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ABSTRACT 

Contamination of heavy metals and hydrocarbons in the coastal and estuarine sediment 

could harm water quality and aquatic organisms, leading to potential long-term health risks 

on the environment and humans. Thus, this study was carried out to determine the 

concentration of heavy metals, aliphatic hydrocarbons (AHs), and polycyclic aromatic 

hydrocarbons (PAHs) distribution in surface sediments and to establish baseline 

concentrations of heavy metals using core sediments from the coastal and four rivers 

estuary of the Kuching Division of Sarawak, Malaysia. Validated inductively coupled-

optical emission spectroscopy (ICP-OES) was used to determine heavy metals and their 

distribution in surface sediments was evaluated for eco-toxicological impacts. Source 

appointment of the heavy metals within the catchment area was determined using 

geochemical indices. The ICP-OES technique validated was appropriate and less laborious 

for determining the 12 metals of interest (i.e., Al, Mn, Ca, Cd, Cu, Fe, Cr, Ni, Co, Zn, and 

Pb) in the sediments. Heavy metals concentrations were recorded based on dry weight 

(d.w). The concentrations of heavy metals in core sediments varied in the range: Pb (8.9 – 

188.9 mg/kg), Zn(19.4 – 431.8 mg/kg), Cd(0.014 – 0.061 mg/kg), Ni(6.6 – 33.4 mg/kg), 

Mn(2.4 – 16.8 mg/kg), Cu(9.4 – 133.3 mg/kg), Ba(1.3 – 9.9 mg/kg), As(0.4 – 7.9 mg/kg), 

Co(0.9 – 5.1 mg/kg), Cr(1.4 – 7.8 mg/kg), Mg(68.8 – 499.3 mg/kg), Ca(11.3 – 64.9 

mg/kg), Al(24.7 – 141.7 mg/kg), Na(8.8 – 29.4 mg/kg), and Fe (12011 – 35124.6 mg/kg). 

The enrichment factor assessment suggested enrichment of Pb, Zn, Cu, As, Co, and Mg 

occurred at the top layer of the core sediments. Continuous accumulation of Pb and Cu 

metals over time can be detrimental to living organisms and the ecology. The pollution 

load index values indicated that the study area is unpolluted. Sediment quality guidelines 

(SQGs) compared to the detected heavy metals suggested no likely deleterious impact on 
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bottom-dwelling living things. The risk index estimation in each study site showed a low 

ecological risk impact on the environment. The statistical analysis suggested that the 

deposition of As, Cd, Pb, Cu, Mn, and Zn in the study sites is due to anthropogenic inputs  

from the adjacent land-based sources while Fe, Al, Mg, Na, Ni, and Ba are from lithogenic 

origin. This study further explains the monitoring, sources, and risk assessment of 

hydrocarbons in surface sediments. Validation on the performance of gas chromatography-

flame ionization detector (GC-FID) and gas chromatography-mass spectrometry (GC-MS) 

showed that these techniques are in excellent position to quantify aliphatic and polycyclic 

aromatic hydrocarbons, respectively. Total n-alkanes (C10 – C33) concentrations varied 

from 96.63 – 367.28 ng/g. The lowest and highest n-alkane content was observed at 

Santubong estuary (CZ10) and the offshore of Batang Rambungan opposite small Satang 

Island (CZ2), respectively. The contents of PAHs varied from 12.54 – 21.20 ng/g. The 

highest PAHs content was detected in the sediments of coastal site CZ8 (21.20 ng/g), 

whereas; the lowest content was recorded in the sediments of coastal site CZ3 (12.54 ng/g). 

The aliphatic diagnostic indices values showed hydrocarbons input from biogenic and 

petrogenic sources. The isomeric ratios values also indicated that PAHs in sediments are 

from a mixture of petrogenic and pyrogenic origins. The carcinogenic PAHs risk 

assessment suggested no risk impacts of carcinogenic PAHs in the study area. The findings 

from this study can be used to understand the sources and possible risks of hydrocarbons 

and provide information for safeguarding human health and aquatic bodies in coastal and 

estuary settings. 

Keywords: Metalloids, petroleum, pollution indices, carcinogenic risks  
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Penilaian Risiko Geokimia dan Ekologi Logam Berat dan Hidrokarbon dalam Sedimen 

Pantai dan Empat Sungai Muara Bahagian Kuching Sarawak, Malaysia 

ABSTRAK 

Pencemaran logam berat dan hidrokaron dalam sedimen pantai dan muara boleh 

membahayakan kualiti air dan organisma akuatik, yang membawa kepada potensi risiko 

kesihatan jangka panjang terhadap alam sekitar dan manusia. Oleh itu, kajian ini 

dijalankan untuk menentukan kepekatan logam berat, hidrokarbon alifatik (AHs), dan 

taburan hidrokarbon aromatik polisiklik (PAH) dalam sedimen permukaan dan untuk 

menentukan kepekatan asas logam berat menggunakan sedimen teras dari muara pantai 

dan empat sungai. Bahagian Kuching Sarawak, Malaysia. Spektroskopi pelepasan optik 

gandingan induktif (ICP-OES) yang disahkan telah digunakan untuk menentukan logam 

berat dan pengedarannya dalam sedimen permukaan dinilai untuk kesan eko-toksikologi. 

Pelantikan sumber logam berat dalam kawasan tadahan ditentukan menggunakan indeks 

geokimia. Teknik ICP-OES yang disahkan adalah sesuai dan kurang susah payah untuk 

menentukan 12 logam yang diminati (iaitu, Al, Mn, Ca, Cd, Cu, Fe, Cr, Ni, Co, Zn, dan 

Pb) dalam sedimen. Kepekatan logam berat direkodkan berdasarkan berat kering (d.w). 

Kepekatan logam berat dalam sedimen teras berbeza dalam julat: Pb (8.9 – 188.9 mg/kg), 

Zn(19.4 – 431.8 mg/kg), Cd(0.014 – 0.061 mg/kg), Ni(6.6 – 33.4 mg/ kg), Mn(2.4 – 16.8 

mg/kg), Cu(9.4 – 133.3 mg/kg), Ba(1.3 – 9.9 mg/kg), As(0.4 – 7.9 mg/kg), Co(0.9 – 5.1 mg/ 

kg), Cr(1.4 – 7.8 mg/kg), Mg(68.8 – 499.3 mg/kg), Ca(11.3 – 64.9 mg/kg), Al(24.7 – 141.7 

mg/kg), Na(8.8 – 29.4 mg/ kg), dan Fe (12011 – 35124.6 mg/kg). Nilai indeks beban 

pencemaran menunjukkan bahawa kawasan kajian tidak tercemar. Garis panduan kualiti 

sedimen (SQGs) berbanding dengan logam berat yang dikesan mencadangkan tiada kesan 

yang memudaratkan kepada hidupan bawah.  
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Anggaran indeks risiko di setiap tapak kajian menunjukkan kesan risiko ekologi yang 

rendah terhadap alam sekitar. Analisis statistik mencadangkan bahawa pemendapan As, 

Cd, Pb, Cu, Mn, dan Zn di tapak kajian adalah disebabkan oleh input antropogenik 

daripada sumber berasaskan tanah bersebelahan manakala Fe, Al, Mg, Na, Ni, dan Ba 

adalah daripada asal litogenik. Kajian ini selanjutnya menerangkan pemantauan, sumber, 

dan penilaian risiko hidrokarbon dalam sedimen permukaan. Pengesahan prestasi 

kromatografi gas-pengionan nyalaan pengesan (GC-FID) dan kromatografi gas-

spektrometri jisim (GC-MS) menunjukkan bahawa teknik ini berada dalam kedudukan 

yang sangat baik untuk mengukur hidrokarbon aromatik alifatik dan polisiklik. Jumlah 

kepekatan n-alkana (C10 – C33) berbeza daripada 96.63 – 367.28 ng/g. Kandungan n-

alkana yang paling rendah dan tertinggi didapati di muara Santubong (CZ10) dan di luar 

pesisir Batang Rambungan yang bertentangan dengan Pulau Satang kecil (CZ2). 

Kandungan PAH berbeza dari 12.54 – 21.20 ng/g. Kandungan PAHs tertinggi dikesan 

dalam sedimen tapak pantai CZ8 (21.20 ng/g), manakala; kandungan terendah dicatatkan 

dalam sedimen tapak pantai CZ3 (12.54 ng/g). Nilai indeks diagnostik alifatik 

menunjukkan input hidrokarbon daripada sumber biogenik dan petrogenik. Nilai nisbah 

isomer juga menunjukkan bahawa PAH dalam sedimen adalah daripada campuran asal-

usul petrogenik dan pirogenik. Penilaian risiko PAH karsinogenik mencadangkan tiada 

kesan risiko PAH karsinogenik di kawasan kajian. Penemuan daripada kajian ini boleh 

digunakan untuk memahami sumber dan kemungkinan risiko hidrokarbon dan 

menyediakan maklumat untuk melindungi kesihatan manusia dan badan akuatik di 

kawasan pantai dan muara. 

Kata kunci: Metaloid, petroleum, indeks pencemaran, risiko karsinogenik 
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CHAPTER 1  
 

 

INTRODUCTION 

1.1 Study Background 

Coastal and estuarine territories are essential for human inhabitants (Likuku et 

al., 2013; Weissmannova et al., 2015). Nevertheless, with rapid urbanization and heavy 

industrialization, contaminants such as heavy metals and petroleum hydrocarbons are 

frequently conveyed to the coastal and estuarine sediments upstream of the bay (Kara et 

al., 2015; Weissmannova & Pavlovsky, 2017). Mining activities often cause pollution by 

heavy metals due to weathering (Wei et al., 2008; Sim et al., 2016). Sediment is part of the 

natural compositions of the earth's crust and thus, its biochemical equivalence and 

geochemical periods can be altered prominently by human activities (Di Baccio et al., 

2003). Contamination of sediment by heavy metal is mainly attributed to human's actions 

such as smelting, mining, and various industrial activities (Kachenko & Singh, 2006). 

