source of food creates a pathway 

by which chemical contaminants are bioconcentrated from sediments and subsequently 

bioaccumulated in higher trophic levels.  Morrison et al., (1996) further indicated that the 

ability of chemical contaminants to be bioaccumulated in higher trophic levels is dependent 

upon the level of bioconcentration and bioaccumulation in benthic invertebrates. 
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Chapter 3: Materials and Methods 

3.1 Sampling Procedure 

Sediments and organisms (both plant and animal species) were collected from eight sampling 

locations along the Eastern Coast of Africa. The sampling campaign was conducted in the 

months of August and September 2006. The sampling locations (Figure 1) were selected on 

the basis of either being perceived to be polluted or unpolluted by virtue of their proximity or 

how far they were from urban areas, respectively. According to this criterion polluted 

locations included Mtwapa and Mikindani in Kenya, Massawa port area in Eritrea and 

Msimbazi in Tanzania. Sites considered unpolluted were Gazi and Chale in Kenya, 

Gurgussum in Eritrea and Mbegani in Tanzania. It should be noted that in this study the term 

“unpolluted sites” is used in comparative terms since in reality there are very few places (if 

any) in the world that are completely unaffected by some sought of chemical contamination. 

3.1.1 Sediments 

At each location, several random sediments sub-samples (top 10 cm) were collected and 

unrepresentative materials such as twigs, leaves, stones and wood chips were removed. For 

each location, the sub-samples were then pooled, mixed by hand (they were further 

homogenized in the laboratory), air dried and placed in clean polythene bags for transport to 

Belgium. 

3.1.2 Marine plants  

From each site sufficient quantities of the encountered species of sea-grass and macro-algae 

were collected. Materials that were heavily covered with epiphytes were rejected during 

sampling. The samples were washed with seawater at the sampling sites and transferred (by 

species) into clean polythene bags and transported to the laboratory in Belgium. The plants 



Materials and Methods 

 
Bioavailability of E.A Coast Sediments Bound Heavy Metals and their Trophic Transfer 19

were identified using identification keys provided by (Richmond, 2002) to genus level, and 

whenever possible to species level. 

3.1.3 Marine animals 

When sampling for inter-tidal organisms such as oysters and molluscs, special attention was 

taken to ensure that for all species, the sampled individuals were of the similar body size. The 

organisms were always collected at about the same tidal height (along the waterline at low 

tide), this was to avoid differences in exposure times. Since not all species were found at all 

the sites, the composition of sampled species varied from one location to another.  

Organisms such as oysters were collected by hand from the hard substrates along the inter-

tidal area while other shellfish (mostly those of local commercial value) were obtained from 

local fishermen who collected them from nearby fishing grounds, usually around the creeks 

very close to the sampling sites. 

After sampling, organisms were first cleaned on-site and then placed in clean polyethylene 

bags. While awaiting transportation to the laboratory in Belgium, samples were kept in a 

freezer at about -18 °C. Once in the laboratory, the organisms were identified using 

identification keys provided by (Richmond, 2002) to species level after which they were 

processed for metal analysis. 

3.2 Sediment characteristics 

3.2.1 Grain size distribution 

Particle size distributions of sediment samples were determined using a laboratory particle 

size analyzer (Mastersizer S, Malvern Instrument Ltd, Worcestershire, UK). The principle of 

this instrument is based on laser diffraction. The instrument measures particles ranging from 

0.05 µm to 900 µm diameter. The instrument has automated sample dispersion unit 
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consisting of a pump, stir and ultra-sonication system. This ensured that any solid aggregates 

were broken-down prior to analysis. During analysis, each sample (10g) was repeatedly 

measured during five minutes to obtain an average size distribution profile. 

3.2.2 Organic carbon analysis 

For the determination of organic carbon in sediments, wet oxidation method was used and 

three replicates per sample were analysed. A sample of approximately 0.5g (exact weights 

were recorded) of air-dried sediment sample was placed in 300 ml Erlenmeyer flask. 10 ml of 

1N potassium dichromate (K2Cr207) was then added into the flask followed by 20 ml of 

concentrated H2SO4. The mixture was heated in an oven for 10 minutes at 100°C and 

thereafter shaken at 150 rpm for 30 minutes. The solution was then allowed to cool down 

after which 200 ml of Milli-Q water; 10 ml of phosphoric acid [H3PO4] (to remove inorganic 

carbon) and 0.5 ml diphenylamine indicator solution were added. 

The solution was titrated (until it turned green) with 1N FeSO4. Three replicates of blank 

samples were prepared alongside the sediments samples. The percentage concentration of 

carbon was afterwards calculated by applying the following formula: 

% of carbon in sediment = 0.4 (a - b)/x 

Where: x is the weight of the sample (g), a and b are the volumes (ml) of FeSO4 

used for the blanks and the sample, respectively. 

3.3 Metal analysis in marine plants 

3.3.1 Sample preparation 

In the laboratory, the samples were further cleaned with MilliQ water to remove any 

remaining epiphytes and soil particles. They were then freeze dried at -48 °C for 72 hours in 

a freeze drier (Freeze Dry System, LABCONCO Kansas, U.S.A). Freeze drying was 
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preferred to oven drying as the tissues tend break-down much easily during acid digestion 

(Dr. V.K. Mubiana; personal communication). In addition, the samples were also to be used 

for mercury analysis (not included in this study).  

3.3.2 Sample digestion  

For each species and location, 3 x 0.5g sub-samples of dried material were carefully weighed 

and put in digestion vessels to which 1.5 ml of highly purified concentrated HNO3 (70%) and 

4.5 ml of HCl (37%) were added. The samples were then destructed in closed bombs using a 

laboratory microwave oven model ETHOS 900 (Milestone, Shelton, CT, USA).  

The samples were placed in the microwave in sets of 8 samples, 1 sample of reference 

material (CRM 279, Ulva lactuca) and 1 reagent blank were also included. The digestion 

program consisted of heating the samples at 90, 200, 350 and 500 watts for 5, 3, 5 and 5 

minutes respectively. When the digestion was complete, the solutions were diluted by adding 

MilliQ water to make the volume to 50 ml. The final solutions were ready for metal analysis 

and while awaiting analysis samples were stored at -20°C. 

3.3.3 Metal determination 

Metal concentrations in the solutions were performed with an Inductively Coupled Plasma 

Mass Spectrometer (ICP-MS) (Varian, Australia). For the analysis, yttrium was used as an 

internal standard to correct for signal interference due to the differences in the solution matrix 

between calibration solutions and the samples. Results from ICP-MS are expressed as 

concentration of metals in the solution (µg/L). These were the converted to concentrations in 

the tissues by multiplying with total volumes of the solutions and then dividing by the weight 

of the dry sample tissue, giving the final units of µg metal /g of dry tissue. With respect to 

quality control, the recoveries of metal concentrations in the certified reference samples 
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(CRM 279) were very good, ranging between 88.3 - 108.3% of the certified values 

(Appendix 1a). 

3.4 Metal analysis in marine animals 

3.4.1 Sample preparation 

At the laboratory, each individual animal was initially cleaned with deionised water to 

remove any remaining epiphytes and soil particles. The shells were then crushed and the soft 

tissues were separated from the shells. The tissues were placed in 50-ml or 14-ml 

polypropylene vials (depending on the size of the tissue) and then freeze dried at -48 °C for 

72 hr. Samples of reference material of mussel tissue (CRM 278R) and in-house reference 

material (VMK 102) were always included with each batch of samples for verification of the 

measurements. Reagent blanks were also included. 

3.4.2 Sample digestion 

After drying, the tissues were weighed to obtain dry tissue weight. Five ml (for 50-ml tubes) 

and 2 ml (for 14-ml tubes) highly purified concentrated (69%) HNO3 were added. The 

samples were left to stand for at least of 12 hours to digest at room temperature. Then 0.5 and 

0.2 ml of ultra pure 27% H2O2 was added into the 50 and 14 ml vials, respectively. Hydrogen 

peroxide oxidized lipids in the samples. Samples were then digested by heating in a 

microwave oven during four consecutive steps i.e. for 8 minutes at 80 watts and for 4 minutes 

at 160, 240 and 320 Watts. After digestion, samples volumes were made up to 30 ml and 10 

ml (for 50 and 14 ml vials respectively) with Milli-Q water. The solutions were then stored at 

-20°C awaiting metal determinations.  

3.4.3 Metal determination 
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Metal determinations in the solutions were performed using ICP-MS as described earlier.  

Results from the two types of reference materials showed very good recoveries ranging from 

92 -105% and 104 - 127% for VMK and CRM 278R respectively (Appendix 1b). 

3.5 Metal extraction from sediments 

3.5.1 Samples Preparation 

Air dried sediment samples were further freeze dried in the laboratory. The samples were 

then mixed and ground in a mortar and then sieved through a 500µm. For each location, 

aliquot samples were taken for four types of metal extractions; i) extraction using clean 

seawater, ii) a standard EDTA extraction method, ii) three-step sequential extraction and iv) 

aqua regia extraction (mixture of HCl and HNO3 at 3:1 ratio) for total metal concentrations. 

For the last three extractions, appropriate reference materials were also included for quality 

control.  

3.5.2 Water extractable metals 

Water soluble fraction was obtained by mixing of the homogenized sediments and freshly 

prepared seawater in clean polypropylene bottles at a ratio of 1:1 (i.e. 20g of sediment in 20 

ml of seawater) and shaken for 24 hours at 130 rpm in an end to end shaker. The mixture was 

then centrifuged at 5000 rpm for 15 minutes. The extract was decanted and stored at 4°C for 

metal analysis. 

3.5.3 EDTA extractable metals 

The EDTA extractions were performed according to the standard protocol described by The 

European Institute for Reference Material and Measurements (Geel, Belgium) for 

certification of EDTA extractable Cd, Cu, Cr, Ni, Pb and Zn in the amended soil material 

CRM 483 (http://www.irmm.jrc.be). 2.5 g of homogenized sediments samples were 

transferred into polyethylene bottle in which 25 ml of freshly prepared 0.05 mol L-l EDTA 
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(adjusted to pH of 7) was added. The obtained mixture was shaken on an end- over- end 

shaker operating at 30 rpm for 1 hour at 20°C. The extracts was centrifuged for 5 minutes at a 

speed of 300 rpm at 4°C after which the solutions were filtered through filter papers (porosity 

0.8 µm) previously rinsed with 0.05 mol L-1 EDTA followed by distilled water. The filtrate 

was collected in polyethylene vials and stored at -25°C for further metal analysis. 

Blank extractions (i.e. without sediments) were carried out for each set of analysis using the 

same reagents as described above. For internal analytical accuracy check, three replicate 

samples (CRM 483) were also analyzed alongside the sediments samples. Recovery of metals 

in the certified reference used to test for the accuracy of the analytical procedure were 

between 75-83% of the certified values (Appendix 1c). The slight deviations in recoveries 

may be attributed to the fact that the reference material used was a few years older and may 

have lost some stability.  

3.5.4 Three-Step sequential extraction 

The three-step sequential extraction procedure used in this study was based on the standard 

protocol recommended by The European Institute for Reference Material and Measurements 

(Geel, Belgium, http://www.irmm.jrc.be) and also described by Ure et al., (1993). The 

analysis was performed on three replicate sediments samples from each site.  

Step 1: exchangeable and carbonate phase  

40 ml of 0.11 mol l-1 acetic acid (CH3COOH) was added to 1 g of dry homogenized sediment 

sample in a 50 ml polyethylene centrifuge tube. The tube was then shaken for 16 hours at 

25°C on an end-over-end type shaker at a speed of 400 rpm. The extract was separated from 

the solid residue by centrifugation at 3000 rpm for 20 min and decanting the supernatant into 

a polyethylene container which was then stored in a refrigerator at about 4°C prior to 

analysis. The residue was washed with 20 ml of double- deionized water by shaking for 15 

http://www.irmm.jrc.be/
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min on the end-over-end shaker and centrifuging for 20 minutes at 3000 rpm. The 

supernatant was decanted. Care was taken not to discharge any of the solid residues which 

were to be used in step 2.  

Step 2: easily reducible phase  

The residue from the step 1 was put in a 50 ml polyethylene centrifuge tube to which 40 ml 

of freshly prepared 0.5 mol l-1 hydroxylamine hydrochloride solution (adjusted to pH of 2 

with HNO3) was added. The sediments was re-suspended by manual shaking after which the 

tube was shaken for 16 hour at 25°C, the extract was centrifuged for 15 min at 3000 rpm and 

then decanted slowly into a polyethylene container taking care not to discard any of the solid 

residue. The residual solid was washed with Milli-Q water, shaken and centrifuged. 

Afterwards the residue was ready for use in the third step. 

Step 3: oxidizable phase 

In this step, 10 ml of 8.8 mol l-1 H2O2 solution (acid-stabilized to pH 2-3) was carefully added 

to the residue from step 2 in little aliquots to avoid losses due to violent reaction. The vessel 

was cover loosely with its cap and digested at room temperature for 1 hour with occasional 

manual shaking. The digestion was continued for 1 hour at 85°C, with occasional manual 

shaking for the first 30 minutes in a water bath, and then the volume was reduced to less than 

3 ml by further heating of the uncovered tube. A further aliquot of 10 ml of H2O2 solution 

was added to the tube. The covered tube was again heat to 85°C and digest for 1 hour, with 

occasional manual shaking for the first 30 minutes. The cover was removed and the volume 

of liquid reduced to about 1 ml. Hereafter, 50 ml of ammonium acetate CH3COONH4 (1 mol 

l-1, adjusted to pH 2) was introduced into the moist residue and shake shaking for 16 h at 

22°C (overnight). The extract was separated from the solid residue by centrifugation and 

decantation as in Step 1. 



Materials and Methods 

 
Bioavailability of E.A Coast Sediments Bound Heavy Metals and their Trophic Transfer 26

Residual fraction 

The amount of residual fraction was calculated as the difference between the total element 

concentration in the soil and the sum of concentrations of all extracted fraction 

Samples of reference material of Freshwater sediments (BCR 701) were always included with 

each batch of samples for verification of the measurements. Recovery of metals in the  

reference material analyzed alongside sediments samples to test for the accuracy of the 

analytical procedure were between 97-105% ; 81-92% and 83-97% for F1, F2 and F3 

respectively (Appendix 1e) of the certified values for the freshwater reference material. 