Urbanization and industrialization have tainted soils progressively with heavy metals 

caused threats to ecosystems, food safety, human and animal health (Wang et al., 2005; 

Weissmannova & Pavlovsky, 2017). Heavy metals are elements with a specific gravity 

greater than 4, and atomic weight ranged between 63.54 and 200.59 g/mol with a density 

greater than 6 g/mL (Kennish, 1992; Tariq et al., 2016). Heavy metals are called trace 

metals or toxic metals from an industrial point of view. Heavy metals can exist as essential 

elements, including Co, Cu, Fe, Mn, and Zn, which their deficiencies can affect the 

productivity of crops and livestock. They can also exist as non-essential, contaminate the 

soil and water and affect human and animal health through the food chain. They also act as 

micronutrients, macronutrients as well toxic agents. Several heavy metals are required by a 
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living organism in an amount that is not harmful (Berti & Jacobs, 1996; Tariq et al., 2016). 

Some essential and non-essential heavy metals are contaminants and can affect the 

environment even at low concentrations. Rodriguez et al. (2012) reported that the primary 

sources of heavy metals include coal combustion, pesticides, mining and smelting, medical 

waste, fertilizers, batteries, and burning of leaded petrol. Other sources of contamination 

include the unsafe application and excess usage of pesticides, fungicides, or fertilizers 

(Shen et al., 2002). Industrial effluent and sewage can contaminate the irrigation water 

supply with heavy metals, which leads to soil and vegetation contamination (Bridge, 

2004). Rock explosion and rock seepage are natural sources of heavy metal pollution. In 

contrast, human activities contributing to heavy metal contamination are smelting 

operations, mining, thermal power plants, and battery industries (Cheng et al., 2018). 

The environmental pollution by heavy metals primarily originates from natural 

and anthropogenic sources. The most crucial natural sources of heavy metals include 

erosion, weathering of minerals, and the activities of a volcano (Sabiha-Javied et al., 2009). 

Anthropogenic sources of heavy metals are sludge dumping, mining, smelting, biosolids in 

agriculture, fertilizer applications, electroplating, use of pesticides, industrial discharge, 

atmospheric deposition. Arsenic, for example, is usually used in wood preservatives and 

artificial pesticides (Cheng et al., 2018). In comparison, Cd can be found in pigments, 

incineration of cadmium-containing plastics, paints, plastic electroplating, plastic 

stabilizers, phosphate fertilizers, and others (Pulford & Watson, 2003). Cr can be found in 

fly ash, steel industries, and the discharge of tanneries, while Cu has been detected in 

pesticides and fertilizers (Ali & Khan et al., 2017). Surgical instruments, industrial 

effluents, automobile batteries, steel alloys, and kitchen appliances contained Ni (Tariq et 
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al., 2016). Pb can be found in battery manufacture, herbicides, aerial emission from 

combustion of leaded petrol, and insecticides (Wuana & Okieimen, 2011). 

Heavy metal pollution is regarded as one of the primary threats to water 

resources, soil, sediments, plants, and human health (Yoon et al., 2006). As and Co 

compounds have been listed among the likely carcinogenic agents to humans according to 

International Agency for Research on Cancer (IARC) (Nwaichi & Dhankher, 2016). Cd, 

Cu, Zn, and As in soil and sediment have increased due to phosphate fertilizers (Zarcinas 

et al., 2004). A total of 53 elements have been classified as heavy metals, and they are 

known as ubiquitous contaminants found in industrial settings (Sarma, 2011). The 

concentration of metals in the soil/sediment ranged from trace levels to higher levels, up to 

100,000 mg/kg depending on the type of element and its location (Blaylock & Huang, 

2000). Humans contact heavy metals through several activities carried out within their 

environment. Industrial activities such as manufacturing processes, refining, mining, and 

smelting are the primary sources of heavy metals exposure by human (Nriagu, 1992; Tsang 

et al., 2011; Cheng et al., 2018). 

Aliphatic and polycyclic aromatic hydrocarbons (AHs and PAHs) have been 

named among persistent organic pollutants (POPs) (Christensen & Arora, 2007; Chung et 

al., 2007; Tsang et al., 2011; Hu et al., 2016). AHs and PAHs can cause negative impacts 

on the ecosystem and human health, although their sources are far away (Lehnik-Habrink 

et al., 2010). Petroleum hydrocarbons produced from industrial processes and human 

activities are extensive and exert significant environmental problems because of their 

nature, such as toxic, highly persistent, bioaccumulative, mutagenic, and carcinogenic 

characteristics (Sakari et al., 2008; Omorinoye et al., 2019b). AHs and PAHs enter the 
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environment via spills or accidents, leaks, emissions from industries, and by-products from 

domestic or commercial uses (Ou et al., 2004; Aly Salem et al., 2014). AHs comprise 

carbon atoms connected by single, double, or triple bonds to create non-aromatic 

structures. The profile pattern of odd or even number carbons raised from C6 – C40 

exhibiting natural and anthropogenic origins can be predicted (EL Nemr & El-Said, 2012; 

EL Nemr et al., 2013; Aly Salem et al., 2014). PAH is an organic class of compounds 

consisting of two or three aromatic rings with a linear, cluster, and angular configuration 

(Aly Salem et al., 2014). These compounds have been classified into two groups depending 

on their molecular weight. Low-molecular-weight (LMW), comprising two or three joined 

benzene rings such as naphthalene, anthracene, and fluorene. Whereas high-molecular-

weight (HMW) compounds consist of four to six combined rings such as indeno (1, 2, 3-c, 

d) pyrene, and others (Abdollahi et al., 2013; Tehrani et al., 2016). 

Heavy metals and petroleum hydrocarbons contaminate the soil surface, 

groundwater, and other aquatic bodies such as rivers, estuaries, lakes, lagoons, coastal 

areas, and others, causing major environmental problems worldwide, which indirectly 

affect the entire economy. Sediments serve as a major sink for trace elements activities 

generated by man and discharged into the environment because of the actions by man 

(Nawrot et al., 2018). Environmental variation caused by anthropogenic activities can be 

evaluated by determining enhanced pollutants in sediments (Alexakis & Gamvroula, 2014; 

Guo et al., 2019). Wang et al. (2015) opined that the variations in environmental conditions 

in and around rivers and other water storage media are recorded in sediment profiles. 

According to Wen et al. (2016), the accumulation of heavy metals in sediments in various 

forms is mobilized and becomes a threat to the ecology. About 1% of heavy metals emitted 

from sediments containing exchangeable or carbonate-bond fractions are regarded safe to 
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the environment. More than 50% of heavy metals can enter the food chain in the aquatic 

ecosystem and become inaccessible for accumulation in biota (Nayak, 2015). 

 

1.2 Problem Statement 

Some of the most important places for human settlements are coastal and 

estuarine areas (Likuku et al., 2013; Weissmannova´ et al., 2015; Ali & Khan, 2017); 

nevertheless, with heavy industrialization and speedy urbanization, trace metals and 

hdrocarbons are constantly transported to the estuarine and coastal sediments from up-

stream of the creek (Kara et al., 2015; Weissmannova´ & Pavlovsky´, 2017). The 

contamination of heavy metals and hdrocarbons in surface and core sediment could harm 

water quality (Ali & Khan, 2017; Ali et al., 2019). Bioaccumulation of heavy metals and 

hydrocarbons in aquatic organisms could result in long-term adverse health effects on 

humans (Sekabira et al., 2010; Nawrot et al., 2020; Omorinoye et al., 2020). The presence 

of heavy metals and hydrocarbons in water, soils, and sediments cannot be regarded as 

non-aligned to the ecosystem or humans because of their mutagenicity and accumulation 

via the food chain (Ergonul & Altindag, 2014; Maanan et al., 2015; Guo et al., 2019).  

The differences in ecological conditions in and around storage reservoirs and 

streams are documented in the sediment profiles (Wang et al., 2016). Sediments 

contamination increases because they are an important indicator of environmental variation 

caused by anthropogenic activities (Alexakis & Gamvroula, 2014; Guo et al., 2019). Heavy 

metals and hydrocarbons gather in sediments in different forms; are probable to be 

mobilized and become toxic in the environment in the path of utilization (Wen et al., 

2016). Heavy metals within the exchangeable or carbonate-bond portions emitted from 

sediments, approximately 1% is regarded safe to the ecosystem, and more than 50% of the 
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total quantity may constitute an immense risk and perhaps through the food chain (Nayak, 

2015).  

Quantification of environmental contamination with heavy metals generally 

includes the various geochemical indices such as enrichment factor (EF), pollution load 

index (PLI), contamination factor (CF), and geoaccumulation index (Igeo) (Hakanson, 

1980; Likuku et al., 2013; Weissmannova´ & Pavlovsky´, 2017). For AHs, diagnostic 

indices such as carbon preference index (CPI), terrigenous/aquatic ratio (TAR), natural n-

alkanes ratio, etc., are used for AHs identification in the environment. In regards to PAHs, 

isomeric ratios are used for source identification to predict environmental contamination. 

This include ratio of anthracene/(anthracene+phenalthrene), ratio of fluoranthene 

/(fluoranthene+pyrene), etc. The determination of heavy metals and hydrocarons 

distribution in surface and core sediments and the levels of its enrichment provide the 

foundation for the understanding of sediments improvement techniques and assessment of 

the possible emission of metals into water and conveying downstream (Pan & Wang, 2012; 

Yan et al., 2018; Nawrot et al., 2020). 