3.5.5 Total metal analysis 

For total metal content of sediments the extractions were performed in aqua regia. Three 

replicate samples of approximately 0.3g were carefully weighed and put in digestion vessels 

to which 1.5 ml highly purified concentrated HNO3 (69%) and 4.5 ml HCl (37%) were added 

and placed in a digestion microwave oven model ETHOS 900 (Milestone, Shelton, CT, 

USA). The samples were digested at 90, 200, 350 and 500 watts for 5, 3, 5 and 5 minutes 

respectively. For each batch of samples that were digested in the microwave, a standard and a 

procedural blank sample were included. The products of digestion were transferred into 

polypropylene vials and then diluted to 50 ml with Milli-Q water and stored at -20°C for 

further metal analysis. 

For quality control, certified reference sediment material (CRM 141R) was used and the 

recoveries ranged between 95 -107 % of the certified values (Appendix 1e). 

3.5.6 Metal determination  

Metal concentrations in all the sediment extracts were analysed with ICP-MS as described 

earlier.  
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3.6 Data treatment and analysis 

Mean metal concentrations in all the extracts and organisms were calculated together with 

standard deviations. As far as pooled samples are concerned (floral samples), the standard 

deviations illustrate the variability within different replicates, while in the case of the fauna 

they represent the metal content variation among individuals.  

Enrichment factors (EF) were also calculated for sediments data. EF is a useful indicator 

reflecting the status of environmental contamination. Crustal enrichment factors (EFc) of 

elements were calculated in this study to determine the degree of modification in the 

sediments from different sites. This was done by making comparisons to the background 

concentrations in the Earth’s crust (Atgin, 2000). The concentrations of various elements in 

the earth crust were adapted from (Wedelpol, 1995). The enrichment factors (EF) were 

calculated with respect to Fe according to the following equation: 

EF = (Cx/CFe)Sediment/ (Cx/CFe)Earth’s crust 

Where (Cx/CFe) sediment is the ratio of concentration of the element being determined (Cx) to that of Fe 

(CFe) in the sediment sample and (Cx/CFe) Earth’s crust is the ratio in the reference Earth’s crust (Atgin, 

2000).  

An enrichment factor of unity would indicate that the relative concentration of a given metal 

is identical to that which is present in soil whereas enrichment factors greater than unity 

indicates that the metal is more abundant in the sample relative to that found in earth’s crust. 

Trophic transfer factors in this study were calculated using the following formula: 

TTF= Cn/ Cn-1 

Where Cn is the concentration of element under consideration in trophic level (n) while Cn-1 is the 

concentration of the same element in the immediate lower trophic level. 
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A value of TTF >1 would indicate the possibility of biomagnification (over these 2 trophic 

levels in the food chain), whereas a value of <1 would indicate a biodiminution when the 

metal is transferred from the lower trophic level (n –1) to the higher trophic level (n). 

For the investigation of bioavailability in the biota, within and between site comparisons were 

done using metal concentration data of organisms from only Gazi (one of the Kenya 

unpolluted sites) and Mikindani (one of the Kenyan polluted sites). Region- wise 

bioavailability was estimated using organisms found in more than three sites. The best 

extraction methods in estimating the sediments bioavailable metals was determined by 

correlating metals concentration of all organisms irrespective of sampling site against the 

corresponding sediments extractible metals. 

The existence of significant differences between metal concentrations in different sites and 

species were tested by paired t- test, repeated measure ANOVA, Kruskal Wallis test and 

Friedman test with post hoc, Wilcoxon matched paired test depending on the number of the 

groups to be tested and the normality of the data. The grouping of sampling sites was done by 

cluster analysis based on total metals. In most of the cases data were log-transformed prior to 

analysis to achieve homogeneity of variances and absence of relation between variances and 

means. Correlations between metals and between species were studied on untransformed and 

log-transformed data (Pearson product- moment correlation).  
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Chapter 4: Results 

4.1 Species identification 

This part of results shows the various organisms used in this study and their classification. 

4.1.1 Marine plants 

Table 1 shows the species of marine plants collected from the two study locations. This list 

only includes organisms that were used to determine site-wise bioavailable metals in biota. 

However, the full list of organisms used for region wise bioavailability is presented in 

Appendix 11. 

Table 1. Floral organisms and their classification 
 
 Organisms Class  Order Family 

Gazi     

 

Thalassodendron 

(Hartog) 

Liliopsida  Najadales  Cymodoceaceae 

 

Sargassum  1 (C. 

Agardh) 

Phaeophyceae  Fucales  Sargassaceae  

 

Sargassum  2 (C. 

Agardh) 

Phaeophyceae  Fucales  Sargassaceae  

Mikindani     

 

Ulva lactuca 

(Linnaeus) 

Chlorophyceae Ulotrichales  Ulvaceae 



Results 

 
Bioavailability of E.A Coast Sediments Bound Heavy Metals and their Trophic Transfer 30

4.1.2 Organisms 

A total of 7 faunal organisms were collected from Gazi and Mikindani (Table 2). 

Table 2. Faunal organisms and their classification 

Organism Scientific name Class  Order Family 
Gazi     

 

Uca spp. Malacostraca Decapoda Ocypodidae  

 

Saccostrea 
cucullata (Born) 

(oysters) 

Bivalvia Ostreoida Ostreidae 

 

Terebralia 
palustris 
(Bruguiere) 

Gastropoda Neotaenioglossa Potamididae 

Mikindani     

 

Ostrea angasi 
(Sowerby) 

(Mud oysters) 

Bivalvia Ostreoida Ostreidae  

 

Terebralia 
palustris 
(Bruguiere) 

Gastropoda Neotaenioglossa Potamididae 

 

Macrophthalmus 
milloti (Cronier) 

Malacostraca Decapoda  Ocypodidae 

 

Penaeus spp. 
(Weber) 

Malacostraca Decapoda  Penaeidae 
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4.2 Sediment Characteristics 

Many physical and chemical characteristics of sediments can have an influence on metal 

concentrations in sediments. The results of two important sediment characteristics 

investigated in this study are presented below. 

4.2.1 Grain size distribution in sediments 

Clay and silt fraction dominated sediments from Mikindani (75.5%) and Mbegani (66.5%) 

while the other sites had sandy to coarse sediments with sand contributing over 50% of the 

total sediments content (Figure 2 and Appendix 2). Classification of sampling locations based 

on the percentage clay-silt content of the sediment showed the following trend 

KP1>TNP1>TP1>KP2>EP1>KNP2>KNP1>ENP1. 
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Figure 2. Particles size classes of sediments from selected sites in Eastern Africa 
 

Correlation analysis was performed to determine whether there were relationships between 

amount of silt- clay content and different metal extractions (i.e. total metals, labile fraction, 

EDTA and water extractible metals. The results presented in Appendix 1 showed little 
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evidence for significant correlations. Specifically, there were significant correlations with 

clay- silt content and total metal concentrations for Co, Cu, Fe and Zn. Positive correlation 

was also observed between the labile fraction of sequential extraction and fine sediments with 

statistically significant correlation existing for Cu and Zn (Appendix 6c). There was a 

strongly statistically significant positive correlation for EDTA extractible Cu (r= 0.7571, 

P<0.05) and Zn (r= 0.9392, P<0.05), water extractible Cr (r= 0.7675, P<0.05) with silt- clay 

content (Appendix 6c).  

4.2.2 Organic carbon content in sediments 

Sediments’ carbon content was highest in sediments from Gazi (unpolluted Kenyan site 1) 

with 3.4 ± 0.02 % and lowest in Gurgussum (unpolluted Eritrean site) with 0.41 ± 0.07% of 

the sediments (Figure 3). Sediments’ organic carbon content among the locations showed the 

following trend KNP1>TNP1>KP1>KP2=TP1>EP1>KNP2>ENP1. 
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Figure 3. Percentage organic carbon content (Mean ±SD) of sediments from selected sites along the 

Eastern Africa Coast 
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Correlation analysis was also performed to try to relate organic matter content of sediments 

with the different metals extracts from sediments. Generally, there were no significant 

correlations between TOC and metal extracts (Appendix 7a) or with the individual extractible 

fractions of sequential extraction (Appendix 7b). 

4.3 Metal concentrations in marine plants  

The results of bioavailable metals in biota and possibilities of trophic transfer will be focused 

on KNP2 (Kenya unpolluted site 1) and KP1 (Kenya polluted site 1). As shown in Figure 4, 

plants from KP1 had high tissue metals burden for all the metals as compared to the plants 

from KNP1 except for Cd content which was high in plants from KNP1 as compared to those 

from KP1. In KP1, Ulva lactuca had the highest metal tissue concentration of all the metals 

while in KNP1; Sargassum spp had the highest metal tissue concentration of metals as 

compared to Thalassodendron. Generally, the metal tissue concentration of specific metals in 

the considered plants followed the following order Fe>Al>Mn>Zn>Co>Ni>Cr>Cd (Figure 

4). The trends for the different species were as follows: Fe> Al> Zn> Mn> Ni> Cr> Cu> Co> 

Cd; Fe> Al> Mn> Zn> Cr> Ni> Cu> Cd> Co; Al> Fe> Mn> Zn> Ni> Cu> Cr> Co> Cd; and 

Fe> Al> Mn> Zn> Cu> Co> Ni> Cr> Cd for Sargassum 1, Sargassum 2, Thalassodendron, 

and Ulva sp. respectively (Figure 4). 

Fe, Mn, Zn and Al which are essential metals were the most abundant metals in plant tissues. 

Other essential metals such as Ni, Cu and non- essential metals such as Cd, Cr were also 

present in the tissues (Figure 4). 

Ulva lactuca Al, Cu and Fe tissue concentration correlated well with various extractible 

metals but statistically significant correlation existed with only labile Al, EDTA Cu and labile 

Fe (with r= 0.9972, 0.9971 and 0.9994, p<0.05) respectively (Appendix 10). Sargassum spp. 

in Gazi showed a good correlation with various extractible metals, even though, statistically 
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significant correlations only existed between tissue concentration of Mn and Total, EDTA 

extractible and labile sequential extractible Mn (r=0.9985, p<0.05; r=1.0000, p<0.01 and 

r=0.9995, p<0.05) respectively (Appendix 10). 

 
Figure 4. Tissue metals concentrations of Sargassum 1 (Sa1-G), Sargassum 2 (Sa-G) and Thalassodendron 

(Tha-G) from Gazi and Ulva lactuca (Ulv-M) from Mikindani 

4.4 Metal concentrations in marine animals 

In KNP1, S. cucullata was the best bioaccumulator of metals with the highest tissue 

concentration of Cd, Co, Mn, Ni and Zn while Uca spp. had the highest Cu tissue 

concentration. In KP1, S. cucullata had the highest concentration of Cd and Cu; M. milloti 
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had the highest tissue concentration of Co, Mn and Ni while O. angasi had the highest 

concentration of Zn (Figure 5). In general, crustaceans in this study had poor 

bioaccumulating capacity for Cd and Zn. 

 
Figure 5. Tissue metals concentrations) in sp1 (S. cucullata), sp2 (T. palustris), sp3 (Uca spp), sp4 (M. 

milloti), sp5 (O. angasi) and sp6 (Penaeus spp)  
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4.5 Metal concentrations in different sediment extractions 

Different extraction methods yielded different quantities of metals. In general, among the 

partial extractions, sequential extraction extracted the highest quantity of metals followed by 

EDTA extraction while the least quantity of metals was extracted by water extraction (Figure 

15 and Appendix 12). The extractible metals obtained from the various extraction methods 

were statistically different from each other (p<0.01, F= 17.05) for all the metals. The results 

of each extraction method are presented below.   

4.5.1 Water extractable metals 

Residual fraction held the highest concentrations of all the elements as compared to the 

concentration of elements in the water extractible fraction (Appendix 3). Only a small 

percentage of the total metals were extracted by water i.e. Generally, Mn was the most 

abundant element in water extractible fraction with between 0.1- 15.6% of the total Mn in the 

sediment, followed by Co and Cd with between 0.002- 3.7% and 0.002- 1.4% of the total 

metals respectively (Figure 6). The absolute order of metals in the water extractible fraction 

regardless of the sampling site followed this order: Mn>Co>Cd>Cr>Ni>Fe=Zn>Al>Cu. The 

concentration of the metals from various sites in the water extract are depicted in Figure 7 

while comparison between the elements concentration in the water extractible fraction, 

residual fraction and the total sediments’ metals are shown in Table (Appendix 3).
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Figure 6. Concentration of heavy metals (mean±S.D. in µg g-1) in water soluble fraction of sediments from 

selected locations in Eastern Africa  

Al

0.000

0.100

0.200

0.300

0.400

0.500

0.600

0.700

KNP2 KNP1 ENP1 TNP1 KP1 TP1 KP2 EP1

Cd

0.00000
0.00005
0.00010
0.00015
0.00020
0.00025
0.00030
0.00035
0.00040
0.00045

KNP2 KNP1 ENP1 TNP1 KP1 TP1 KP2 EP1

Co

0.000

0.005

0.010

0.015

0.020

0.025

0.030

KNP2 KNP1 ENP1 TNP1 KP1 TP1 KP2 EP1

Cr

0.0000

0.0100

0.0200

0.0300

0.0400

0.0500

0.0600

0.0700

KNP2 KNP1 ENP1 TNP1 KP1 TP1 KP2 EP1

Fe

0.00

0.50

1.00

1.50

2.00

2.50

3.00

KNP2 KNP1 ENP1 TNP1 KP1 TP1 KP2 EP1

Mn

0.00

1.00

2.00

3.00

4.00

5.00

6.00

KNP2 KNP1 ENP1 TNP1 KP1 TP1 KP2 EP1

Ni

0.000
0.002
0.004
0.006
0.008
0.010
0.012
0.014
0.016

KNP2 KNP1 ENP1 TNP1 KP1 TP1 KP2 EP1

Zn

0.000

0.005

0.010

0.015

0.020

0.025

0.030

KNP2 KNP1 ENP1 TNP1 KP1 TP1 KP2 EP1

Cu

0.0000
0.0002
0.0004
0.0006
0.0008
0.0010
0.0012
0.0014
0.0016
0.0018
0.0020

KNP2 KNP1 ENP1 TNP1 KP1 TP1 KP2 EP1C
on

ce
nt

ra
tio

n 
(µ

g 
g-1

) 

Sampling sites 



Results 

 
Bioavailability of E.A Coast Sediments Bound Heavy Metals and their Trophic Transfer 38

 
Figure 7. Fractionation pattern of elements in water soluble and residual fractions of sediments from 

selected locations in Eastern Africa 
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extractible metals in the residual fraction. Other elements such as Cd (KNP1), Cd (EP1) and 

Co (KNP1) with 59.1, 55 and 60% (in the residual fraction) respectively, had more or less 

similar distribution of metals in both EDTA extractible and residual fraction (Figure 8). The 

concentration of EDTA extractible metals at each site are depicted in Figure 9 while a 

comparison of the metals in EDTA extractible fraction, residual fraction and total extractible 

metals are shown in Appendix 4. 

 

 
 
Figure 8. Percentage of heavy metals in EDTA extractible fraction compared to residual fraction metal 

content of sediments from selected locations in Eastern Africa 
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Figure 9. Concentration of metals (mean±S.D. in µg g-1) in EDTA soluble fractions of sediments from 

selected locations in Eastern Africa 
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Fraction 3 (Oxidizable fraction) had Al, Co, Cr and Ni as the most abundant metal with 

between (2.0-27.8%), (4.7-33.4%), (2.3-51.5%) and (3.1-32.4%) of the total metals 

respectively (Figure 10 and Appendix 5). The speciation pattern in this fraction irrespective 

of the sites followed the order of: Cr>Co >Ni>Al>Cd>Mn>Cu>Fe>and Zn. The oxidizable 

fraction was quite significant for heavy metals accumulation especially for Al (KNP1, TP1, 

KP2, and TNP1), Cr (KNP2, TP1, and KP2), Co (KNP2, KNP1), Ni (KNP2, KP1, KNP1, 

TP1, and KP2) and Cd (KNP1).  

Generally, all the metals were more abundant in the residual fraction than in the labile 

fraction (Figure 9, Appendix 5). Fe was the major elements in the residual fraction, 

constituting 62.0-91.2% of the total metal concentration. The percentage of other elements 

varies between 62.4-95.1% for Zn, 51.5-89.8% for Al, 60.1-90.9% for Ni, 57.0-93.0% for Cu, 

40.7-92.9% for Cr, 35.0-81.8% for Co, 47.2-77.4 for Mn and 18.8-68.4% of the total metal 

concentration for Cd. The absolute concentrations of elements in the residual fraction showed 

the following order: Fe>Zn>Al>Ni>Cu>Cr>Co>Mn>Cd. 

When considering the labile fraction (sum of F1 + F2 + F3) of the all the sites considered 

collectively, probably the most mobilizable elements are Cd, Mn and Co. The orders of the 

elements (% of the total metal) are as follows: Cd>Mn>Co>Cr>Cu>Zn>Ni>Al>Fe overally 

for all the sites; Co>Cd>Mn>Cr>Al>Cu>Ni>Fe>Zn for non polluted sites and 

Cd>Ni>Co>Zn>Cu>Fe>Al>Mn for polluted sites. 
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Figure 10. The fractionation of elements in exchangeable (F1), reducible (F2), oxidizable (F3) and 

residual (F4) fractions of sediments from selected locations in Eastern Africa 
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4.5.4 Total metal concentrations 

Average heavy metal concentrations in <63 m fraction of the sediments from the selected 

sites along the EA coast are presented in Figure 11. In all the sampling sites, Fe was present 

in the highest concentration while Cd had the least concentration. Absolute concentration of 

various metals in all the sampling sites showed the following trend in the order of abundance 

Fe>Al>Mn>Zn>Cr>Ni>Co>Cd. Inter- elements correlation matrix based on total metals is 

shown in (Appendix 8a). All the elements in the sediments showed statistically significant 

correlation with Al except Zn (r between 0.7111- 0.9485, p<0.05 or p<0.01). A number of 

elements showed statistically significant correlation with each other (Appendix 8a).  

 

Figure 11. Sediments’ total heavy metals concentration (mean±S.D. in µg g-1) following microwave 

assisted acid digestion of sediments from selected locations in Eastern Africa 
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Chapter 5: Discussion  

Physico chemical parameters 

It has been established that the concentration of heavy metals in sediments do not only 

depend on anthropogenic and lithogenic sources, but also upon the textural characteristic, 

organic matter content, mineralogical composition and depositional environment of 

sediments (Presley et. al., 1980). The influence of soil textural characteristics and organic 

carbon on the concentration of heavy metals in this study is discussed below. 

Grain size analysis and Organic carbon 

It is well known that the capacity of sediments to contain metals increases with declining 

particles grain-size (Salomons and Förstner, 1984; Biksham, et. al., 1991). Consequently, 

sediments consisting mainly of clay or silt are expected to pose higher metal bioavailability 

for organisms living on or above the bottom sediments. In this study there was a general 

indication of positive correlations (though for most metals the r-values were not significant at 

95% confidence limit) between total metals concentration and silt- clay content of sediments. 

This observation generally reflects the role of finely divided materials in retaining metals by 

surface reaction mechanisms and consequently the low trace elements content of quartz sand 

(Bolt and Van Riemsdijk, 1987). This trend is predominantly attributed to sorption, co-

precipitation and complexing of metals on particle surfaces and coatings of which the surface 

area of the particles are of utmost importance. Smaller particles have a larger surface area to 

volume ratio and therefore adsorb higher concentration of metals.  

The large surface area of clay can also collect materials such as organic matter and hydrous 

oxides, which in turn may retain heavy metals (Horowitz, 1985). Clay minerals do not only 

have large surface areas, but also negative surface charges and cation exchange capacities 
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that readily attract metals and metal-carrying substrates (Forstner and Wittmann, 1981; 

Horowitz, 1985).  
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Figure 12. The relationships between log10(x+1) transformed extractible metals (obtained by different 

extraction methods) and clay silt content.  

Strong inter-elements correlation observed between all the total Metals (except Zn) and Al in 

sediments (Appendix 8a) proves that most of the metals are associated with the clay fraction. 

The same finding was reported by Schropp et al., (1990). The association of Cr with clay in 

particular was more evident in sediments from KP2, KP1, TP1 and TNP1 in which most of 

the Cr were considerably higher in sediments with high clay content.   

With respect to total organic carbon (TOC) contents of the sediments, some metals showed 

inverse relationships with TOC (Figure 13 and Appendix 7a). This implies that samples that 

contained high organic matter tended to have less concentration of these metals. One possible 

 Water extractible Labile fraction Total  EDTA extractible
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explanation is that we suspect that the major part of metals in the sediments in our study area 

is of natural origin from weathering of parent material. This is partly based on the fact that 

total metal concentrations in sediments compare reasonably with those from a heavily 

polluted Scheldt estuary in The Netherlands (Mubiana and Blust, 2006) this is despite the fact 

that the level of pollution impact in Eastern Africa is in orders of magnitude below what is 

obtained in Western Europe. Therefore, in Eastern Africa sediments dominated by organic 

material may well show relatively low levels of metals compared to locations with high 

content of silt and clay originating from the parent rock material.   

Sediments' organic carbon content
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Figure 13. The relationships between log10(x+1) transformed extractible metals (obtained by different 

extraction methods) and sediments organic carbon content. 

The ecotoxicological implications of the effects of grain size and organic matter on sediments 

metal content, is that locations that have low pollution impacts can demonstrate higher 

 Water extractible Labile fraction Total  EDTA extractible
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bioavailability. In the case of organic matter, organisms such as filter feeders can be directly 

exposed to sediment bound metals through ingestion of organic particles. In our study, as will 

be discussed in detail later, the locations that were initially considered pristine actually 

showed higher than expected concentrations of metals in the organisms. Our analysis seems 

to indicate that indeed particle size may have contributed towards increased bioavailability in 

these less contaminated locations.  

Sediments’ bioavailability 

Total metals 

In Eastern Africa, differences among sites in terms of the concentrations of the heavy metals 

in the sediments can be caused by various factors including temporal differences in the 

constituents of river and terrestrial run-off, type of sediments, proximity to pollution point 

sources and distance from major sea ports. In this study, statistically significant difference 

between the perceived polluted and non- polluted locations in Kenya and Tanzania (p<0.01, 

t=7.452; p<0.05, t=2.415) could be attributed to differences in the proximity to pollution 

sources. Other factors that could lead to the difference include grain size and organic matter 

content (as discussed earlier). It is well documented that the highest concentration of heavy 

metals occurs in the finer grained sediments (Förstner and Wittmann, 1981). Statistically 

insignificant difference (p>0.05, t=0.2039) between Eritrean polluted and non- polluted site 

suggests that both the sites could probably be under the influence of the same anthropogenic 

activities and/ or similar composition elemental of the parent rock.  

Inter-elements correlation matrix for absolute concentration of Eastern Africa total heavy 

metals (Appendix 8a) as reported elsewhere by Förstner 1981; Jaquet et al., 1982, was 

intended  to give an idea about the ‘carrier substance’ and the chemical association of heavy 

metals. All the metal pairs showed positive relationship but only some of them were 
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significant at 95% or higher confidence interval level. Majority of the heavy metals showed 

strong statistically significant positive correlations with Fe, Mn, implying that the presence of 

Fe-Mn oxyhydroxides and oxides have a significant influence on accumulation of some 

heavy metals in Eastern African sediments. This also proves the similar sedimentary behavior 

of Mn and Fe (Krauskopf and Bird 1995). Strong statistically significant positive correlation 

observed between Co, Cr, Cu, Fe, Mn and Ni with Al suggests that their accumulation in the 

sediments is associated with clays (Appendix 8a). Statistically significant correlation between 

different elements could also be an indication that those elements either were from the same 

source and/or underwent the same mode of transport (Appendix 8a). 
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Figure 14. Cluster analysis showing interrelationships between different sampling sites. 
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Based on total heavy metals, cluster analysis (Figure 13) grouped Gazi and Chale together as 

the relatively less polluted sites. Mikindani on the other hand was classified as the most 

polluted site while the other sites were intermediate between these two extremes.  

It is a known fact that in the absence anthropogenic sources, concentrations of metals in a 

sediment sample can only be explained by its aluminosilicate material’s metal content. 

However, the metal composition of the sample is usually modified by contributions from 

various anthropogenic sources. Enrichment factors were calculated to determine the degree of 

modification in various sites.  

Table 3. Enrichment factors of various elements in selected sites along the EA coast 

Cd, Cr, Cu and Ni in all the sampling sites and Zn in (ENP1, TNP1) had enrichment factors 

between 0.3-1.5 except KNP1 (Cr, Cd) and TP1 (Cd) (Table 3). This suggests that these trace 

metals may be entirely from crustal materials or natural weathering processes (Zhang and 

Liu, 2002). Zn (KNP1, KNP2, KP1, TP1, KP2 and EP1) and Cd (TP1) had an enrichment 

factor >1.5 but <5.0 (Table 3).  As suggested by Atgin, (2000), enrichment factors less than 5 

may not be considered significant although it is an indicator of metal accumulation because 

such small enrichments may arise from differences in the composition of local sample 

material and reference earth’s crust used in the EFc calculations. Cd in KNP1 had an 

enrichment factor of 5.8. Since this EFc value is greater than 5, KNP1 is considered to be 

polluted by Cd.  

Crustal Enrichment Factors (EFc) Site 
Cd Cr Cu Ni Zn Total 

Chale BDL 1.6 0.7 1.4 1.76 5.4 
Gazi 5.8 1.1 BDL 0.7 2.58 10.2 
Gurgussum 0.3 1.1 0.9 1.3 1.21 4.8 
Mbegani 0.5 1.3 0.6 0.9 1.20 4.5 
Mikindani 0.6 0.8 1.0 0.6 1.85 4.7 
Msimbazi 2.4 0.7 1.6 0.8 3.85 9.3 
Mtwapa 0.9 1.1 1.3 0.6 2.32 6.2 
Port Area 0.4 1.1 1.3 1.2 2.20 6.2 
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The degrees of modification of the chemical composition of sediment samples were found in 

this study to be different at each sampling site. This could be attributed to differences in 

sources and quantities of metals at each site. Based on total EFs, the sequence of sites in their 

degree of pollution is as follows: KNP1>TP1>KP2=EP1>KNP2>ENP1>KP1>TNP1. 

However, as stated by Reimann and de Caritat (2005), EFs should be used in a much more 

careful manner as they cannot provide a reliable indication of the degree of human 

interference with the global environment. This observation is supported by results of this 

study in which visual observation and cluster analysis shows KNP1 as the least polluted site 

and KP1 as the most polluted sites but based on total EFs, KNP1 is the most polluted site and 

KP1 is among the least polluted sites. These discrepancies could be due to accuracy and 

efficiency of extraction and machine determination of Fe or/ and the chemical composition of 

the parent rock, where sites with Fe content close to the crustal value have relatively less EFs. 

Water extractible 

The results of the water extractions indicate that most elements were less extractable using 

only water as a medium. The proportion of metal fractions extracted into water was never 

exceeded 4% (typical values were less than 1%) of total metals from sediments except for 

some few isolated cases of Mn in some sites. Mn, Co and Cd were the most soluble element 

in water. This could be attributed to weak adsorption of these elements on the sediments 

particles (Tessier et al., 1979).  