The Kuching Division of Sarawak, Malaysia underlines the South China Sea 

which forms part of the Pacific Ocean, surrounding an area from Kalimantan and Malacca 

Straits to the Taiwan Straits with about 3,500, 000 km
2
 (Chen et al., 2015). The nature of 

the estuarine and coastal sediments in Kuching is dependent on the complex interaction of 

several factors that control sediment composition, transportation, deposition, and 

postdeposition of sediment (Morni et al., 2017). Furthermore, it is all based on the origin of 

material such as biological or geological sources or both to ascertain the constituents (Bale 

& Kenny, 2008). Generally, the continental shelf content of sediments in Sarawak 

particularly the Kuching Division is biogenic, volcanic, and terrigenous substance (Liu et 
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al., 2013) which is comprised of kaolinite, illite, smectite, chlorite, and a mixture of clay 

minerals (Chen et al., 2015). If interaction remains stable, the sedimentary environment 

will continue unchanged unless any of the factors change in the period to cause alteration 

of sediment (Gray, 1981; Holme & Mclntyre, 1984). Approximately 80% of the organic 

matter (hydrocarons) buried on the continental shelf was obtained from the rigorous 

sedimentary accumulation and high biological production (Kao et al., 2007).  

The Kuching Division of Sarawak has experienced population growth and 

increased in development in the past 20 years, which is probably contributing to 

environmental contamination (Sim, 2007). Sarawak’s urbanization rate stood at 53.80% in 

2010, compared with 36.00% in 1991 and 15.50% in 1970 as reported by the Department 

of Statistics Malaysia. In 2020 population and housing census conducted by the 

Department of Statistics Malaysia showed an increase in the human population in Kuching 

from the year 2010 with 617,877 inhabitants to 711,500 residents in the year 2020. The 

effect of urbanization on water quality and the macrobenthos community structure in the 

Fenhe River, Shanxi Provine, China reported by Wang et al. (2020) indicate that 

intensification of urbanization has strongly affected the water, sediment, and macrobenthos 

in the Fenhe River watershed. In addition, Sarawakians depend on gas fuels for heating and 

burning which produces numerous air contaminants such as PAHs, heavy metals, carbon 

(II) oxide, sulfide, particulate matter, etc. into the environment. Floods gathered sediments 

within the nearby communities could be relocated inside the estuarine and finally transport 

to the coast of the South China Sea.  The last major flood incident that occurred on 17
th

 

January 2015 has a massive influence on the quality of underneath sediments and transport 

contaminants such as heavy metals and hydrocarbons downstream. These contaminants 

trapped in the sediments can create environmental or human health risks which can be a 
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problem of the greatest consequence in partially crowded areas like nearby towns of the 

study sites. However, pollutants deposition prevents their movement further downstream 

and accumulation in the ocean (Nawrot et al., 2020).   

Most of the studies on heavy metals distribution in sediments within the 

estuarine and coastal sites of Sarawak region were mostly concentrated on quantitative data 

only without dealing with the anthropogenic activities affecting heavy metals and 

hydrocarbons availability and their implications on the environment (Sim, 2007; Sim et al., 

2016; Omorinoye et al., 2019). Furthermore, information regarding sediment fractions on 

heavy metals and hydrocarbons availability in the sediment of the estuarine and coastal 

sites of study region is lacking. Even if they exist they have not been well documented for 

easy retrieval. Hence, this study is an investigation of geochemical and ecological Risk 

assessment of heavy metals and hydrocarbons in sediments of the coastal and in four rivers 

estuary of Kuching Division of Sarawak, Malaysia. This study is important because the 

results of the investigation would be of great importance to policymakers to identify the 

vulnerability site and take appropriate remedial effort to protect the studied coastal 

ecosystem.  

 

1.3 Research Hypothesis 

Based on the problem statement, it can be deduced that there has been heavy 

metals and  hydrocarons deposition in the surface and core sediments of the coastal and 

four rivers estuary of the study area due to both natural and anthropogenic activities. 

Hence, this research is driven by the hypotheses that:  
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i. There are significant strong relationships between heavy metals 

concentrations and particle size fractions in sediments collected from the 

coastal region and four rivers estuary of Sarawak,   

ii. There is a significant difference in heavy metals/hydrocarbons 

concentrations in surface and bottom bed sediments between the coastal 

sites and the selected estuaries,  

iii. There is an enrichment of heavy metals from the top layers to the bottom 

layers of the core sediments from the study area, and  

iv.  The sources of heavy metals/hydrocarons deposition in the sediment are 

greatly influenced by anthropogenic inputs.  

 

1.4 Objectives 

To test these hypotheses, surface and core sediments were collected from the 

coastal and four rivers estuary in the Kuching Division of Sarawak, Malaysia to evaluate 

heavy metals/hydrocarons concentrations and predict the sources influencing their 

availability. Thus, the objectives of this study are: 

i. To assess heavy metal concentrations in sediments and their eco-

toxicological impacts 

ii. To investigate the anthropogenic activities influencing the deposition of 

heavy metals in surface and core sediments 

iii. To apply bivariate and multivariate analyses to predict the likely sources of 

heavy metals contamination using the surface layer of the core sediments. 
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iv. To assess the concentration and distribution of hydrocarbons in sediments 

v. To examine the sources of hydrocarbons in sediment using AHs diagnostic 

ratios and PAHs isomeric ratios 

vi. To investigate the carcinogenic PAHs in sediments of the study area. 

 

1.5 Chapter Summary 

This section explains the research background of the study. The following key 

concepts were introduced in the research background: heavy metals, AHs, PAHs, 

sediments, estuarine, coastal sites, etc. The section discussed the problem statement of the 

study area, which called for this research to be undertaken, and the relevant of this study to 

the policy makers. Questions raised before carrying out the study were also highlighted in 

this section in the form of hypothesis. The objective of the study to help solve the problem 

statement has been outlined including the specific objectives to address the hypotheses 

stated. 
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CHAPTER 2  
 

 

LITERATURE REVIEW 

2.1 Geology and Hydrogeology of the Kuching Zone 

East of Sarawak, the Ketungau and Kayan basins are the two sedimentary 

basins found in the Kuching Zone. The successions of the terrestrial sedimentary in the 

basins form part of the Kuching Super group that stretches into Kalimantan (Breitfeld et 

al., 2018). The uppermost Cretaceous and Lower Eocene Kayan group result in the 

formation of sedimentary rock. The sedimentary rock settles directly above the Pedawan 

Unconformity, which identifies the ending of subduction-related magnetism beneath the 

Schwaner Mountains and Sarawak due to the cessation of the Paleo-Pacific subduction 

(Breitfeld et al., 2018). The Penrissen and Kayan sandstones form the successions and are 

influenced by alluvial fans, floodplain, and fluvial channels deposits associated with 

deltaic to tidally-dominated sections in the Kayan Sandstone (Tan, 1981; Morley, 1998; 

Breitfeld et al., 2018). In the late early or early mid-Eocene, there was a cessation of 

sedimentation in the basin and formed a new basin at the east called the Ketungau Basin. 

The Kayan Unconformity exhibits this variation. Sedimentation continued to occur in the 

Mid-Eocene with the marginal marine, tidal to Silantek and deltaic Ngili Sandstone 

formation (Pieters et al., 1987; van Hattum et al., 2013; Hennig et al., 2017). The upper 

sequence of Silantek formation was influenced by floodplain and subsidiary fluvial 

accumulations (Breitfeld et al., 2014; Breitfeld, 2015; Breitfeld et al., 2018). The 

uppermost part of the Ketungau Group at the west of Sarawak formed the fluvially-

controlled Tutoop Sandstone (Doutch, 1992). The Ketungau Basin stretches from West 

Sarawak to Kalimantan and is segregated by the Ridge of Semitau from the Melawi Basin 
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(Doutch, 1992) and is considered the largest of the Cenozoic sedimentary basins of the 

Kuching Zone (Breitfeld et al., 2018). Figure 2.1 shows the sedimentary basins of the 

Kuching as depicted by the brown kite shape.  

The geological features or paleocurrent indicators for the Kuching Zone 

ascertain the direction of water flowing (river systems) in the geologic past are complex 

but can be considered the primary water source from the southern zone (Breitfeld et al., 

2018). This indicates that the uplift of the south Borneo started in the region of the current 

Schwaner Mountains from the new Cretaceous onwards (Haile, 1974; Breitfeld et al., 

2018). Furthermore, other water sources of river systems are local sources in the West 

Borneo province, Mesozoic malanges to the east, and likely the Malay Peninsula (Breitfeld 

et al., 2018). The Kuching Supergroup sediments are mainly horizontal or dip associated 

with low angles and constitutes large open synclines (Wilford & Kho, 1965; Breitfeld et 

al., 2018). 
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Figure 2.1: The sedimentary basins of the Kuching Zone (adapted from Breitfeld et al., 

2018). The study area is depicted in a brown kite shape 

 

 

2.2 Importance of Estuarine Environment  

Estuaries are unique and vital natural environments. They constitute an 

extensive range of habitats and ecosystems such as unconsolidated sediments, large areas 

of open water, intertidal sand, rock reefs, mudflats, saltmarshes, mangroves, and seagrass 

beds. Estuarine provides significant habitat for species that are esteemed recreationally, 

commercially, and culturally. Insects, amphibians, fish, birds, and other wildlife rely on 

estuaries to reproduce, nest, feed, and live. Other organisms including oysters make 

estuaries their everlasting residence. For example, crabs use the estuary's environment to 
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complete only part of their life cycle. Migratory bird species such as canvasback ducks, 

mallards, and others use estuaries as stopovers. Estuaries also filter contaminants out of the 

water flowing through them, such as heavy metals, hydrocarbons, herbicides, pesticides, 

etc.  