Among the different extractions procedures used, water extractable metal fractions probably 

best represents field situations and therefore the results from this extraction procedure are 

more environmentally relevant.  Based on this criterion the results shown in Figure 6, 7 and 

15 indicate that there were differences among the locations in terms of the fraction of metals 

extractable in water. Specifically, the unpolluted Kenyan location (Gazi) showed the highest 
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water extractable fractions for most metals i.e. Al, Cd, Co, Cr, Fe, Ni and Zn. This implies 

that though this location is relatively less polluted, high bioavailability (based on water 

extracts) will probably result in higher than expected accumulations of these metals in 

organisms (marine plants and animals) despite the fact that the location is located in a remote 

mangrove area with no real pollution sources. 
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Figure 15. The concentration (as % of the total) of mobilizable metals in various extraction methods 

EDTA 

In our study, the difference between EDTA extractible metals and the residual metals in all 

the sites were statistically significant (P<0.05, t values ranging between 2.175- 6.474) 

showing that EDTA is useful in providing a contrast between anomalous and background 

samples.  This is in agreement with the findings of Elliot and Shastri, (1999) that EDTA is 

 Water extractible  Labile fraction EDTA extractible
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known to extract only non-silicate metals from sediments i.e. the exchangeable, bound to 

organic matter and the carbonated phases and it is ineffective in removing metals from the 

detrital fractions. This proves that EDTA extraction can be used to provide a good idea about 

potentially bioavailable metals from sediments. Cd, Mn and Cu were the most abundant 

metals in the EDTA extracts, showing that EDTA was more effective in extracting these 

metals. Cu and Zn showed strong positive correlation with silt clay content (Appendix 6c) 

confirming that the effectiveness of EDTA in extracting some metals is dependent upon the 

type of sediment. Correlations of EDTA extractible fraction with carbon for all the metals 

were not statistically significant most probably because of low levels of organic carbon in the 

samples as well as our hypothesis that metals found in these sediments from Eastern Africa 

are most probably due to natural enrichment rather than pollution, therefore the metals are 

more associated with parent material than with organic matter.  

Sequential extraction 

Discussion on the fractionation patterns of elements in this study is divided into two parts: 

distribution summary for each metal and a summary on the various extractible fractions. 

Metals of interest 

Fe association with different fractions in the Eastern African sediment samples followed this 

order: F4>F2>F3>F1. Relatively less amount of Fe was found in the non- residual fraction. 

The dominant proportion (>72%) of Fe was in the residual fraction. This result is in good 

agreement with the work done by Usero et al., (1998) who found that a bigger proportion of 

the total Fe was in the residual fraction than in the labile fractions.  

Mn association with different fractions in the Eastern African sediment samples followed this 

order in abundance: F4>F1>F2>F3. Mn concentration was higher in proportion (58.1-68.5% 

of the total Mn) in residual fraction, however, a significant amount of Mn was also found in 
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all non- residual fractions with the exchangeable fraction containing the highest amount 

(16.4-31.9% of the total). This is consistent with the findings of Usero et al., (1998); Ngiam 

and Lim, (2001), who reported that a considerable amount of Mn occur in all of the four 

fractions. In fraction 1, weakly sorbed Mn retained on sediment surface by relatively weak 

electrostatic interactions may be released by ion-exchange processes and dissociation of Mn-

carbonate complex (Tessier et al., 1979). In addition, a considerable amount of Mn (4.1-11%) 

was found in the reducible fraction, in which Mn exists as oxides and may be released if the 

sediment is subjected to more reducing conditions (Panda et al., 1995). The results of this 

study indicate that considerable amount of Mn may be released into environment if the 

environmental conditions become more acidic.  

Cadmium in sediments has been a concern for a long time because of its high toxicity. 

Several sequential extraction procedures, including the BCR protocol, have been used to 

obtain information on the distribution of Cd in sediment (Ngiam and Lim, 2001). Cd 

association with different fractions in the Eastern African sediments samples followed this 

order: F4>F1>F2>F3. A great proportion (31.3-81.2%) of Cd was found in the non residual 

fraction of which exchangeable fraction had Cd concentration of between 19.3-49.7% of the 

total Cd and reducible fraction had between 4.7-23.0% of the total Cd. This indicates that 

most of Cd is either sorbed on various solid phases or associated with carbonates and Fe-Mn 

oxides (Tessier et al., 1979 and Lin and Chen, 1996). Cd in the exchangeable fraction is the 

most labile hence it may be available for uptake by the resident biota. All the sites had more 

than 52.5% of Cd in the residual fraction with an exception of Mbegani with only 18.7% in 

the residual fraction and Chale which had below detection levels of Cd showing that for some 

sites, Cd was potentially bioavailable for uptake by organisms (as will be discussed latter).  

Cr association with different fractions in the Eastern African sediment samples followed this 

order of abundance: F4>F3>F2>F1. In this study, Cr was predominant found in the residual 
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fraction for all the sites. Study by Belzunce-Segarra et al., (1997) also reported that more Cr 

is found in the residual fraction than in the other fractions. Oxidizable fraction had 

considerably high amount of Cr than the other remaining mobilizable fractions (3.84-51.5% 

of the total metals). This finding is in agreement with the findings of Olazabal et al., (1997) 

who found out that small amounts of chromate in sediments usually is tightly bound to soil 

organic matter and iron oxide coatings on clay particles. 

Cu association with different fractions in the Eastern African sediment samples followed this 

order of abundance: F4> F2>F3>F1. A greater proportion of Cu was in the residual fraction 

in this study, this is consistent with the finding of Chester et al., (1988) who reported that 

much of the copper in sediments containing low concentrations of organic matter is in the 

residual fraction associated with the silicate lattice of clays. A considerate amount of the 

remainder Cu was also found in Fraction 2. This in agreement with Prohic and Kniewald, 

(1987) who found out that much of the remainder of the copper (apart from those in the 

residual fraction) in oxidized sediments were associated with the reducible iron and 

manganese oxides. 

Ni association with different fractions in the Eastern African sediment samples followed this 

order: F4>F3>F2>F1. Ni concentration was high in residual fraction, this can be explained by 

that Ni2+ has the highest field stabilization energy of the common divalent metals and thus 

has a high potential to be enriched in clay minerals (Bruemer et al., 1988). Most of non 

residual Ni was found to reside in fraction 3. This is different from the results of the study 

done by Luther et. al., (1986) who found out that in oxidized sediments, much of the 

potentially bioavailable Ni is complexed to iron and manganese oxides. Given the high levels 

of Ni associated with the organic matter in this study and the fact that Ni is weakly 

complexed to organic matter in surface sediments (Morse, 1995), Ni can readily exchange 
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with divalent cations in the water, releasing bioavailable Ni ion to the overlying water 

column becoming one of the most bioavailable element in this study. 

Zn association with different fractions in the Eastern African sediment samples showed the 

following order: F4>F2>F1>F3. Most of the Zn in sediments in this study (62.4-95.0%) was 

in the residual fraction, rendering it non-bioavailable. The residual Zn is associated with the 

mineral lattice of clays and with a variety of heavy minerals, including chromite, ilmenite, 

and magnetite (Loring, 1982). Much of the Zn (4.1-29.1% of the total) was found in fraction 

2 associated primarily with the reducible iron and manganese oxide fractions. The study by 

Shuman (1977) showed that Fe oxides adsorb considerable quantities of Zn and these oxides 

may also occlude Zn in the lattice structure. During transitions of oxidation/reduction 

potential in sediments, Zn may be released in soluble form into sediment pore water, from 

which it diffuses into the overlying water column where it becomes bioavailable. 

Al association with different fractions of Eastern African sediment samples followed this 

order in terms of abundance: F4>F3>F2>F1. Most of Al was in the residual fraction 

rendering it non bioavailable reducing the chances of it being incorporated into the 

organisms. The Al labile fraction (F1+ F2+F3) concentration for all the sites followed the 

trend of organic carbon with an extremely statistically significant (r=0.8488, p<0.01) 

correlation. Between 1.1-23.1% of the total sediments Al were in the labile fraction with 

much of this fraction being held in the reducible phase, which could be easily released into 

the overlying water when there are changes in environmental concentration especially 

changes in oxidation reduction potential reactions.  

Fractionation of Co in different operational phases followed the following trend 

F4>F3>F2>F1. Most of Co was present in residual fraction. However, high amounts of Co 

were more or less uniformly distributed in F1, F2 and F3 summing up to between 18.2-65% 
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of the total Co in the sediments. Sites such as KNP1, TNP1, KNP2 and KP2 had high 

concentration of Co in non residual fraction (65, 40, 47.6 and 35% of the total metals) 

respectively, indicating that Co could easily be mobilized into the water making it 

bioavailable depending on the environment conditions.  

Exchangeable and associated with carbonated phases (fraction 1) 

Low concentration of metals found in the exchangeable fraction for all sampling sites 

indicates that metals were not anthropogenically introduced into sediments. The abundance of 

metals such as Cd, Mn, Ni and Co in this fraction could be attributed to the ability of these 

metals to adsorb on sediments or on their essential components namely clays, Fe and Mn 

hydrated oxides. Changes in water ionic strength (Tessier et al., 1979) and pH (Thomas et al., 

1994) (which occurs regularly) in near shore ecosystems could result into release of these 

elements into the overlying water. This makes metals in this fraction to be the most mobile 

(Table 4) and readily available for biological uptake in the environment. Statistically 

significant positive correlation between Ni and Co, Zn and Cd, Zn and Co and Zn and Ni 

(Appendix 8b) suggests that these elements could have been from the same source and 

transported together. 

Table 4.  Relative mobility and availability of trace metals (modified from Salomons, 1995) 
 
Metals and association Mobility 

Exchangeable and associated with 

carbonated phases 

High. Changes in major cationic composition (e.g. estuarine 

environment may cause a release due to ion exchange 

Metals associated with Fe-Mn oxides Medium. Changes in redox conditions may cause mobilization 

Metals associated with organic matter Medium/ high. Follows the trend of decomposition/oxidation of 

organic matter 

Metals fixed in crystalline phase 

(residual fraction) 

Low. Only available after weathering  
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Reducible fraction or fraction associated with Fe and Mn oxides  

In this study, reducible fraction was an important fraction among the labile fractions. This is 

in agreement with the findings of Gibbs, (1977) that Fe and Mn oxides (the reducible phase 

of the sediments) under oxidizing conditions, constitutes a significant sink for heavy metals 

in the aquatic system. The most dominant metals in this fraction were Cu, Zn, Fe and Cd. The 

speciation pattern in this fraction irrespective of the site followed the order 

Cu>Zn>Fe>Cd>Co>Al>Mn>Cr>and Ni.  Relatively higher concentration of elements such 

as Cu, Zn, and Fe (than in the other non residual fractions) associated with this fraction are 

caused by the adsorption of these metals by the Fe-Mn colloids (Jenne, 1968). This is evident 

from positive relationships between these metal and Fe and/or Mn with statistically 

significant correlations existing between Cu and Mn.  These results illustrate the known 

ability of Fe-Mn oxides to scavenge trace metals from solution through processes such as 

adsorption and co-precipitation (Lim and Kiu, 1995). Site to site variation in the 

concentration of metals in this fraction could be attributed to the fact that this phase 

accumulates metals from the aqueous system by the mechanisms of adsorption and co-

precipitation which are very sensitive to change in redox potential and the expected minor 

site to site variations may greatly affect the relative amounts within this fraction. 

Strong statistically positive correlations between some elements in this fraction (Appendix 

8b) suggest that these elements could have been from the same source and transported 

together. The mobility of metals in this fraction are medium to high depending on changes in 

environmental conditions such as sediments redox potential (Table 4). This fraction was 

found in this study to carry significant amount of metals and as such there exists potential 

danger of substantial amount of metals becoming chemically mobile with changes in the 

environmental conditions (Papadopoulos et al., 1997).  
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Oxidizable fraction or bound to organic matter  

The oxidizable fraction was found in this study to be a significant scavenger for heavy 

metals, particularly Al, Co, Cr and Ni and as such determines the behavior of trace elements 

in the sediments. This is in agreement with the finding of Förstner and Wittmann, (1983) that 

organic matter plays an important role in the distribution and dispersion of heavy metals in 

the environment by mechanisms such as chelation and cation exchange. Perin et al., (1997) 

also indicated that the organic matter was most important in regulating the amount of free or 

bioavailable metals in the sediment thus influences the metal exchange between the biota, 

water and sediments.  

Strong statistically positive correlations between some elements in this fraction (Appendix 

8b) suggest that these elements could have been from the same source and transported 

together. Metals in this fraction are not considered very mobile or available (Table 4) since 

they are thought to be associated with stable high molecular weight humic substances that 

release only small amounts of metals in a slow fashion (Miragaya and Sosa, 1994).  

Residual fraction 

The results of this study indicate that in all of the sites, more than 55% of most total metals 

were occluded in the residual fractions. These metals are retained within the crystal lattice of 

minerals and well crystallized oxides thus considered to be immobile (Tessier et al., 1979; 

Miragaya and Sosa, 1994). As reported by Gibbs, (1977) absolute concentrations of metals 

within this fraction are not affected by anthropogenic inputs indicating that Eastern African 

coast sediments’ bound metals are of natural geochemical origin and their concentration in 

the crystalline fraction is largely controlled by the mineralogy of the parent material and the 

extent of weathering. Almost all the elements showed either significant or highly significant 

strong positive correlation with each other (Appendix 8b) further confirming the same 

originality (natural origin) of these elements. Sampling site variations of metal contents in 



Discussion 

 
Bioavailability of E.A Coast Sediments Bound Heavy Metals and their Trophic Transfer 59

this fraction could probably be due to the variation in grain size and mineralogy of the 

sediments.  

Labile fraction 

When considering the mobilized (labile) fractions (F1+ F2 + F3) with all the sites pooled 

together, Cd and Mn were the most abundant elements in the exchangeable fraction thus 

probably the most mobile. Despite the fact that Gazi was considered in this study to be a 

relatively pristine site with very low levels of total metals (than the other sites), a substantial 

amount (41.9- 65% of the total) most of elements (Al, Cd, Co and Mn) in this site were in the 

mobilized fraction. For the other sites, KNP2 (Co, Cr), TNP1 (Cd, Co, Cr, Ni) and TP1 (Cu) 

had a substantial amount (>40%) of these element in the labile fraction. As stated by 

Fernandes, (1997) the occurrence of metals in more easily leached phases would characterize 

samples collected at polluted sites. This could be true for TNP1 and TP1 since the possibility 

of these sites being polluted are evident from the amount of metals in total destruction. The 

case of Gazi is actually unique due to very low levels of total extractible metals. This maybe 

attributed to naturally occurring process such as weathering and the elemental composition of 

the parent rock and particles grain size.  

Bioavailability of metals in Biota 

The relationship between bioavailability and metal concentrations in the biota in this study 

will be discussed in two parts. The first part for both floral and faunal will discuss a 

comparison between polluted and relatively unpolluted sites in which the focus will be on 

organisms from Gazi and Mikindani (Table 2). Since this study aims at investigating 

bioavailability on a regional scale (Eastern African region), the second part of the discussion 

will focus mainly on species that were found in three or more sampling locations. These 
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organisms includes U. lactuca, Sargassum spp., Uca spp., T. palustris, S. cucullata and 

Strombus spp. Full listing of organisms used in this of the study is shown in appendix (11).  

Bioavailable metals in marine plants  

Essential metals (Fe, Mn, and Zn) were the most abundant in terms of concentrations in 

plants tissues (Figure 4) from Mikindani and Gazi. This could be due to the important 

functions that these metals play in the enzymatic function of these plants. Metals 

concentration in plants from the polluted site (Mikindani) were higher than for those from a 

relatively pristine site (Gazi), proving that the bioaccumulation of metals by marine plants is 

highly dependent on the environmental concentration of metals. Metals concentration in all 

the species showed statistically significant correlations with total metals in sediments, water 

and EDTA extractible metals as well as with the labile fraction from sequential extraction. 

Correlation of the tissue burden and the residual fractions were also statistically significant 

high (Table 5).  

Table 5. Correlation matrix of marine plants tissue metals concentration and the field exposure metal 

concentration (estimated by different extraction procedures) N=9 

Extraction method Sargassum  1 Sargassum  2 Thalassodendron Ulva 

Total 0.9893** 0.9843** 0.9490** 0.9676** 

Labile  0.9809** 0.9822** 0.9386** 0.9816** 

EDTA 0.9838** 0.9920** 0.9591** 0.8871** 

Water 0.8934** 0.9303** 0.9206** 0.7435* 
_____________________________________ 
*    Statistically significant (p<0.05) 
** Extremely statistically significant (p<0.01) 

Statistically significant correlations existed between Sargassum spp. Mn tissue concentration 

and total metal, EDTA extractible and labile fractions suggesting that these extraction 

methods can be used to estimate bioavailable Mn to Sargassum spp. In general, tissue metal 

concentrations of Sargassum spp. showed better relationship with EDTA extractible metals 

than with other extractible metals (Figure 16 and Appendix 10).  
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Tissue elements concentrations
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Figure 16. Relationship between Sargassum spp. metals tissue concentration and environmental 

concentrations estimated by different extraction procedures  

 
Ulva lactuca tissues metals concentration showed good relationships with most of the 

extractible metals. However, statistically significant correlations existed for only EDTA 

extractible Cu and Labile Al and Fe (Appendix 10). Therefore, for these three metals, EDTA 

extractible and labile fractions can be used to predict their bioavailability to Ulva lactuca.  

 Water extractible Labile fraction Total  EDTA extractible



Discussion 

 
Bioavailability of E.A Coast Sediments Bound Heavy Metals and their Trophic Transfer 62

Al

1.6 2.0 2.4 2.8 3.2
-0.5

0.5

1.5

2.5

3.5

4.5
Cd

0.00 0.08 0.16 0.24 0.32
-0.01

0.01

0.03

0.05

0.07

0.09
Co

0.0 0.2 0.4 0.6 0.8 1.0 1.2
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Cr

0.3 0.4 0.5 0.6 0.7 0.8
-0.2

0.2

0.6

1.0

1.4

1.8
Cu

0.75 0.90 1.05 1.20
-0.2

0.2

0.6

1.0

1.4

Fe

2.0 2.4 2.8 3.2 3.6
0

1

2

3

4

5

Mn

1.0 1.4 1.8 2.2 2.6
0.0

0.4

0.8

1.2

1.6

2.0

2.4

2.8
Ni

0.55 0.65 0.75 0.85 0.95
-0.2

0.2

0.6

1.0

1.4

Zn

1.26 1.34 1.42 1.50
-0.2

0.2

0.6

1.0

1.4

1.8

2.2

 
 

 

Figure 17. Relationships between U. lactuca tissue metals concentration and the field exposure metal 

concentration estimated by different extraction procedures 

 
Based on the relationships in metal concentrations in Ulva and Sargassum with various 

extractible fractions (Figure 16 and 17, Table 15), it was evident that Al, Co, Cu, Mn, Fe, Ni, 

and Zn showed stronger correlations with the sequential extraction labile fraction as 

compared to the metals in the other extractible fraction. But in the case of Cr and Cd, tissue 

concentrations were best correlated with water extractible metals. This shows that in our 

study area bioaccumulated metals were generally not dependent on the total amount of metals 

in the sediment but on the labile or water extractible fractions, which are in most cases the 

fractions that represent bioavailable fractions depending on the environmental conditions. 

When metal concentrations in all species were collectively correlated with water extractable 

and labile fractions, the results showed positive correlations (Figure 18 and Table 7).  

 Water extractible Labile fraction Total  EDTA extractible
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Table 6. Correlation of plants tissue elements concentration with the most appropriate extractible 

fraction  

Element N r 
Labile   

Al 23 0.4782* 
Co 25 0.4004* 
Cu 25 0.4833* 
Mn 25 0.4908* 
Fe 25 0.4253* 
Ni 25 0.1802 
Zn 25 0.5692** 

Water extraction   
Cr 25 0.7585** 
Cd 25 0.4354* 

______________________________________ 
*    Statistically significant (p<0.05) 
** Extremely statistically significant (p<0.01) 
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Figure 18. Relationship between elements concentration in pooled plants tissue and extractible metals 

estimated by the best extraction methods 

Statistically significant positive correlations observed between tissue concentrations in plants 

and those in the water and sequential extracts, demonstrates that these extraction methods can 

be used as a measure of metal bioavailability in our study area. Other studies have also shown 
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clear relationships between concentrations in seaweed and those found in the ambient 

environment (i.e. Morris and Bale 1975). 

Bioavailable metals in faunal organisms  

In Gazi, oysters had the highest tissue concentration for all the metals expect Cu. Organisms 

in Gazi had in general higher tissue concentration of Cd and Mn. This could be attributed to 

the elevated levels of these elements in bioavailable fraction in Gazi. Uca spp. had the 

highest tissue concentration of Cu. Most organisms from Mikindani had higher metals 

concentration for most metals except Cd as compared to their counterparts from Gazi.  

Tissue Elements concentration

E
xt

ra
ct

ib
le

 m
et

al
s

Cd

0.3 0.5 0.7 0.9 1.1
-0.005

0.005

0.015

0.025

0.035

0.045

Co

0.20 0.22 0.24 0.26 0.28
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Cu

0.8 1.0 1.2 1.4 1.6 1.8 2.0
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

Mn

1.5 1.6 1.7 1.8 1.9
-0.2

0.2

0.6

1.0

1.4

1.8

2.2

2.6

Ni

0.30 0.34 0.38 0.42 0.46 0.50
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

Zn

2.84 2.90 2.96 3.02 3.08
-0.2

0.2

0.6

1.0

1.4

1.8

2.2

 
 

Figure 19. Relationship between elements concentration in S. cucullata tissue and extractible metals 

estimated by various extraction methods 

Generally, metal concentrations in organisms correlated with those found in the environment 

particularly with the EDTA extractible fraction. Relationships between tissue concentrations 

 Water extractible Labile fraction Total  EDTA extractible



Discussion 

 
Bioavailability of E.A Coast Sediments Bound Heavy Metals and their Trophic Transfer 65

in animals and extractible metals (Figure 19-22 and Appendix 9a) showed Cd in S. cucullata 

to be significantly correlated with both total and labile Cd. This could be an indication that 

total and labile extractable metals can be used to estimate the bioavailable Cd for these 

animals.  When all species were collectively correlated with extractable metals (Figure 23, 

Table 7) metals like Co, Mn, Ni and Zn best correlated with the metals concentrations in 

EDTA extracts. This demonstrates that EDTA extracts are better in estimating the 

bioavailability of these metals to marine fauna in general. In the case of Cd, the best predictor 

appeared to be metals extracted using sequential extraction procedure.  
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Figure 20. Relationship between elements concentration in Strombers spp.  tissue and extractible metals 

estimated by various extraction methods 

Generally, most metals in marine fauna showed better correlations to either labile and EDTA 

extractible fraction and not with total metals in the sediments, further confirming the fact that 

 Water extractible Labile fraction Total  EDTA extractible
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not all the metals in the sediments are always bioavailable for uptake by the marine 

organisms.  

Table 7. Correlation between concentration of elements in E.A animals’ tissue and the extractible metals 

concentration estimated by the best extraction procedure. 

Element N Extraction method r 
Cd 157 Labile 0.2511** 

Co 157 Water extractible 0.3087** 

Cu 157 Total extractible -0.1130 

Mn 157 EDTA extractible -0.3952** 

Ni 157 EDTA extractible -0.5014** 

Zn 94 EDTA extractible 0.2801** 
______________________________________ 
*    Statistically significant (p<0.05) 
** Extremely statistically significant (p<0.01) 
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Figure 21. Relationship between elements concentration in Terebralia palustris tissue and extractible 

metals estimated by various extraction methods 

 

 Water extractible Labile fraction Total  EDTA extractible
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Figure 22. Relationship between elements in Uca spp. tissue and extractible metals estimated by various 

extraction methods 

Most elements concentrations in the tissue of faunal organisms showed statistically 

significant correlations to either labile or EDTA extractible fraction and not with total metals 

further confirming the fact that not all the metals in the sediments are always bioavailable for 

uptake by the marine organisms.  

 Water extractible Labile fraction Total  EDTA extractible



Discussion 

 
Bioavailability of E.A Coast Sediments Bound Heavy Metals and their Trophic Transfer 68

Extratible metals concentration

A
ni

m
al

s t
is

su
e 

m
et

al
s c

on
ce

nt
ra

tio
n

Cd

0.000 0.004 0.008 0.012 0.016 0.020 0.024 0.028

Labile fraction

-0.2

0.4

1.0

1.6

Mn

0.0 0.2 0.4 0.6 0.8

Water extractible

0.0

0.6

1.2

1.8

2.4

Co

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

Total extratible metals

-0.2

0.4

1.0

1.6

Ni

0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32

EDTA extractible

-0.5

0.5

1.5

2.5

Cu

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

EDTA extractible

0.0

0.6

1.2

1.8

2.4

3.0

Zn

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

EDTA extractible

0.8

1.4

2.0

2.6

3.2

 
Figure 23. Relationship between elements concentration in pooled animals tissue and extractible metals 

estimated by the best extraction methods. 

Bioconcentration factors 

As previously discussed, sequential extraction labile fraction has been found to provide better 

estimate of bioavailable metals to plants and animals.  In this study, therefore, instead of 

using total sediment elements concentrations to estimate BCF for organisms, labile fraction 

of sequential extraction was used. This approach provides a more realistic estimate of BCF 

since it is based on the most relevant (bioavailable) metal fractions in the environment. U. 

lactuca appeared to be the best indicator of metal concentrations in the environments among 

plants studied. This is based on statistically significant correlation of its tissue metals and 

most of metals in the extracts as compared to the other plants (Appendix 10). This finding is 

consistent with other studies (i.e. Talbot and Chegwidden, 1982).  
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Table 8. BCF of various marine plants from Gazi and Mikindani 

Organism Al Cd Co Cr Cu Fe Mn Ni Zn 
Gazi          

Sargassum  1 4.3 23.9 16.7 8.3 8 5.5 7.4 14.2 11.5 
Sargassum  2 4.8 90.1 15.4 6.5 6.1 4.9 14.1 9.3 4.9 
Thalassodendron 1.7 74.8 8.4 5 6.5 1.5 22 9.6 6.3 

Mikindani          
Ulva lactuca 0.7 4.1 2.8 1 2.3 1.3 3.7 0.9 1.2 

Table 9. Bioconcentration factors of animals from Gazi and Mikindani 

Organism Cd Co Cu Mn Ni Zn 
Gazi       

S. cucullata 1059.3 12.9 23.5 37 10.3 576.8 
Uca spp 19.9 3.8 226.3 7.4 9.5 92.2 
Telebralia 85.8 5.5 112.9 32 8.3 82.6 

Mikindani       
M. milloti 0.03 3.3 5.93 97.29 7.57 28.43 
O. angasi 0.08 0.3 3.24 0.91 0.33 1.64 
S. cucullata 23.8 0.2 1.3 0.5 0.2 95.9 
Penaeus 52.2 0.3 7.4 0.4 0.1 40.2 
Terebralia 0.68 0.06 4.1 0.13 0.03 1.61 

In terms of BCF at Gazi (unpolluted location) and Mikindani (polluted), the results showed 

generally higher BCF at Gazi compared to Mikindani. The most interesting examples is that 

of S. cucullata with BCF of 1059 and 578.8 for Cd and Zn respectively in Gazi and 23.8 and 

95.9 respectively in Mikindani (Table 9). Comparatively, M. milloti had the highest BCF for 

most of the element as compared to other animals. This is probably in part due to the fact that 

these organisms are the most associated with the sediments. However, another species closely 

associated with sediments, O. angasi, showed relatively low BCF for most metals except Cu. 

This demonstrates the role of other factors such as feeding ecology and differences in general 

biology among organisms in influencing bioconcentration of metals. 

Trophic transfer of metals 
Table 10. Heavy metals trophic transfer factors in EA marine ecosystem. 

Trophic level Group of organisms Cd Co Cu Mn Ni Zn 

2 Crustaceans 4.9 0.23 3.79 0.22 0.32 20.43 

3 Molluscs 0.62 7.48 1.86 1.11 20.27 0.38 

4 Fish 0 0.26 0.02 0.51 0.28 0.22 
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There was a high trophic transfer of Cd, Cu and Zn from marine plants to crustaceans (Table 

10). This could be probably because metals such as Cd and Zn tend to associate with proteins 

and as such have a much higher uptake rate than metals that are not sulfur seeking, thus 

facilitated transport by binding with protein ligands could be important in the transport of 

these metals. Similarly, Bryan (1969) proposed that Zn in the brown alga was probably bound 

to some soluble substances such as proteins inside the cell. 

Low TTF of some metals such as Co, Mn and Ni in crustaceans could probably be because of 

the ability of some of the organisms to regulate the amount of these metals in their tissues. 

This is consistent with findings of Rainbow, (1988) that crab species often regulate their 

tissue concentrations of particular trace elements such as Mn. The biodiminution of copper up 

the trophic transfer could be because copper is an essential element in marine species and is 

thought to be strictly regulated in muscle tissue (Phillips, 1980).  