2.3 Coastal Area of Kuching 

The coastal area of Kuching is a tropical climate and is one of the dynamic 

ecosystems on earth. Regarding Kuching, the preponderance of the inhabitants resides in 

coastal areas. Approximately 80% of the Sarawak population live along the 800 km 

coastline; there is a notice of constant change of the size and shape. Kuching coastal zone 

is unique. Mangrove forests, daily tides, tidal flats, storm waves can only be observed on 

the coast. The coastal area of Kuching is considered as a sensitive ecological system with 

great value in the aesthetic, recreational, social, economic, and environmental conservation 

sites. Man's activities may interrupt the ecosystem of the coastal area. These include 

industry, agriculture, and coastal settlements, which contaminate the coastal area. Sand 

mining activities disrupt the coastal dynamic and contribute to erosion. 

 

2.4 Geochemical Behaviour of Heavy Metals in the Estuarine Environment 

Heavy metals originated from the natural source are transferred by rivers and 

transported to the coastal environment via estuaries. Heavy metals are dispensed between 

the dissolved and particulate phases (Adriano, 2001; Sparks, 2005). The fate and 

bioavailability of heavy metals rely on the particle chemistry and contention between 

surface and dissolved forms concerning the processes of complexation (Adriano, 2001; 

Adriano et al., 2004). Thus, estuaries serve as a natural reactor whereby heterogeneous 

processes occur at the interface between suspended particulate matter and dissolved phase 
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and compose an essential contribution of the heavy metals geochemical cycles (Sparks, 

2005). Heavy metals' distributions and reactivity rates vary extensively between estuaries, 

depending on environmental factors such as transport processes, mixing patterns, and 

hydrodynamic residence times. Thus, there are no particular patterns of heavy metals 

behavior in the estuaries (Sparks, 2005). 

 

2.4.1 Sources of Heavy Metals 

Ali et al. (2019) reported that heavy metals are obtained from geogenic or 

lithogenic and anthropogenic sources. Numerous extensive studies have confirmed that 

these metals are originated from multiple lithogenic and geogenic sources (Cheloni & 

Slaveykova, 2018). Hazardous metals emit natural radiations under a variety of 

physiological and climatological factors in the biosphere. The radiations emerge from sea-

salt sprays, rock weathering, volcanoes, and others.  Heavy metals may occur as sulfides, 

sulfates, phosphates, and organic ligands. Common examples of these metals are Pb, Ni, 

Cr, Cu, As, Hg, Cd, and others. The metals exist as microelements and can damage health 

predicaments to live organisms (Pourkhabbaz et al., 2014). The pollution of hazardous 

metals within soils from diverse anthropological origins, including waste from industries, 

agriculture, emissions from automobiles and mining, has merited several research works 

(Davies & Ginnever, 1979; Garcia-Miragaya, 1981; Parry et al., 1981; Culbard et al., 1983; 

Cheloni & Slaveykova, 2018). Heavy metals from these origins can cause numerous 

environmental and health-related challenges such as ecosystem perturbation, 

bioaccumulation, plant and animal toxicity because of their topsoil accretion potential. 
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Figure 2.2: Potential sources of heavy metal pollution on groundwater and drinking water 

supplies due to rural and urban activities (adapted from Abbas and Abdelhafez, 2013) 

 

 

Pourkhabbaz et al. (2014) stated that the sector that contributes heavily to 

heavy metal contamination within the biosphere in Malaysia is manufacturing. The 

primary sources of wastes with high Cr, Cu, Zn, Ni, Cd, Fe, Sn, Mn, and Al concentrations 

are companies engaged in electroplating, etching, and metal component preparation 

(Rahman & Surif, 1993). In 1992 over 69,000 m
3
 per annum of hazardous metal-filled 

sludge was generated by companies that use metalloids and electronic components for their 

operations within numerous states in the Malaysian Peninsula (Hamid & Sidhu, 1993). 

Moreover, agriculture has equally generated its fair share of wastes that contain heavy 

metals. For instance, waste products from piggeries have been linked with mollusks and 

sediment pollution due to high copper concentrations (Ismail & Rosniza, 1997). Figure 2.2 

denotes the potential sources of heavy metal pollution on groundwater and drinking water 

supplies due to rural and urban activities. 
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2.4.2 Heavy Metals Contamination in Sediments 

Due to the continuous deleterious actions of humankind within the 

environment, contamination caused by heavy metals has become a recent global albatross 

(Pourkhabbaz et al., 2014). In an attempt to satisfy the demands of the worldwide 

populace, there is an upsurge in the processing and utilization of heavy metals in several 

human endeavors, and this has grossly aggravated pollution caused by heavy metals into a 

ubiquitous problem. Mining, farming activities, runoff due to urbanization, emissions from 

automobiles, and industrialization account for the release of hazardous metals into the 

environment. Heavy metals pose a critical threat to aquatic and terrestrial ecosystems 

(Cheloni & Slaveykova, 2018). The main targets of heavy metal contaminants in the 

environment are water, air, soils, and sediments. According to Pourkhabbaz et al. (2014), 

sediments are generally aggregates of various constituents, comprising organic materials 

and a variety of minerals. These constituents are vital in the exchanges involving sediment 

and water and contaminant remobilization within aquatic ecosystems. Sediments from the 

origin receive heavy metals in aquatic ecosystems (Ali et al., 2019). The contamination of 

sediments by heavy metals is caused by anthropogenic factors such as waste disposal, 

pesticide and fertilizer application, mining, automobile, industrial operations, combustion 

of coal, and petrochemical spillage. Heavy metals are non-biodegradable and thus cannot 

be decomposed by microbes and chemicals. Toxic elements stay in the sediment for a 

period of time after being released (Ali et al., 2019). Heavy metals can damage an entire 

biome because they can be incorporated into food chains. The presence of heavy metals in 

the biosphere impedes the decomposition of organic contaminants, and the phenomenon 

doubles the contamination rate. The effects of these hazardous metals on the entire 

ecosystem, humans, animals, and plants are enormous. The results are evident in soil 
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quality, food chains, oral ingestion, plant absorption, sediment, and water pollution 

(Pourkhabbaz et al., 2014). 

 

2.4.3 Distribution of Heavy Metals in Marine Sediments in Malaysia 

Coast and estuarine areas are the essential storage tanks for countless persistent 

contaminants, and they are deposited and accumulated in sediments and organisms (Szefer 

et al., 1995). The geochemical behavior of marine sediments can serve as an indicator to 

comprehend the trends and the origins of pollution. Fine-grained particles have been 

observed as the principal repository of heavy metals because of considerable adsorption 

potential and temporal contamination variations. Therefore, marine sediment can be used 

as the historical trend to study pollution variability. Over the last several decades, both 

surface and core sediments have been used to evaluate the impacts of natural processes and 

anthropogenic activities on depositional environments. Considerable studies have used 

sediment profiles to explain the pollution history. Saraee et al. (2011) have investigated the 

heavy metals distribution in sediments from the South China Sea of Malaysia region. The 

metals at the east coast of Peninsular Malaysia constituted a redistribution of territorial 

substances in the ecology. The levels of metals within the studied region could be 

considered natural background concentrations in sediment. Heavy metal concentrations of 

Zn, Cr, Pb, Cu, and Cd were examined in surface sediments and seawater collected from 

the coastal of Tuaran, Sabah, Malaysia by Tan et al. (2016). This study concluded that the 

level of metals in seawater and sediments were different at each station in the following 

order: Cr ˂ Cu ˂ Cd ˂ Zn ˂ Pb and Cd ˂ Pb ˂ Cr ˂ Cu ˂ Zn, respectively due to 

anthropogenic activities in the study area. This study also revealed that urbanization and 
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anthropogenic effluent, including naturally occurring processes, were the primary sources 

of trace elements.  

Spatial distribution of trace elements in core sediments off Tanjung Pelepas 

harbor of Malaysia has been reported by Yusoff et al. (2015). The trace elements source 

and the date of the deposition of sediment that took place at Tanjung Pelepas harbor have 

been evaluated using the vertical profile of 
210

Pb. Thus, the study revealed that historical 

differences of Cu and Zn exhibited the highest enrichment factor values in the late 1990s 

when the harbor was being established. Khodami et al. (2017) appraised the spatial and 

temporal trace elements distribution (Cr, V, Ni, Cu, Pb, Co, Zn, and Fe) in the sediments of 

Bayan Lepas Free Industrial Zone (FIZ) of Penang, Malaysia. The level of heavy metals 

varied from lower concentration to higher concentration at various study sites dependent 

on the interim sediment quality guidelines (ISQG). This study also revealed that heavy 

metals enrichment in the sediments ranged from no enrichment to extremely high 

enrichment due to the difference of anthropogenic activities and lithogenic in origin at 

various sampling sites. The likely ecological risk values obtained suggested that sediments 

collected from Bayan Lepas FIZ have low risks. The establishment of trace element 

pollution baseline in sediments collected from the Bernam River, Malaysia, has been 

conducted by Kadhum & Zulkifli (2016). The contents of the trace elements increased in 

the order of Cd ˂ Fe ˂ Ni ˂ Cr ˂ Sn. The results also indicated that the sediment samples 

collected from the middle and lower stream of the river had higher metal contents as a 

result of high anthropogenic activities and lithogenic in origin. In contrast, sediments from 

the upper stream of the river had lower contents of metals owing to low anthropogenic 

activities. Omorinoye et al. (2019a) have reported the vertical profile of metals levels in 

sediments from Sadong River, Sarawak, Malaysia. Fe was the most copious metal, whereas 
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Cd had the lowest concentration. Enrichment factors exhibited moderate to significant 

enrichment of metals along with the sediment profile. 

 

2.5 Petroleum Hydrocarbons (PHCs) 

Numerous amounts of sewage, spilled oil, dredged spoils, rainwater, industrial 

and waste from the municipal are released into the coastal water bodies via their rivers 

with inadequate or no treatment, particularly under developed and semi-industrialized 

economy  (Wu et al., 2003; Muthukumar et al., 2013; Adeniji et al., 2017). Such emissions 

occurred mainly in the urban regions, even though at a low level, might not cause any 

instantaneous menace but could activate considerable problems in the long term 

(Quevenco, 2011). Some of these waste matters are discharged into the environment 

containing crude petroleum. 

  

2.5.1 Composition of Petroleum Hydrocarbons 

Crude petroleum is a tremendously multiplex combination of fossil material, 

fundamentally of plant and animal source (Laflamme & Hites, 1978; Bacosa & Inoue, 

2015). It consists of thousands of organic, with a few inorganic compounds (Hu et al., 

2016). Unrefined oils differ incredibly in chemical makeup, relative levels of various 

chemicals, and physical characteristics with no two indistinguishable. Crude oils are 

purified to produce several refined and leftover products, primarily fuels consisting of a bit 

of the number of chemicals traditionally within an established range of boiling points. A 

specific crude oil may consist of organic compounds varying in molecular weight from 

sixteen (methane), a gas at room temperature and pressure, to composite polymeric 

structures. For instance, asphaltenes have molecular weights of more than one hundred 
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thousand (Watkinson & Morgan, 1990; Xu et al., 2014; Dong et al., 2015). Hydrocarbons 

are, without a doubt, the most profuse chemicals found in crude and purified oils. Varying 

quantities of organic chemicals accommodating oxygen, sulfur, or nitrogen exist in all 

crude and part of purified oils. Petroleum hydrocarbons include aliphatic, aromatic, and 

amalgamation of both. 

  

2.5.2 Aliphatic Hydrocarbons  

Aliphatic Hydrocarbons (AHs), known as alkanes or paraffin, consist of carbon 

atom chains joined by single covalent bonds. Hydrogen atoms are occupied when carbon-

carbon bonds do not occupy chemical bonds. AHs in petroleum are perhaps a linear chain, 

branched, or cyclic. Purified oil, specifically light fuels, such as kerosene and gasoline, 

contained olefins produced during the process. 

 

2.5.2.1 Natural /Biogenic Sources of Aliphatic Hydrocarbons 

AHs in the marine ecosystem come from biogenic/natural sources including 

bacteria and marine phytoplankton, terrestrial plant waxes, biomass combustion, and 

digenetic transformation of biogenic precursors. Petroleum, coal, and natural gas are the 

natural sources of AHs. These sources are commonly known as fossil fuels because they 

are the remains of plants and animals that died millions of years ago. Owing to great heat 

and pressure in the earth's crust, the remains of plants and animals are deposited and 

transformed into sediment. AHs are sources of fuels, burnt to release heat and other forms 

of energy. Petroleum is a dark and viscous liquid fuel, sometimes called crude oil while 

coal is a solid fuel. Gaseous fuel is natural gas. Alkanes are often used to distinguish 

organic matter in several environments. Long-chain alkanes containing the odd number of 
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carbon atoms (C27 - C35) are the major constituents of higher plants waxes. However, 

alkanes that are dominated with aquatic algae are the shorter chains with an odd number of 

carbon atoms (mostly C15, C17, and C19) (Meyer, 2014). 

 

2.5.2.2 Anthropogenic Sources of Aliphatic Hydrocarbons 

Anthropogenic AHs inputs are usually common in areas connected with 

industrial discharges (i.e., refinery and petroleum distributor), sewage outfalls (sewage) 

and shipping activities. Additionally, the release of unburned oil products, 

combustion/pyrolysis of fossil fuel, and domestic waste outfalls are the primary sources of 

anthropogenic AHs (Medeiros et al., 2005). Other anthropogenic sources of AHs are 

vehicular emission products and discarded plastics (Rushdi et al., 2013). AHs are many 

constituents of crude oils and petroleum products (Mouton et al., 2009). Gasoline and 

kerosene from petroleum products possibly contain some olefins. Olefins are commonly 

produced through refining, which constitutes double bonds and sometimes triple bonds. 

Still, these have a tiny percentage in hydrocarbons fuel (MADEP, 2004). ATSDR (1996) 

reported that AHs are found in diesel fuel, with about 60 – 90% of normal, branched, and 

cyclic alkanes by volume and 0 – 10% by volume of alkenes. When purified and by-

products of petroleum are discharged into the environment, they may assemble in the soil 

and sediments and undergo weathering processes such as evaporation, dissolution, 

dispersion, and degradation (Neff et al., 1979). AHs with low molecular weight are 

insoluble in water due to the high Kow values. However, they are highly dissolvable, 

which can generate toxicity in soil and sediment. On the contrary, high molecular weight 

AH has higher Kow values and does not influence the chemical toxicity of oil-polluted soil 

and sediment (Neff et al., 1979). 
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2.5.2.3 Distribution and Fate of Aliphatic Hydrocarbons in Marine Sediments 

AHs are global environmental contaminants (Guo et al., 2016). The primary 

origin of AHs in the aquatic environment are geological processes (diagenetic), biological 

processes, pyrolytic and petroleum processes (Hu et al., 2016). Hydrocarbons are 

associated with specific organic materials in the aquatic environment because of their 

hydrophobic features. They are settled in the bottom sediment (Tolosa et al., 2004; Qiu et 

al., 2009). They are regarded as necessary submerge for such contaminants. Volkman et al. 

(1997) stated that alkanes derived from petroleum prove little or no preponderance of 

either odd or even chain lengths. The existence of AHs in the environment does not pose a 

detrimental impact on humans. 

Moreover, the toxicity of a particular AH relies on several features such as the 

path of exposure through inhalation dermal contact, or oral contact, exposure duration, the 

quantity taken, and the number of chronic exposure (Guo et al., 2016; Sammarco et al., 

2016). Agnello et al. (2016) opined that an inhabitant could be endangered by some 

chemicals, fumes of gasoline at the pump, pesticides, and spilled crankcase oil on concrete 

slabs. Other paths that may give rise to AHs exposure are inhaling these compounds from a 

spill or leakage of the petroleum product, polluted drinking water containing petroleum, 

and exposure by children to contaminated soil (Smargiassi et al., 2014). The individual 

who works for the extraction and refining of crude oil, production of AHs, and petroleum 

products companies are more likely to be exposed to petroleum hydrocarbons effects 

(Rushton et al., 2014; Sammarco et al., 2016). The harmful impacts of AHs differed 

depending on the types of compounds available in the hydrocarbons fractions. For 

instance, n-hexane can bring about a nerve disorder known as peripheral neuropathy. 

Gonullu et al. (2013) reported that consuming many petroleum products such as gasoline 
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and kerosene can result in throat irritation, stomach pain, central nervous system 

depression, pneumonia, and dyspnea (difficulty breathing). Other petroleum materials can 

lead to eyes and skin irritation, whereas some can have adverse effects on kidneys, immune 

system, liver, blood, spleen, lungs, and fetus development (Bahadar et al., 2014). 

 

2.5.2.4 Distribution of Aliphatic Hydrocarbons in Marine Sediments in Malaysia 

Extensive studies have been conducted to determine AHs in marine sediments 

in Malaysia to ascertain the contamination levels and their sources. Most of these studies 

have been focused on regions associated with shipping activities in the Straits of Malacca 

exploration and exploitation of oil and gas reserves in the South China Sea. Yusoff et al. 

(2012) have reported the distribution of AHs from 18 surface sediments collected from the 

South China Sea off Kuching Division. It was found that sediments from Kuching bay 

ranged between 35.6 μg/g to 1466.1 μg/g d.w. The values of carbon preference index (CPI) 

showed anthropogenic input influence the environmental status of the study area. Forensic 

examination of AHs in sediments collected from mangrove environments on the west coast 

of Peninsular Malaysia was conducted by Vaezzadeh et al. (2015). This study revealed that 

total concentrations of n-alkanes (C10 – C36) varied from 27,945 – 254,463 ng/g dw. 

Petrogenic and biogenic were the sources controlling n-alkanes contents. Petrogenic 

influences on n-alkanes were more significant at the downstream part of the rivers than 

biogenic sources, which were predominantly heavy and degraded oil. Biogenic sources of 

n-alkanes were more predominant upstream of the rivers. Table 2.1 summarizes the 

distribution of AHs in sediments off the Malaysian coast. 
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Table 2.1: Concentration of AHs in sediments from several locations off the Malaysian 

coast 

 
Location AHs concentration in 

sediment (mg/kg dw) 

Number of 

stations 

Reference 

South China Sea, Terengganu, >130 

km from shore 

6.4 -1,332.1 21 Law & Yusof (1986) 

South China Sea, Pahang, 35 – 155 

km from shore 

10.7 – 85.3 14 Law & Zulkifli (1987) 

South China Sea, Sarawak, >180 

km from shore 

2.9 -1,153.5 13 Law & Libi (1988) 

South China Sea, Sabah, >70 km 

from shore 

19.8 – 226.4 11 Law (1990) 

Straits of Malacca, near-shore, 

Pulau Langkawi 

164.2 – 847.4 2 Abdullah (1995) 

Straits of Malacca, West coast 

Peninsular Malaysia (near-shore) 

52.8 – 733.7 21 Abdullah et al. (1994) 

East Coast, Peninsular Malaysia 0.244 – 5.77 

5.48 – 139 

12 Abdullah & Samah 

(1996) 

West Coast, Peninsular Malaysia 0.053 – 9.51 

5.61 – 704 

37 Abdullah & Samah 

(1996) 

Straits of Malacca, near-shore, Port 

Dickson 

2.1 – 70.4 - Law & Veelu (1989) 

Straits of Malacca, near-shore, Port 

Dickson 

21.7 – 74.5 23 Law et al. (1991) 