High levels of some metals in the level of molluscs could be because the elimination constant 

(ke) in marine gastropods is rather low compared to other invertebrates leading to high metal 

concentration in these animals (Wang and Ke, 2002). Co, Mn and Ni showed increased 

biotransference factors from crustaceans to mollusc and declined in the trophic level of fish, 

this is consistent with the findings of Dallinger and Kautzky, (1985b) that both 

bioconcentration and biotransference factors can  increase along a given food chain up to the 

level of the organisms on which the fish species feed. Bernhard and Andreae, (1984) also 

reported that at the trophic level of fish, TTF are usually reported to decrease again. Possible 

explanations they gave to these observations were that heavy metals are more available to 

organism of lower trophic levels than to those of higher trophic levels. Tarifeno-Silva et al., 

1982 also suggested that fish seem to be able to reject large amounts of the heavy metals 

ingested. Increasing food web complexity may have also introduced more variables into the 

chances of biomagnification. This is mainly caused by the complexity of metal-handling 
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strategies in different groups of marine organisms. Amiard-Triquet et al., (1993) highlighted 

the control of metal binding with insoluble ligands as affecting their availability to the 

predators.  

The findings that bioconcentration and biotransference factors decrease at the level of the 

fish, however, should not call for merrymaking from perception that the organisms at the 

higher trophic levels after fish could be safe. This is because most heavy metals are effective 

at very low concentrations, so even low assimilation rates (reflected by small transfer factors) 

are sufficient to attain biologically significant or harmful concentrations in tissues (Segner 

and Back, 1985). As stated by Eisler et al., (1972) even if biomagnification is not observed, 

or bioconcentration factors are small, the amount of metal transferred via food can be high 

enough to reach harmful levels in the tissues of aquatic animals, endangering the animals 

themselves as well as possible predators or consumers. Depending on fish habitat preferences 

or specialized food requirements, it may be endangered in such situations.  

The values of bioconcentration and biotransference factors are known to change according to 

the environmental medium or food type chosen as reference. This presented a major problem 

in this study in which primary source of metals and their pathways through food chains were 

not clearly known. But in general terms (based on the general grouping of organisms and not 

who eats who) this study has proved that there is indeed trophic transfer of some metals up to 

one level below the level of fish. However, these bioconcentration and trophic transfer factors 

express, in these cases, fictive magnitudes. They are, moreover, inappropriate variables for 

considering and estimating harmful levels of a given metal within the tissues of a fish. 

Improved understanding of the biology of various organisms under consideration could assist 

in better understanding and interpretation of trophic transfer of metals results.  
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Chapter 6: Conclusions and Recommendations 

♦ From this study, it was evident (as was expected) that the least amounts of metals were 

extracted by water extraction method, followed by EDTA extraction and most extractable 

metals were obtained sequential extractions.  

♦ There was generally a weak evidence for clear correlations between either water or 

EDTA extractable metals with concentrations obtained in the biota. This lack of direct 

relationships between extracted and tissue metal concentrations is consistent with our 

hypothesis that the unexpectedly high concentrations of total metals observed for some 

metals (even at remote locations), may be from natural sources rather than industrial 

pollution and therefore it is strongly bound to the parent particles, consequently these 

metals are less bioavailable to the biota.   

♦ With regard to sequential extractions, the study observed that Cd and Mn appeared to be 

less strongly bound to the sediments than other elements. It may be that these metals are 

of anthropogenic origin. 

♦ In general the study showed that most metals in the sediments from all the study locations 

were more associated with the residual phase especially for Fe, Al and Ni.  

♦ Oxidizable and reducible phases were the most important non-residual phases in this 

study. The oxidizable phase was found to be an efficient scavenger of heavy metals in this 

study while the exchangeable and carbonated fractions had relatively less metal 

scavenging capability. The low percentage of most metals heavy metals in the 

exchangeable fraction suggests poor bioavailability of metals in this environment. 

♦ However, it is important to note that between (19 - 49% of the total extractible metals) of 

most of the metals were found in labile (non residual) fractions of the sediment from all 

the sites. It is well known that these metal fractions have the potential of being released 
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into the environment provided the environmental conditions are conducive such as pH, 

redox potential or presence of natural and synthetic chelators (Lim and Kiu, 1995) or 

interaction with micro-organisms.  

♦ Based on enrichment factors and the relatively high levels of metals extracted in the first 

phase of the sequential extractions at two locations TNP1 and KNP1, which were initially 

thought to be unpolluted, seem to suggest that these locations may actually not be as 

pristine as earlier thought. In any case these locations are not too far away from the big 

cities of Mombasa and Dar es salaam. 

♦ In general, also as reported elsewhere (i.e. Hung et al., 1993), this study has shown results 

that confirms that sequential extraction results can be used to distinguish between 

anthropogenic and geochemical sources. Therefore, based on the extractable metal 

fractions, it can be concluded that the sediments from East Africa were relatively 

unpolluted. 

♦ In terms of trophic differences in metal concentrations, the study showed evidence for 

increasing concentrations of metals with increasing trophic level, possible indication of 

the so-called bio-magnification. Suggesting that for higher placed organisms, the sources 

of metal uptake may include food items. However, the study also showed inter-species 

differences even within a single trophic level. This means that the use of factors such as 

BCF or TTF in policy setting and risk assessment, showed take into account species 

differences.  
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Appendices 

Appendix 1a.  Indicative values for the content of various extractable metals (mean±S.D. in µg g-1) in Ulva 

lactuca Reference material- CRM 279 

Element This work Certified values Recovery (%) 
Al 739±135 NCa NCa 
Cd 0.3±0.0 0.274±0.022 94.6 
Co 2.1±0.1 NCa NCa 
Cr 4.3±1.0 10.7b NCa 
Cu 14.2±0.6 13.14±0.37 108.3 
Fe 1933±192 NCa NCa 
Mn 1848±55 209b 88.3 
Ni 13.0±1.0 NCa NCa 
Zn 51.0±8.0 51.3±1.2 99.1 

 
______________________________ 

a Not certified. 
b Indicative values 

Appendix 1b.  Indicative values for the content of various extractable metals (mean±S.D. in µg g-1) in 

VMK and 278A Reference materials 

VMK 278A Element 
This study Certified value Recovery This study Certified value Recovery

Cd 3.07±1.49 2.9 104.9 0.42±0.03 0.3 120.1 
Co 2.86±1.43 NCa - 1.45±0.5 NCa - 
Cu 9.52±1.03 10.25 92.8 9.83±0.85 9.5 104 
Mn 4.91±1.18 4.7 104.6 9.81±1.1 7.69 127.5 
Ni 19.9±9.05 NCa - 15.43±6.43 NCa - 
Zn 105.5±25.5 114.5 92.1 87.4±8.52 81.30 107.4 

______________________________ 

a Not certified. 

Appendix 1c. Indicative values for the content of various extractable metals (mean±S.D. in µg g-1) in 

Sewage sludge amended soil Reference material- CRM 483 

Element This work Certified values Recovery (%) 
Al 196.7±16.5 NCa NCa 
Cd 18.2±0.8 24.3±1.3 75 
Co 1.2±0.08 NCa NCa 
Cr 22.5±3.2 28.6±2.6 79 
Cu 162.3±11. 215±11 75 
Fe 1624.7±51.3 NCa NCa 
Mn 127.1±6.5 NCa NCa 
Ni 23.9±1.5 28.7±1.7 83 
Zn ORb 612±19 NCa 

 
______________________________ 

a Not certified. 
b Over range 
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Appendix 1d. Indicative values for the content of various extractable metals (mean±S.D. in µg g-1) in 

Calcareous loam soil Reference material- CRM 141R. 

Element This work Certified values Recovery (%) 
Al 12670.1±4564 NCa - 
Cd 15.2±0.9 14.6±0.5 104.4 
Co 10±0.8 10.5±0.4 95.1 
Cr 137.9±13.1 195±7 70.7 
Cu 46.5±3.2 46.4±1.8 100.2 
Fe 18850.6±3088.6 NCa NCa 
Mn 733.8±44.4 683±16 107.4 
Ni 105.8±7.1 103±3 102.7 
Zn 282.6±22.2 283±5 99.8 

__________________________ 
a  Not certified. 

Appendix 1e. Indicative values for the content of various extractable metals (mean±S.D. in µg g-1) in 

Freshwater sediments reference material- BCR 701 

F1(exchangeable fraction) F2 (reducible fraction) F3 (oxidizable fraction) 
Certified RECc Certified RECc Certified RECc 

Metal 
This work 

value (%) 

This work 

value (%) 

This work 

value (%) 

Al 184.9±25.0 NCa  - 3272±153 NCa  - 1085±16 NCa  - 

Cd 7.66±0.05 7.34±0.45 104.7 3.03±0.07 3.77±0.28 80.4 0.22±0.01 0.27±0.06 82.8 

Co 1.88±0.04 NCa - 2.84±0.13 NCa - 1.72±0.02 NCa - 

Cr 2.19±0.02 2.26±0.16 96.8 41.85±2.25 45.7±2 91.6 131.5±3.1 143±7 91.9 
Cu 48.58±0.4 49.3±1.7 98.5 114.3±5.0 124±3 92.2 48.2±1.64 55.2±4 87.3 

Fe 44.78±5.03 NCa - 4661±234 NCa - 755.7±10.9 NCa - 

Mn 192.6±2.7 NCa -  NCa - 25±0.56 NCa - 

Ni 14.89±0.34 15.4±0.9 96.7 24.21±1.17 26.6±1.3 91 14.8±0.11 15.3±0.9 96.7 
Zn ORb 205±6  - ORb 114±5   37.54±0.9 45.7±4 82.1 

__________________________ 
a  Not certified. 
b Over the range 

Appendix 2. Grain size distribution (%) of sediments from different sites along the Eastern African Coast 

Percentage by volume Particles size 
class 

Size range 
 (µm) TNP1 TP1 KNP2 KP2 KNP1 KP1 ENP1 EP1 

Clay  < 4 14.03 11.89 3.89 15.52 1.37 24.61 1.29 6.37 

Silt  4 - 63 52.5 30.83 19.5 26.39 8.83 50.85 1.7 27.86 

Fine Sand 63 - 250 19.03 24.34 40.49 30.51 42.59 24.01 59.66 57.33 

Medium Sand  250 - 500 11.93 25.82 24.97 25.96 32.97 0.53 36.58 7.88 

Coarse Sand  500 - 1000 2.51 7.12 11.15 1.62 14.24 0.00 0.77 0.56 
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Appendix 3. Concentration of heavy metals (mean±S.D. in µg g-1) in water soluble and residual fractions 

compared to total metals of sediments from selected locations in EA 

Appendix 3a. 
Chale Gazi 

Water extraction Water extraction 
Metal 

Water soluble Residual 
Total metals 

Water soluble Residual 
Total metals 

Al 0.116 3296 3296.3 0.584 334.4 335 
Cd BDLa BDLa BDLa 0.000 0.027 0.027 
Co 0.003 0.497 0.5 0.003 0.069 0.072 
Cr 0.025 9.551 9.576 0.020 1.555 1.576 
Cu 0.001 2.187 2.188 BDLa BDLa BDLa 
Fe 1.256 2786 2788 1.311 637.3 638.56 
Mn 1.131 19.54 20.67 0.486 4.138 4.62 
Ni 0.010 6.296 6.306 0.008 0.749 0.757 
Zn 0.003 11.35 11.35 0.005 3.816 3.821 
_____________________________ 

a Below detection limit 

Appendix 3b. 

Metal Gurgussum Mbegani 
 Water extraction Water extraction 
 Water soluble Residual  

Total metals 
Water soluble Residual 

Total metals 

Al 0.0046 10311 10311 0.015 8085 8085 
Cd 0.000 0.031 0.031 0.000 0.031 0.031 
Co 0.003 10.17 10.17 0.025 2.556 2.581 
Cr 0.019 32.68 32.7 0.032 25.67 25.7 
Cu 0.001 14.35 14.35 0.002 5.416 5.418 
Fe 0.873 14031 14032 2.724 8711 8714 
Mn 0.242 552.1 552.3 5.375 29.1 34.48 
Ni 0.005 29.16 29.16 0.015 12.54 12.56 
Zn 0.002 39.26 39.26 0.026 24.18 24.21 
 
Appendix 3c. 

Mikindani Msimbazi 
Water extraction Water extraction 

Metals 

Water soluble Residual  
Total metals 

Water soluble Residual 
Total metals 

Al 0.036 10129 10129 0.012 6838 6838 
Cd 0.000 0.090 0.090 0.000 0.212 0.212 
Co 0.010 11.85 11.86 0.025 7.22 7.245 
Cr 0.028 37.95 37.97 0.010 17.64 17.67 
Cu 0.001 23.09 23.09 0.002 20.48 20.48 
Fe 1.305 22012 22013 2.643 11985 11987 
Mn 0.820 248.0 248.9 5.382 180.2 185.6 
Ni 0.012 21.51 21.52 0.015 14.97 14.99 
Zn 0.011 94.37 94.38 0.020 106.9 106.9 
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Appendix 3d. 