Penang Island 0.47 – 2.01 

18.4 – 179 

18 Abdullah & Samah 

(1996) 

Sarawak and Labuan 0.573 – 9.03 13 Abdullah & Samah 

(1996) 
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2.5.3 Polycyclic Aromatic Hydrocarbons 

Aromatic hydrocarbons constituted one or more benzene rings (i.e., organic 

chemical containing six-carbon rings and nine equally shared carbon-carbon bonds). All 

carbon atoms in benzene are bonded to a single H atom but can be exchanged with an alkyl 

group(s) such as methyl, ethyl, or longer-chain aliphatic group(s). Benzene and 

alkylbenzenes containing one or two methylene or ethylene groups such as ethylbenzene, 

m-, p-, and o-xylene, and toluene are the profuse aromatic hydrocarbons in almost all crude 

and purified oils. Benzene is possibly fused to other benzene molecules by single covalent 

bonds to create compounds, for example, in biphenyl and terphenyl (Ou et al., 2004). Two 

or more benzenes can be linked by sharing two carbons to produce well-known PAHs 

(Neff, 1979). The principal constituent of petroleum hydrocarbons is PAHs. PAHs and 

their derivatives can be detected in the biome, including soil, sediments, water, air, and 

living organisms. PAHs are organic chemicals containing more than ten thousand 

compounds comprising two or more linked benzene rings in different configurations 

(Blumer, 1976; Qiao et al., 2008). Neff (1979) stated that a handful of PAHs compounds 

can be mutagen, a carcinogen, and trouble the endocrine systems of humans. 

Consequently, PAHs have been grouped as environmental top precedence 

pollutants (Dong et al., 2012). PAHs are organic compounds composed of two to seven 

benzene rings where the two to four (2 – 4) rings are grouped as lower molecular weight 

(LMW) PAHs, while five to seven rings as higher molecular weight (HMW) (Wang et al., 

2014). Neff (1979) suggested that the LMW PAHs are more dissolvable in water and 

highly toxic to human and living organisms, while HMW is highly dissolvable in lipid and 

more mutagenic, carcinogenic with prolonged impacts. The lipophilic and hydrophobic 

characteristics of some HMW make them not dissolvable in water, consequently resulting 
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in assemble in non-polar matrices or on surfaces (Zheng et al., 2015). Baker et al. (1989) 

suggested that the sorptive features of PAHs are influenced mainly by the organic 

particulate portion of suspended and settled sediments. Entity-bound PAHs have a short-

lived time in the water path before their deposition at the deepest layer sediments at where 

they will re-suspend, degenerate, or be subjected to perpetual retention. Wong et al. (1995) 

suggested that the degree of any discharge back to the water path relies on the extent of 

physical re-suspension, bioturbation, and the physico-chemical characteristics of the 

contaminants. Worries over PAHs in the ecology emerged because they have been 

tenacious in the ecosystem for a very long time. PAHs can be induced from anthropogenic 

and natural origins. Natural products of PAHs are limited to several compounds, for 

instance, retene, phenanthrene, and perylene, which do not posed a health impact on 

humans and the ecosystem (Neff, 1979). 

On the contrary, PAHs from anthropogenic sources are extensive contaminants 

generated from the burning of biomass and partial combustion of fossil fuel (Curtosi et al., 

2007). There are two significant sources of which anthropogenic PAHs enter the marine 

ecosystem: pyrogenic and petrogenic. Pyrogenic PAHs originated from the pyrolytic 

process, including natural fire and biomass burning, urban and industrial activities, and 

combustion of fossil fuels that enhanced HMW with fewer non-alkylated PAHs (Sakari et 

al., 2011). After production, the combusted PAHs released as soot particles travel far 

distances and finally settle on terrestrial plants, soil, surface layers of sediments at the 

river, lagoon, and sea bottom. Several pyrogenic PAHs can be found in fine particles from 

charcoals, and they are carried away from the site of manufacture through precipitations 

and sewage plants to the aquatic ecosystem (Sakari et al., 2008). The sources of petrogenic 

PAHs are mainly from the discharge of crude oil and petroleum products including diesel 
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fuel, kerosene, lubricating oil, and asphalt (Wilcke et al., 2003; Omorinoye et al., 2020). 

PAHs can also enter the environment through tanker accidents, oil spills, and routine 

tanker activities such as discharge from vehicle workshops and ballast water discharge 

(NRC, 2003; Sakari, 2012). 

2.5.3.1 Natural Sources of Polycyclic Aromatic Hydrocarbons 

PAHs can be formed naturally, and most of them are carcinogen and possess 

toxic characteristics (Wang et al., 2015). PAHs' natural sources include grass and brush 

fires, chlorophyllous and non-chlorophyllous (bacteria and fungi) plants, weathering rocks, 

volcanoes, oil seeps, and decomposition of dead plants. There is no well-documented 

generation of PAHs biologically. Although PAHs can be synthesized by some bacteria and 

plants or derived in the course of vegetative matter degradation. The main contributors of 

PAHs in the environment include petroleum refining and transport activities (Caruso et al., 

2015; Mulder et al., 2015). Loadings of PAHs into the environment may occur via 

discharges of industrial effluents and emission of raw and refined PAHs products (Moorthy 

et al., 2015). Other sources by which PAHs are released into the environment include fuel 

combustion, and tobacco smoke, diesel, and gasoline (Zhang & Balasubramanian, 2016). 

PAHs can be found in sediment, groundwater, soil, air, surface water, groundwater, and 

road runoff (Adam et al., 2015). The dispersion of PAHs are from the atmosphere to 

vegetation, contaminated food, and medicinal herbs (Duedahl-Olesen et al., 2015). 

Pongpiachan et al. (2013) opined that PAHs contents in soil and sediment collected from 

polluted and unpolluted sites varies from 1 mg/kg to over 300 g/kg. 
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2.5.3.2 Anthropogenic Sources of Polycyclic Aromatic Hydrocarbons 

Discharge from the routine oil spill, oil transportation, biomass burning, power 

plants that uses fossil fuel, pyrolysis of internal combustion in engines and wood are the 

anthropogenic sources of PAHs. Several probable sources of PAHs contamination in the 

aquatic environments include city runoff, industrial and municipal wastes, atmospheric 

input, and riverine discharge have a higher amount of PAHs (Villanueva et al., 2015). The 

combination of natural and anthropogenic PAHs sources is due to global transport 

occurrence contributed to their worldwide distribution (Vignet et al., 2015). The formation 

of PAHs is usually due to the burning of fossil fuels in the course of heating processes 

from automobile exhausts and waste incinerators (Tang et al., 2015). PAHs are extensively 

distributed ecological contaminants with harmful biological effects, mutagenicity, 

carcinogenicity, and toxicity (Suman et al., 2016). The contents of PAHs in the ecosystem 

vary extensively, due to the proximity of the polluted site to the source of production, the 

mode(s) of transport, and the level of industrial development (Shih et al., 2016). According 

to Cui et al. (2014), PAHs may be available as pollutants in wastewater sewage sludge. 

 

2.5.3.3 Distribution and the Fate of Polycyclic Aromatic Hydrocarbons in Marine 

Sediments 

PAHs are discharged into the ecosystem through anthropogenic and natural 

sources. There are four groups of PAHs released to the marine ecosystem, a). biogenic are 

PAHs that are produced by the organism, b).  petrogenic PAHs that are obtained from 

fossil fuels, c). pyrogenic PAHs that are derived from the processes of combustion, and 

finally d). diagenic PAHs obtained from changes undergone on the organic matter during 

deposition and burial in sediment before catagenesis (Neff, 1979; Peters & Moldowan, 
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1993; Harris, 2010). PAHs obtained from petrogenic and pyrogenic sources usually exhibit 

indistinguishable characteristics and fates after infiltrating into the ecosystem. Pyrogenic 

PAHs generated through combustion possessed high and strong affinity to organic particles 

that might travel long distances by an agent of wind and other atmospheric factors. PAHs 

carried by airborne particles stretch out to the upper layer of the water path in the marine 

ecosystem, enter the water path and then deep layer of the sea and finally deposited in the 

sediment. Petroleum and its products can enter into the marine ecosystem and expose to 

chemical transformation, dispersion, dispersion, evaporations, and weathering, settlement 

in the deepest layer on the sediments, microbial degradation (bacteria, fungi, and yeast), 

and sunlight effects (photo-oxidation) in short and long term duration (Neff, 1979). PAHs 

in sediment derived from Petrogenic sources may attach to particles and therefore, PAHs 

are subjected to various biological and chemical changes. Most PAHs found in the 

environment are ultimately degraded or metabolized by indigenous bacteria because of 

their energetic and carbon needs for growth and reproduction, as well as the requirement to 

relieve physiological stress caused by the presence of PAHs in the microbial community 

(Li & Duan, 2015). Despite the source of PAHs in the aquatic ecosystem, they attach to the 

microbes, debris, organisms, silt, and clay particles. They are deposited in the sediments, 

where different microbes (indigenous bacteria, fungi, etc.) degrade them into simple and 

low molecular weight. 

 

2.5.3.4 Distribution of Polycyclic Aromatic Hydrocarbons in Marine Sediments in 

Malaysia 

Several studies on PAHs have been conducted in marine sediments in 

Malaysia. Tavakoly Sany et al. (2014) investigated the PAHs in sediment collected from 

the coastal Strait of Klang, Malaysia. Their study were concentrated on the PAHs 
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distribution, risk assessment, and their sources in 22 sampling sites which is believed to be 

contaminated due to anthropogenic activities in the Klang Strait (Malaysia). The total PAH 

content was 994.02 ± 18.1 μg/kg d.w, with sites of the Klang River mouth and near the 

coastline exhibiting the highest concentrations. The study revealed that petrogenic and 

pyrogenic emissions are the primary inputs from vehicular and coal combustion, with great 

petroleum sources. However, ecological risk assessment showed that only site 13 was 

moderately contaminated; the remaining sites suffered rare or slight unfavorable biological 

impacts with PAHs exposure at the surface sediment, indicating that PAHs are not 

regarded as pollutants of threat in the Klang Strait. 

Li and Duan (2015) assessed the PAHs pollution level in the China Sea by 

evaluating PAHs' contents, origins, and fates in China Sea sediment. The contents of PAHs 

in sediments of the China Sea increased from South to North due to the lower emissions in 

South China. The primary transporter of PAHs at the north was presumably the atmosphere 

because of higher amounts of fine atmospheric entities and higher wind speeds. 

Nevertheless, inputs from the riverine were the significant primary origins of PAHs in the 

South China coastal sediments because of higher rainfall. 

PAHs distribution in sediments of the Straits of Malacca revealed that the total 

PAH contents in the surface sediments varied from 8.07 to 390.03 ng/g with the mean 

value of 133.5 ng/g (Razak et al., 2016). It was observed that all sampling sites were 

dominated by the low molecular weight PAH (3-ring) with 44% and 28% from high 

molecular weight PAHs (4-ring). The study also exhibited a mixture of pyrogenic and 

petrogenic PAHs sources with a dominance of pyrogenic inputs. Other studies related to 

PAH level in coastal sediments from Malaysia are summarized in Table 2.2 
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Table 2.2: Concentration of PAHs contents in marine sediments off the Malaysian coast 

Location PAH concentration in 

sediment (ng/g dw) 

Number of 

stations 

Reference 

Langkawi Island, northwest of 

Peninsular Malaysia 

228.13 –  990.25 32 Chiu et al. (2018) 

Terengganu coast, covering an area 

from Dungan to Kemaman coast 

6.01 – 20.2 

4.89 – 34.7 

16 Sanip et al. (2019) 

Pulau Merambong and Muar river, 

Peninsular Malaysia 

15.5 – 165.7 

38.6 – 122.8 

2 Vaezzadeh et al. (2013) 

Strait of Johor, near the southern tip 

of Peninsular Malaysia 

650.5 – 1441.2 5 Keshavarzifard et al. 

(2019) 

Contaminated sediments in 

Malacca Strait, Malaysia 

347.05 – 6207.5 

179.32 – 1657.5 

2 Keshavarzifard et al. 

(2017) 

Mangrove estuary in the western 

part of Peninsular Malaysia 

20 – 112 10 Raza et al. (2013) 

Malacca Coastal Waters: 130 years 

of evidence for their land-based 

sources 

 

Near Shore station core 

 

 

 

In the Near Shore sample 

 

Off Shore core 

 

 

 

 

177 (year 1949 – 1955) – 

4447 (year 1963 – 1969) 

 

452 (year 1991 – 1997) 

 

1.71 – (year 1914 – 1920) – 

714.37 (1963 – 1969) 

3 Sakari et al. (2011) 

 

 

 

 

Sakari et al. (2011) 

 

 

Sakari et al. (2011) 

 

 

Sakari et al. (2011) 
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2.6 Chapter Summary 

This chapter reviewed and summarized the concepts of heavy metals, AHs, and 

PAHs in the marine environment. The geological and hydrogeological aspects of the 

Kuching Division, Sarawak, have been highlighted together with the importance of the 

estuarine environment. Heavy metals classifications, characteristics, sources, and behavior 

in marine sediment distribution of heavy metals in Malaysian marine settings have been 

reported. Heavy metals in the environment can be categorized as either essential or non-

essential, depending on their roles in biological ecosystems. Hazardous heavy metals 

contact air, soil, sediments, plants, and water through adsorption, precipitation, 

complexation, exchange of ions, and others. These metals originated from geogenic and 

anthropogenic sources. Heavy metals can pose a threat to both aquatic and terrestrial 

ecosystems. Exposure to heavy metals such as Hg, As, Pb, and Cd in either the short or the 

long term can cause cancers and other severe diseases in humans. Heavy metals such as 

Au, Fe, Cu, and others are essential constituents of the material utilized in the real estate, 

automobile, electronic and electrical industries. Cd serves as an anti-friction agent and 

many essential applications from most heavy metals. Hydrocarbons are everywhere, and 

their impacts on the environment and humans have raised many concerns. AHs and PAHs 

have been discussed in this chapter. Their fate and distribution in the environments have 

been discussed accordingly in this section. Several studies carried by various researchers 

within the Malaysian zone to predict and ascertain AHs and PAHs have been pointed out.  

 

 

 

 



34 

 

CHAPTER 3  
 

 

DISTRIBUTION OF HEAVY METALS IN COASTAL AND FOUR RIVERS 

ESTUARY SEDIMENTS IN THE KUCHING DIVISION OF SARAWAK 

3.1 Introduction 

 

Heavy metals are a pressing concern regarding pollution in aquatic ecosystems 

because of their persistence, bioaccumulation, and environmental toxicity (Bryan & 

Langston, 1992; Redwan & Elhaddad, 2017; Zhang et al., 2017). Aquatic bodies, for 

example, reservoirs (Nguyen et al., 2019), rivers (Li et al., 2019), estuaries and coastal 

(Asare et al., 2021a, b), wetlands (Jia et al., 2019), and lakes (Chen et al., 2019), receive 

heavy metals in inadequately treated or untreated wastewater from agricultural, domestic, 

and industrial sources. As an essential constituent in riverine and estuarine environments, 

sediments are a source and a sink of trace metals (Pejaman et al., 2015; Huang et al., 

2019). Trace elements entering rivers and estuaries rapidly deposit into the sediment and 

are much more concentrated than in the water body of riverine, estuarine, or coastal 

systems (Shyleshchandran et al., 2018). When there is an alteration of the hydrological or 

the physicochemical conditions, trace metals in the sediment may resuspend or desorb to 

result in secondary pollution in the water body (Kouidri et al., 2016; Asare et al., 2021b). 

Heavy metals accumulation in the sediment directly influences benthic organisms. Heavy 

metals in sediment also affect many other organisms via the food chain and threaten the 

comfort of the aquatic environment. Hence, it is important to evaluate and understand the 

accumulation and distribution of trace metals in sediment. 

Rambungan, Sibu, Salak, and Santubong Rivers are key rivers in the Sarawak 

state of Malaysia. They flow through the Kuching city and support many less densely 
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populated towns, offering services to both agriculture and industry. Over the past few 

decades, there have been trace metals pollution in riverine, estuarine, and coastal sediment 

of the Sarawak state of Malaysia because of the wastewater discharge from agricultural, 

metallurgical, and mining industries carrying trace metals. Even though many researchers 

have studied trace metals pollution in the Rambungan, Sibu, Salak, and Santubong Rivers 

and their associate estuary (Omorinoye et al., 2019a); a systematic study is still lacking to 

correlate the sediment with trace metals distribution, characteristics, risk assessment, likely 

sources, and their effect on the aquatic environment. 

Geochemical indices used for ecological risk assessment of heavy metals in 

surface sediments comprised of computation of enrichment factor (EF), contamination 

factor (CF), geo-accumulation index (Igeo), pollution load index (PLI) (Yi et al., 2011; 

Yang et al., 2012), potential ecological risk indices (Wu, 2014), and excess regression 

analysis (Hilton & Ochsenbein, 1985; Yi et al., 2011). Heavy metals analyses in river 

sediments have been used considerably for the essence of pollution monitoring (Pekey et 

al., 2004; Liu et al., 2007; Yang et al., 2012). A handful of these studies focused on the 

paths of imparting heavy metals content in sediments without evaluating their 

ecotoxicological risks (Omorinoye et al., 2019a). Therefore, this study aimed to determine 

ten trace metals (i.e., Zn, As, Fe, Mg, Mn, Ni, Cr, Cu, Co, and Cd) in sediments of the 

coastal and in four rivers estuary of the Kuching Division of Sarawak. Also, using the 

geochemical indices to evaluate the contribution of anthropogenic activities carrying trace 

metals into estuary and coastal sediment, determining the likely risks linked with trace 

metal toxicity using sediment quality guidelines and ecotoxicological risk index, and 

finally, ascertaining the source distribution of trace elements using statistical tools such as 

Pearson's coefficient correlation and principal component analysis.  
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3.2 Materials and Methods 

3.2.1 Description of Study Area 

 

The field studies and sampling were carried out in the coastal and in four rivers 

(i.e., Santubong, Salak, Sibu, and Rambungan) estuary in the Kuching Division of Sarawak 

in the North-Western portion of Borneo Island, Malaysia. The study area has a tropical 

rainforest climate, moderately hot yet very humid once in a while, and receives 

considerable rainfall. The mean annual precipitation is about 4,200 mm. The study area 

receives an average of 247 rainy days per year with an average of 6 hours of sunshine and 

a mean of 3.7 hours per day during January. North-East Monsoon months of November to 

February is the wettest time whiles June to August is considered the driest months. The 

temperature of the study area range between 19 °C to 36 °C with a mean temperature of 

roughly 23 °C in the early hours of the morning and rises to approximately 33 °C in the 

course of mid-afternoon and can reach 42 °C in the dry season. Figure 3.1 shows the 

sampling locations of the coastal and four rivers estuary.  
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  Figure 3.1: Map of study area showing sampling sites  

Note: On the map, the sampling site codes were labelled numerically for easy identification of sampling 

position but the actual naming of each sampling site is attached with CZ for example sample site 1 denotes 

CZ1. 
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Table 3.1: Coordinates of sampling locations 

Sample site code Locality Coordinates 

  
CZ1(1),(2) Rambungan River Estuary N01°41’37.7” E110°08’24.5” 

 
CZ2(1),(2) Offshore of Batang Rambungan opposite 

small Satang Island 

N01°44’46.8” E110°08’45.4” 

CZ3(1),(2) Offshore of Batang Rambungan adjacent  

big Satang Island 

N01°46’22.6” E110°08’37.8” 

CZ4(1),(2) Sibu River Estuary N01°44’46.8” E110°08’45.4” 

CZ5 Offshore of Telaga Air opposite to small 

Satang Island 

N01°45’50.4” E110°11’30.2” 

CZ6 Offshore of Telaga Air adjacent big Satang 

Island 

N01°47’23.5” E110°10’39.7” 

CZ7(1),(2) Salak River Estuary N01°40’41.1” E110°16’59.2” 

CZ8 Santubong Bay  N01°42’45.7” E110°27’63.1” 

CZ9(1),(2)
 

Offshore of Santubong Resort N01°44’49.6” E110°29’72.3” 

CZ10 Santubong River Estuary N01°42’32.6” E110°19’02.3” 

 

3.2.2 Sediment Sampling and Treatment 

The field studies and sample collection were conducted according to the 

procedure outlined by Gao (2019) from September to October 2020. The coordinates for 

each sampling site were determined using a handheld portable GPS, Garmin etrex. Table 

3.1 shows the coordinates of sampling locations. Ten surface sediments were collected 

from sampling sites and four replications from each station. Sample site code designated as 

(1), (2) for example CZ7(1),(2) indicate that at station CZ7, two separate location each four 

replications with the same coordinates were sampled and thus they were treated differently. 