Mtwapa Port Area 
Water extraction Water extraction 

Metal 

Water soluble Residual  
Total metals 

Water soluble Residual 
Total metals 

Al 0.001 7473 7473 0.010 11330 11330 
Cd 0.000 0.096 0.096 0.000 0.046 0.046 
Co 0.002 8.918 8.92 0.004 8.224 8.228 
Cr 0.031 37.20 37.24 0.060 35.04 35.10 
Cu 0.001 20.68 20.68 0.001 20.08 20.08 
Fe 1.409 15002 15003 0.944 14580 14581 
Mn 0.146 150.3 150.5 0.623 257. 9 258.5 
Ni 0.008 14.56 14.56 0.009 29.64 29.64 
Zn 0.003 80.52 80.52 0.010 74.35 74.36 
 
 
Appendix 4. Concentration of heavy metals (mean±S.D. in µg g-1) in EDTA soluble and residual fractions 

compared to total metal content of sediments from selected locations in Eastern Africa 

Appendix 4a 

Chale Gazi 
EDTA Extraction EDTA Extraction 

Metal 

EDTA soluble Residual 

Total 

EDTA soluble Residual 

Total 

Al 129.4±10.8 3167±123 3296±744 52.11±10.77 282.8±10.77 335.0±21.7 
Cd BDLa BDLa BDLa 0.011±0.001 0.016±0.001 0.027±0.012 
Co 0.077±0.002  0.423±0.010 0.500±0.032 0.028±0.002 0.044±0.002 0.072±0.023 
Cr 0.227 ±0.031  9.349±0.157 9.576±1.278 0.138±0.031 1.438±0.031 1.576±0.255 
Cu 0.365±0.012 1.823±0.026 2.188±2.321 BDLa BDLa BDLa 
Fe 129.6±3.7 2658±35 2787±337 77.25±3.68 561.3±3.7 638.6±8.6 
Mn 8.547±0.110 12.12±0.67 20.67±2.76 2.520±0.110 2.103±0.110 4.623±0.083 
Ni 0.328±0.007 5.978±0.042 6.306±6.033 0.163±0.007 0.593±0.007 0.757±0.267 
Zn 0.683±0.089 10.67±0.16 11.35±3.66 1.020±0.089 2.801±0.089 3.822±1.837 
_____________________________ 

a Below detection limit 

Appendix 4b 

Gurgussum Mbegani 
EDTA Extraction EDTA Extraction 

Metal 

EDTA soluble Residual 

Total 

EDTA soluble Residual 

Total 

Al 10.18±1.43 10301±1 10311±378 305.2±106.0 7780±105 8085±352 

Cd 0.010±0.001 0.021±0.001 0.031±0.004 0.031±0.001 0.001±0.001 0.031±0.028 
Co 0.150±0.012 10.02±0.01 10.17±0.62 0.184±0.024 2.397±0.024 2.581±0.163 
Cr 0.181±0.035 32.52±0.04 32.70±1.52 0.848±0.168 24.85±0.17 25.70±1.45 
Cu 0.176±0.016 14.17±0.02 14.35±0.96 1.246±0.022 4.172±0.022 5.418±1.349 
Fe 89.91±5.47 13942±6 14032±488 1092±106 7621±106 8714±295 
Mn 165.2±9.2 387.1±9.2 552.3±3.7 10.49±0.60 23.99±0.6 34.48±1.31 
Ni 0.173±0.010 28.99±0.01 29.16±1.42 0.812±0.095 11.74±0.10 12.56±4.97 
Zn 0.367±0.297 38.89±0.30 39.26±8.29 2.109±0.128 22.10±0.13 24.21±5.83 
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Appendix 4c. 

Mikindani      Msimbazi 

EDTA Extraction  Total EDTA Extraction 

Metal 

EDTA soluble Residual   EDTA soluble Residual 

Total 

Al 6.952±3.732 10122±4 10129±2091 33.13±2.86 6805±2.9 6838±7251 

Cd 0.024±0.001 0.066±0.001 0.090±0.014 0.080±0.014 0.132±0.014 0.212±0.106 

Co 1.183±0.019 10.68±0.02 11.86±1.10 1.063±0.019 6.182±0.018 7.245±6.288 

Cr 0.070±0.035 37.90±0.04 37.97±27.95 0.210±0.042 17.46±0.04 17.67±12.10 

Cu 4.024±0.165 19.07±0.17 23.09±5.11 5.530±0.157 14.95±0.16 20.48±9.19 

Fe 446.1±20.1 21567±20 22014±2723 381.5±19.6 11606±20 11987±14992 

Mn 62.55±1.25 186.3±1.3 248.9±66.9 61.21±2.25 124.4±2.3 185.6±153.8 

Ni 1.135±0.028 20.39±0.03 21.52±2.47 0.939±0.035 14.05±0.04 14.99±13.65 

Zn ORb ORb 94.38±21.40 ORb ORb 106.9±43.5 

__________________________ 

b Over the range 

Appendix 4d. 

Mtwapa Port Area 
EDTA Extraction EDTA Extraction 

Metal 

EDTA soluble Residual 
Total 

EDTA soluble Residual 
Total 

Al 67.04±6.21 7406±6 7473±3422 12.32±0.72 11318±1 11330±1085 
Cd 0.037±0.003 0.059±0.002 0.096±0.053 0.021±0.001 0.025±0.001 0.046±0.007 
Co 1.185±0.099 7.736±0.099 8.920±3.650 0.141±0.008 8.088±0.008 8.23±0.853 
Cr 0.075±0.057 37.16±0.06 37.24±20.01 0.171±0.025 34.93±0.03 35.10±2.47 
Cu 4.354±0.367 16.33±0.37 20.68±2.43 3.564±0.139 16.51±0.14 20.08±1.95 
Fe 369.9±21.8 14634±22 15003±9308 134.90±6.33 14446±6 14581±986 
Mn 55.37±5.02 95.08±5.02 150.45±28.33 18.48±0.60 240.0±0.6 258.5±16.1 
Ni 0.897±0.021 13.67±0.02 14.56±7.98 0.224±0.009 29.42±0.01 29.64±3.42 
Zn ORb ORb 80.52±22.57 8.506±0.272 65.86±0.27 74.36±9.94 

__________________________ 

b Over the range 
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Appendix 5. Concentration of elements (mean±S.D. in µg g-1) in exchangeable (F1), reducible (F2), and 

oxidizable (F3) fractions compared to residual (F4) fractions and total metal content of 

sediments from selected locations in Eastern Africa 

Sequential extraction steps Metal 

F1 F 2 F3 

Residual Fraction Total 

Chale     
Al 25.27±5.49 247.0±13.9 294.0±8.3 2730±15 3296±744 
Cd BDLa BDLa BDLa BDLa BDLa 
Co 0.054±0.018 0.027±0.002 0.157±0.001 0.262±0.017 0.500±0.032 
Cr BDLa 1.068±0.107 3.173±0.179 5.335±0.200 9.576±1.278 
Cu BDLa 0.405±0.022 0.153±0.019 1.630±3.875 2.188±2.321 
Fe 12.60±2.30 483.9±18.7 102.5±5.1 2188±15 2787±337 
Mn 4.913±0.796 2.244±0.162 0.908±0.039 12.61±0.72 20.67±2.76 
Ni 0.146±0.012 0.166±0.029 0.881±0.041 5.11±0.06 6.306±6.033 
Zn 0.613±0.039 0.469±0.021 BDLa 10.79±0.61 11.35±3.66 

Gazi     
Al 19.87±0.16 49.44±3.92 93.07±12.65 172.6±15.8 335.0±21.7 
Cd 0.007±0.000 BDLa 0.006±0.004 0.014±0.004 0.027±0.012 
Co 0.016±0.001 0.007±0.001 0.024±0.003 0.025±0.003 0.072±0.023 
Cr BDL 0.002±0.015 0.322±0.034 1.251±0.303 1.576±0.255 
Cu BDLa BDLa BDLa BDLa BDLa 
Fe 12.80±0.21 104.2±7.7 50.83±6.78 470.8±13.6 638.6±8.6 
Mn 1.261±0.080 0.243±0.037 0.432±0.099 2.687±4.083 4.623±0.083 
Ni 0.073±0.004 0.005±0.011 0.14±0.04 0.539±0.048 0.757±0.267 
Zn 0.676±0.071 0.277±0.043 0.346±0.079 2.523±0.178 3.822±1.837 

Gurgussum     
Al 54.07±2.85 1030±49 203.0±8.4 9022±60 10311±378 
Cd 0.012±0.001 BDLa BDLa 0.019±0.001 0.031±0.004 
Co 0.218±0.016 1.430±0.068 0.482±0.0156 8.039±0.097 10.17±0.62 
Cr 0.075±0.019 1.515±0.090 0.738±0.087 30.37±0.20 32.70±1.52 
Cu BDLa 0.876±0.051 0.130±0.012 13.34±0.05 14.35±0.96 
Fe 64.72±4.67 1056±34 117.9±3.6 12792±42 14032±488 
Mn 176.0±9.3 22.41±0.85 10.70±0.57 343.2±10.6 552.3±3.7 
Ni 0.310±0.021 1.451±0.084 0.891±0.109 26.51±0.21 29.16±1.42 
Zn BDLa 2.237±0.126 BDLa 37.02±0.17 39.26±8.29 

Mbegani     
Al 54.57±1.08 947.1±12.1 1447±83 5641±89 8085±352 
Cd 0.016±0.002 0.007±0.001 0.003±0.002 0.006±0.001 0.031±0.028 
Co 0.094±0.000 0.288±0.004 0.651±0.040 1.549±0.040 2.581±0.163 
Cr 0.004±0.005 2.023±0.037 13.22±0.60 10.45±0.56 25.70±1.45 
Cu BDLa 0.193±0.016 1.144±0.056 4.081±0.039 5.418±1.349 
Fe 106.0±1.3 1488±27 1720±87 5398±98 8714±295 
Mn 4.670±0.097 5.580±0.133 7.940±0.513 16.29±0.58 34.48±1.31 
Ni 0.208±0.003 0.734±0.026 4.071±0.240 7.542±0.234 12.56±4.97 
Zn 0.685±0.072 2.804±0.024 BDLa 21.26±0.11 24.21±5.83 
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Appendix 5. Continued 
 

Sequential extraction steps Metal 
F1 F 2 F3 

Residual Fraction Total 

Mikindani     
Al 18.25±1.43 573.7±36.6 1301±136 8238±171 10129±2091 
Cd 0.019±0.000 0.009±0.002 0.004±0.001 0.059±0.003 0.090±0.014 
Co 1.023±0.006 1.292±0.077 0.989±0.083 8.556±0.159 11.86±1.10 
Cr BDLa 0.858±0.051 4.034±0.736 33.08±0.77 37.97±27.95 
Cu BDLa 5.366±0.228 0.569±0.075 17.16±0.28 23.09±5.11 
Fe 133.0±5.2 2957±167 542.7±59.6 18380±221 22014±2723 
Mn 70.12±0.73 19.64±0.80 7.536±0.529 151.6±1.0 248.9±66.9 
Ni 0.929±0.020 1.427±0.109 5.211±0.406 13.96±0.51 21.52±2.47 
Zn 10.44±0.13 17.07±2.56 0.925±1.038 74.27±2.82 94.38±21.40 

Msimbazi     
Al 25.82±0.51 595.1±9.8 973.2±84.3 5244±93 6838±7251 
Cd 0.041±0.002 0.020±0.002 0.005±0.003 0.146±0.002 0.212±0.106 
Co 0.598±0.027 0.804±0.037 0.856±0.052 4.988±0.032 7.245±6.288 
Cr BDLa 1.262±0.034 5.165±1.077 11.24±1.10 17.67±12.10 
Cu 0.122±0.025 6.623±0.219 2.062±0.142 11.68±0.34 20.48±9.19 
Fe 24.51±2.72 1113±10 320.1±23.4 10530±28 11987±14992 
Mn 30.37±2.34 20.29±1.12 7.815±0.857 127.1±1.5 185.6±153.8 
Ni 0.425±0.009 0.576±0.031 1.482±0.270 12.50±0.24 14.99±13.65 
Zn ORb 26.57±0.56 2.331±0.578 ORb 106.9±43.5 

Mtwapa     
Al 50.95±1.92 780.7±58.4 1005±120 5636±177 7473±3422 
Cd 0.022±0.001 0.007±0.002 0.003±0.002 0.064±0.002 0.096±0.053 
Co 1.025±0.118 1.197±0.105 0.917±0.049 5.782±0.263 8.920±3.650 
Cr BDLa 0.884±0.055 8.290±0.932 28.06±0.94 37.24±20.01 
Cu 0.036±0.024 4.703±0.209 0.628±0.200 15.32±0.24 20.68±2.43 
Fe 92.49±8.85 1958±76 430.0±44.8 12523±122 15003±9308 
Mn 28.27±2.16 15.57±1.14 8.351±0.798 98.25±4.04 150.45±28.33 
Ni 0.527±0.049 0.899±0.116 3.087±0.240 10.05±0.39 14.56±7.98 
Zn 8.625±1.238 10.10±1.22 2.553±4.573 59.25±2.70 80.52±22.57 

Port Area     
Al 45.25±3.45 839.0±25.7 270.2±6.7 10176±32 11330±1085 
Cd 0.015±0.001 0.002±0.003 0.003±0.001 0.026±0.004 0.046±0.007 
Co 0.207±0.006 0.683±0.035 0.609±0.018 6.729±0.058 8.23±0.853 
Cr 0.064±0.001 2.250±0.136 1.351±0.036 31.43±0.10 35.10±2.47 
Cu 0.196±0.074 5.367±0.339 0.407±0.013 14.11±0.26 20.08±1.95 
Fe 90.72±8.76 1315±52 199.1±5.6 12976±62 14581±986 
Mn 20.93±1.07 19.02±1.19 18.41±0.50 200.1±2.5 258.5±16.1 
Ni 0.313±0.020 0.913±0.075 1.914±0.094 26.50±0.19 29.64±3.42 
Zn 5.921±0.260 21.70±1.34 0.314±0.165 46.43±1.17 74.36±9.94 

 

____________________________________ 

a  Below detection limit 
b  Over the range 
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Appendix 6a: Correlation between sediments clay-silt fraction and the extractible metals estimated by 

various extraction methods 

Element Correlation between Silt-clay fraction and 
 Total metals Labile fraction EDTA extractible Water extractible 
Al 0.6038 0.6038 0.6038 0.6038 
Cd 0.5417 0.0910 0.1140 0.2264 
Co 0.8078* 0.3392 -0.0908 0.2689 
Cr 0.6953 0.4126 0.3169 0.5643 
Cu 0.7828* 0.2599 0.1398 0.2851 
Fe 0.7426* 0.5227 0.1494 0.1396 
Mn 0.6629 0.6492 0.5042 0.0546 
Ni 0.6451 0.4336 -0.0163 0.1796 
Zn 0.8022* 0.1062 0.2566 0.3404 

_______________________________ 

*     Statistically significant at p<0.05 

Appendix 6b. Correlation between sediments clay-silt fraction and the various extractible metals 

fractions estimated by sequential extraction 

Element Correlation between silt-clay fraction and 

 F1 F2 F3 Residual 
Al 0.4243 0.6495 0.5159 0.5702 
Cd 0.6468 0.4749 0.0369 0.4890 
Co 0.6097 0.6994* 0.8287* 0.7939* 
Cr 0.2484 0.4300 0.3217 0.7178* 
Cu 0.5519 0.7290* 0.5125 0.7757* 
Fe 0.7872* 0.6896 0.5750 0.7345* 
Mn 0.4953 0.7498* 0.8666** 0.6626 
Ni 0.5964 0.6802 0.6203 0.6053 
Zn 0.7234 0.8394** 0.5316 0.7483* 

_______________________________ 

*     Statistically significant at p<0.05 
** Statistically significant at p<0.01 

Appendix 6c. Correlation between Silt-clay sediment fraction and elements obtained through various 

extraction methods using non log transformed data. 

Correlation between silt- clay content and Extractible fraction 

Al Cd Co Cr Cu Fe Mn Ni Zn 

EDTA -0.2364 0.4204 0.4818 -0.1398 0.7571* 0.155 0.0315 0.354 0.9392* 

Water extractible -0.5415 0.3011 0.0669 0.7675* 0.2437 -0.0006 -0.0229 0.0781 0.1735 

Labile fraction 0.5109 0.4361 0.6269 0.2889 0.7302* 0.492 0.1083 0.4974 0.8448* 

Total metals 0.6789 0.416 0.6316 0.748* 0.7917* 0.6789 0.2496 0.5927 0.7337* 

* Statistically significant at p<0.05 
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Appendix 7a. Correlation between sediments organic carbon and the extractible metals estimated by 

various extraction methods 

Correlation between sediments’  organic carbon and Element  
Total metals Labile fraction EDTA extractible Water extractible 

Al -0.4802 0.1176 0.5364 0.4915 
Cd 0.0321 -0.081 0.0476 0.4072 
Co -0.4129 -0.0798 -0.014 0.4113 
Cr -0.4161 0.4036 0.0726 0.0272 
Cu -0.4337 -0.0293 0.0255 0.1331 
Fe -0.4038 0.0241 0.0183 0.5569 
Mn -0.6202 -0.0936 -0.0141 0.3855 
Ni -0.5507 -0.097 -0.0317 0.5068 
Zn -0.3355 -0.1737 -0.1024 0.5639 
 

Appendix 7b. Correlation between sediments organic carbon and the various extractible metals fractions 

estimated by sequential extraction 

Element Correlation between organic carbon fraction and 
 F1 F2 F3 Residual 
Al -0.1931 -0.403 0.1645 -0.5295 
Cd 0.0632 0.179 0.684 -0.0425 
Co -0.1298 -0.4661 -0.0888 -0.4408 
Cr -0.5536 -0.3494 0.2641 -0.5015 
Cu -0.1096 -0.2266 0.2888 -0.4666 
Fe 0.0009 -0.2741 0.3238 -0.4616 
Mn -0.6775 -0.5027 -0.2626 -0.6346 
Ni -0.1891 -0.4027 0.1455 -0.6286 
Zn 0.1117 -0.0983 0.072 -0.428 
 
 
Appendix8a.  Inter-elemental correlation matrix for total metals  

 Metal Al Cd Co Cr Cu Fe Mn Ni Zn 
Al 1                 
Cd 0.1868 1               
Co 0.8301* 0.4387 1             
Cr 0.9184** 0.1627 0.8709** 1           
Cu 0.7615* 0.6521 0.9258** 0.8* 1         
Fe 0.8646** 0.4211 0.9603** 0.9145** 0.9191** 1       
Mn 0.7111* 0.1105 0.7804* 0.6125 0.5651 0.6263 1     
Ni 0.9415* 0.1171 0.8254* 0.82* 0.7181* 0.7782* 0.8608** 1   
Zn 0.6042 0.8286* 0.794* 0.6213 0.9528** 0.8118* 0.3664 0.5276 1 

_______________________________ 

*     Statistically significant at p<0.05 
** Statistically significant at p<0.01 
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Appendix 8b. Inter-elements correlation matrix for various extractible metals fractions estimated by 

sequential extraction. 

Metal Al Cd Co Cr Cu Fe Mn Ni Zn 
F1          
Al 1         
Cd -0.0174 1        
Co -0.0975 0.5742 1       
Cr 0.5363 -0.1796 -0.2932 1      
Cu 0.101 0.4553 0.0328 0.3702 1     
Fe 0.3911 0.1287 0.5311 0.1435 0.014 1    
Mn 0.3075 0.0248 0.1517 0.6533 -0.1986 0.2105 1   
Ni -0.1843 0.459 0.9011** -0.1359 0.0168 0.6815 0.2948 1  
Zn -0.1445 0.7688* 0.9052** -0.1794 0.3026 0.7029 -0.0337 0.8775** 1 

F2          
Al 1         
Cd 0.1472 1        
Co 0.6328 0.2538 1       
Cr 0.7772* 0.0834 0.1541 1      
Cu 0.2078 0.6851 0.5344 0.1525 1     
Fe 0.4688 0.382 0.6922 0.1933 0.5768 1    
Mn 0.652 0.4096 0.8974** 0.3858 0.7186* 0.5762 1   
Ni 0.7638* 0.1075 0.9049** 0.4041 0.3707 0.7593* 0.8236* 1  
Zn 0.2162 0.7257* 0.3925* 0.2961 0.9534** 0.4494 0.6817 0.2951 1 

F3          
Al 1         
Cd 0.1084 1        
Co 0.7697* -0.0361 1       
Cr 0.8354 -0.0225 0.4698 1      
Cu 0.6313 0.3962 0.5765 0.5312 1     
Fe 0.7815* -0.0767 0.3583 0.8977** 0.4159 1    
Mn 0.0646 -0.3309 0.5147 -0.0056 0.1324 0.0854 1   
Ni 0.8765** -0.0686 0.762* 0.63 0.2663 0.6716 0.2499 1  
Zn 0.4096 0.4059 0.6419 0.2509 0.5878 -0.0968 0.0532 0.1933 1 

Residual         
Al 1         
Cd 0.1145 1        
Co 0.8691** 0.3814 1       
Cr 0.8939** 0.1259 0.9392 1      
Cu 0.8196* 0.4945 0.964** 0.9236** 1     
Fe 0.8452** 0.436 0.9713** 0.9251** 0.9797** 1    
Mn 0.8019* 0.1519 0.8477** 0.7695* 0.7144* 0.7046* 1   
Ni 0.9193** 0.0783 0.8081* 0.7962* 0.7088* 0.6987* 0.9247** 1  
Zn 0.7468 0.8825** 0.8899** 0.9273** 0.9708** 0.9597** 0.5339 0.5493 1 

 

_____________________________ 

*     Statistically significant at p<0.05 
** Statistically significant at p<0.01 
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Appendix 9a. Correlation between the animals’ tissue elements concentration and various extractible 

metals 

Metal N Total metals Labile Fraction EDTA extractible Water extractible 
S. cucullata      
Cd  3 -0.9998* -0.9991* -0.9022 0.6673 
Co 3 0.9384 0.9605 0.9672 0.2057 
Cu 3 0.9654 0.9612 0.9805 0.9647 
Mn 3 -0.9687 -0.9572 -0.9863 0.1970 
Ni 3 -0.8797 -0.9160 -0.9025 -0.8899 
Zn 3 0.9680 0.9533  0.0623 

Strombers spp.      
Cd  3 -0.9077 0.2743 0.3747 -0.9491 
Co 3 0.3934 0.0139 -0.6963 -0.4934 
Cu 3 0.8689 0.9281 0.7206 -0.5138 
Mn 3 0.6564 0.4169 0.1262 -0.7400 
Ni 3 0.6300 -0.4084 -0.5441 -0.2725 
Zn 3 0.3758 0.8216 0.9525 0.5216 

Terebralia palustris     
Cd  4 0.0049 -0.1996 -0.2989 0.9716* 
Co 4 -0.1671 -0.1857 -0.3101 0.1704 
Cu 4 0.2057 0.0696 0.1768 0.7477 
Mn 4 -0.5149 -0.5624 -0.5009 -0.1406 
Ni 4 -0.5068 -0.6489 -0.7271 -0.2430 
Zn 4 -0.5581 -0.6810 0.9865 0.4878 

Uca spp.      
Cd  4 -0.6256 -0.2447 -0.1565 -0.9033 
Co 4 0.8956 0.9150 0.9768 -0.2873 
Cu 4 -0.3180 -0.3315 -0.3753 0.3464 
Mn 4 0.9944 0.9826 0.9967 -0.1524 
Ni 4 0.6508 0.3792 0.3205 0.0434 
Zn 4 -0.8032 -0.8372 0.7789 0.4935 

_______________________________ 

*     Statistically significant at p<0.05 

Appendix 9b. Correlation of organisms tissue elements concentration and the most appropriate sediments 

extractible metals N=6  

Organism Total metals Labile fraction EDTA extractible Water extractible 
Mikindani     
Macrophthalmus 0.9096* 0.9149* 0.9488* 0.6137 
O. angasi 0.6707 0.6815 0.9662* 0.2186 
S. cucullata 0.6324 0.6212 0.7651 0.1607 
Penaeus 0.7001 0.6683 0.7247 0.2576 
Terebralia 0.7493 0.7364 0.8049 0.3907 
Gazi      
S. cucullata 0.5996 0.4877 0.2689 -0.1083 
Uca spp 0.4249 0.3893 0.1621 -0.188 
Telebralia 0.8377* 0.8094* 0.6443 0.3196 

_______________________________ 

*     Statistically significant at p<0.05 
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Appendix 10. Correlation matrix of marine plants tissue metals concentration and the field exposure 

metal concentration (estimated by different extraction procedures) N=3 

Element Total Labile EDTA WE 
Ulva     

Al 0.9568 0.9972* -0.8821 -0.9575 
Cd -0.8754 -0.8705 -0.7682 -0.9863 
Co 0.7276 0.7393 0.6361 -0.1356 
Cr 0.9878 0.4062 -0.8717 0.6573 
Cu 0.9913 0.9953 0.9971* 0.4814 
Fe 0.9620 0.9994* 0.9004 -0.0032 
Mn 0.8487 0.8936 0.7918 -0.2560 
Ni 0.7538 0.9519 0.6786 -0.0218 
Zn 0.5917   0.1348 

Sargassum     
Al -0.3106 -0.0660 -0.9757 0.3378 
Cd 0.2583 0.2408 0.3194 -0.6643 
Co 0.9723 0.9785 0.9888 -0.9554 
Cr 0.6208 0.4776 -0.9671 0.6767 
Cu 0.8638 0.6997 0.6908 0.9720 
Fe 0.5402 0.5352 0.6646 0.9899 
Mn 0.9985* 0.9995* 1.0000* -0.5545 
Ni 0.6017 0.8119 0.8817 -0.7796 
Zn 0.4428 0.7999 - 0.2207 

* Statistically significant (p<0.05) 
-   N<3 

Appendix 11. List of species used in this study 

Plants Animals 
Chaetomorpha spp. Uca spp 
Cymodecea spp. Terebralia palustris 
Dictyota spp. Cronia spp 
Enteromorpha Strombus spp 
Eucheuma spp. Saccostrea cucullata 
Galaxaura spp. Terebralia  
Haliptilon spp. Polinices mammalia 
R. africanum Macrophthalmus milloti 
Sargassum spp 1 Ostrea angasi 
Sargassum spp 2 Panaeus spp 
Thalassia spp Cypraea annulus 
Thallasodendron spp Turbo spp 
Ulva lactuca Pomadasys maculatum 
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Appendix 12. Concentration of extractible metals as a percentage of concentration of total extractible 

metals 

% of the total extractible metals  % of the total extractible metals Element 
WE EDTA Labile  

Element 
WE EDTA Labile 

Chale     Mikindani    
Al 0 3.93 17.18  Al 0 0.07 18.69 
Cd 0 0 0  Cd 0.05 26.93 34.73 
Co 0.59 15.32 47.6  Co 0.08 9.97 27.86 
Cr 0.26 2.37 44.29  Cr 0.07 0.18 12.88 
Cu 0.05 16.68 25.51  Cu 0 17.42 25.7 
Fe 0.05 4.65 21.49  Fe 0.01 2.03 16.51 
Mn 5.47 41.35 39.02  Mn 0.33 25.14 39.1 
Ni 0.15 5.2 18.93  Ni 0.06 5.27 35.16 
Zn 0.03 6.02 4.92  Zn 0.01 OR 30.13 

Gazi     Msimbazi    
Al 0.17 15.56 48.48  Al 0 0.48 23.31 
Cd 1.41 40.49 47.52  Cd 0.03 37.86 31.26 
Co 3.66 39.24 64.96  Co 0.35 14.67 31.16 
Cr 1.29 8.75 20.59  Cr 0.17 1.19 36.38 
Cu 0 0 0  Cu 0.01 27 43 
Fe 0.21 12.1 26.28  Fe 0.02 3.18 12.16 
Mn 10.5 54.51 41.89  Mn 2.9 32.98 31.5 
Ni 1.08 21.59 28.77  Ni 0.1 6.26 16.57 
Zn 0.14 26.7 33.98  Zn 0.02 OR OR 

Gurgussum    Mtwapa    
Al 0 0.1 12.49  Al 0 0.9 24.58 
Cd 0.27 33.22 38.11  Cd 0.3 38.32 32.93 
Co 0.03 1.47 20.95  Co 0.02 13.28 35.19 
Cr 0.06 0.55 7.12  Cr 0.08 0.2 24.64 
Cu 0 1.22 7.01  Cu 0 21.05 25.95 
Fe 0.01 0.64 8.83  Fe 0.01 2.47 16.53 
Mn 0.04 29.91 37.87  Mn 0.1 36.8 34.69 
Ni 0.02 0.59 9.09  Ni 0.05 6.16 30.98 
Zn 0 0.93 5.7  Zn 0 OR 26.42 

Mbegani     Port Area    
Al 0 3.77 30.29  Al 0 0.11 10.19 
Cd 0.2 98.01 81.24  Cd 0.57 45.21 43.63 
Co 0.97 7.12 40.01  Co 0.05 1.71 18.23 
Cr 0.12 3.3 59.34  Cr 0.17 0.49 10.44 
Cu 0.03 23 24.67  Cu 0 17.75 29.74 
Fe 0.03 12.54 38.05  Fe 0.01 0.93 11.01 
Mn 15.59 30.43 52.76  Mn 0.24 7.15 22.58 
Ni 0.12 6.47 39.93  Ni 0.03 0.76 10.59 
Zn 0.11 8.71 14.41  Zn 0.01 11.44 37.56 
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