Samples were collected to a 5.0 cm depth using a Wildco grab sampler. To minimize 

contamination, the grab sampler was disinfected using biodegradable detergent and rinsed 
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with deionized water before and after each use. Sediments were placed in cleaned 

polyethylene containers and kept in the cooler box at a temperature of 5 °C during 

transportation. In the laboratory, samples were air-dried in a well-ventilated area for a 

week. The bulky materials such as stones and unwanted materials were removed from the 

sediments using stainless-steel forceps and homogenized. The dried sediment samples 

were pulverized into fine particles using a mortar and a pestle. Pulverized sediments were 

then sieved using a 55 μm mesh size sieve to obtain powdered sediments which were then 

placed in cleaned polyethylene containers. The samples were kept in a refrigerator for 

further analysis (US EPA, 2009).  

The gravity corer equipped plastic tube with 50 cm length and 5 cm diameter. 

About 30 cm long core sediments were collected from the bottom of each sample site. Core 

sediments were segmented at an interval of 5 cm and then placed in cleaned plastic bags, 

kept in the cooler box during transportation. 

 

3.2.3 Proximate Analyses 

Proximate analyses were performed based on the procedure defined by ASTM 

D3976-92 (2015). The proximate analyses include the determination of moisture content, 

ash content, and total organic matter (TOM). 

3.2.3.1 Moisture Content 

Moisture content is the water available in the sediment samples. It was 

determined by measuring the mass loss after the sample was heated under controlled 

conditions. Empty crucibles were weighed before placing 2.5 g of a sediment sample into 

it. Next, the crucibles were placed into the oven at 107 ± 1 ℃ for about an hour to remove 



40 

 

the water content of sediments (Zhu, 2014). Then the samples are cooled to room 

temperature before they were weighed. The differences between the weights represent the 

moisture of each of the sediment samples. The moisture content was expressed in 

percentage. Percentage moisture content was calculated using equation 3.1 below:  

 

           
      

  
                                                                                  Equation 3.1 

 

Where W1 = weight of the sample, W2 = weight of dried sample and crucible at 107 °C, 

W3 = weight of the empty crucible. 

 

3.2.3.2 Ash Content 

Ash content was evaluated by weighing the remaining after the combustion of 

sediment samples in the air. The dried sample in each of the crucibles is heated in the air 

over Bunsen burner until no fumes are produced. After that, they were placed into a 

furnace at 500 ℃ for 60 minutes. After completion, the samples were cooled in the 

desiccator and then weighed (W4). The percentage of ash content was calculated using 

equation 3.2 below:  

 

      
      

  
                                                                                           Equation 3.2 

 

Where W1 = weight of the sample, W4 = weight of ash sample and crucible, W3 = weight 

of empty crucible. 
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3.2.3.3 Total Organic Matter (TOM) 

Organic carbon content was evaluated by loss on ignition (LOI) which has 

been extensively recognized as a proxy for organic carbon concentration (Kadhum et al., 

2015). The TOM of each of the samples was calculated by using equation 3.3: 

  

                                                                                                Equation 3.3   

 

Where W4 = weight of ash content and W5 = weight of moisture  

3.2.3.4 Particle Size Analysis 

Granulometric analysis was performed to determine particle size fractions in 

sediment and was carried according to the procedure established by US EPA (2007). 

Briefly, six sieves with different diameters i.e., ˂ 0.0625 mm, 0.125 mm, 0.50 mm, 1.0 

mm, and 2.0 mm were used. 300 g of dried sediment samples were sieved for 15 minutes 

using a mechanical shaker. The leftover of each sieve was quantified (0.01 g accuracy). 

Particle fractions of individual sediment texture for each study site were determined and 

expressed in percentage (Table 3.2).  

 

Table 3.2: Sediment texture and particle size range (US EPA, 2007) 

 
Sediment texture Particle size range (mm) 

Clay ˂ 0.0625 

Silt 0.125 – 0.0625 

Sand 0.5 – 2.0 

Gravel > 2.0  
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3.2.3.5 Other physicochemical parameters 

The protocol for determining the particle size distribution was the hydrometer 

method adapted by Gee & Bauder (2002). An electrical conductivity meter was used to 

evaluate the electrical conductivity of the sediment samples. A glass electrode in water 

suspension in a ratio of 1:4 (sediment/water) was the protocol used to determine sediment's 

pH. The method formulated by Gupta (2007) was used to determine the proportions of 

carbonate ion (CO3
-2

) and hydro carbonate ion (HCO3
-1

). This was achieved by titrating 

with 0.05 moldm
-3

 sulfuric acid. The calcium carbonate (CaCO3) contents in sediment 

samples were evaluated using a calcimeter (Loeppert & Suarez, 1996). The turbid metric 

method determined the sulfate ion (SO4
-2

) presence in sediment samples, while 

spectroscopy evaluated turbidity (Gupta, 2007). The sodium acetate (C2H3NaO2) method 

was used to quantify cation exchange capacity (CEC) (Loeppert & Suarez, 1996). 

3.2.4 Heavy Metals Analysis 

3.2.4.1 Sediment Extraction and Analysis 

The procedure used to analyze sediment total heavy metal contents is acid 

digestion adapted by Hossner (1996). A powdered sediment sample of 0.5 g was placed in 

a crucible. About 3 mL of H2SO4 (95%) and 4 mL of HCl (96%) were added to the 

crucible contents. The contents of the crucibles were subjected to heating in an oven 

(Memmert model 30 – 70, UN 30) for 22 hours at a temperature of 125 °C to break down 

all organic materials. After heating, each crucible was weighed and recorded. Reheating of 

sediment samples was carried out in a muffle furnace (Model Ney Vulcan D – 550 series) 

for 4 hours at 450 °C. This was done to help remove water, moisture, and other solvents 
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from the sediment samples. The weights were recorded after the samples were allowed to 

cool. The samples were heated to dryness on a hot plate (Model Favorit HS070V2 Serial 

5434) after added 1.5 mL of distilled water and 1.5 mL of concentrated HNO3. Crucible 

contents were stirred for uniformity for 5 minutes after 8 mLof distilled water and 2.0 mL 

of concentrated HCl were added. The mixture was then filtered via filter paper (Whatman 

No. 42), and the content (filtrate) was top up with distilled water to 100 mL. The following 

dilutions were prepared; × 1.0, × 10.0, and × 100.0, and the extracts were analyzed for 

heavy metals of interest using Inductively Coupled Plasma-Optical Emission Spectroscopy 

(ICP-OES).  

3.2.4.2 Quality Assurance and Control (QA/QC) 

To ensure the quality and efficiency of the instrumental outcomes, QA and QC 

techniques were established. It includes cleaning laboratory materials and apparatus using 

15% H2SO4, applying standard operating methods, analyzing blanks, and standard 

calibration and recovery of actual additions.  

3.2.4.3 Inductively Coupled Plasma-Optical Emission Spectrophotometer (ICP-

OES) 

Analyses of the heavy metals in the samples were performed on brand 

PerkinElmer
©

 ICP-OES model Avio 560 Max (Saleem et al., 2016). 1300W RF power, 2.0 

L min
-1

 auxiliary flow, 0.8 L min
-1

 nebulizer flow, 15 L min
-1

 plasma flow, and 1.5 mL 

min
-1

 sample uptake rate were the operating conditions used for ICP-OES determination. 

Metals were determined using the axial view. The analytical signal was measured using 2-
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point background correction and 3 replicates. Nitric acid 0.5% (v/v) was used to dilute the 

stock multi-elemental standard solution (1000 mg L
-1

) to prepare the calibration standards.  

The correlation coefficient between the laboratory and certified values was 

around 0.999984, indicating excellent agreement between the certified and measure values. 

The percentage recoveries obtained varied from 98 – 101%. The acceptable recovery range 

of CRM is 90.0 – 110% (Misa et al., 2014). Hence, the obtained values in this current 

study were found to be within the acceptable recovery range. Hence, the analytical 

instrument is suitable to for analysis of selected trace metals. Concerning precision, the 

relative standard deviation varied from 0.19 – 2.77%. The limit of detection (LOD) was 

calculated for the ten trace metals after establishing the calibration curves and equation of 

ICP-OES. The LOD values were computed as 3.3 × (S.d blank/y), where; S.d refers to mean 

standard deviation of blanks, and y represents the sensitivity of the calibration curve. The 

limit of detection (LOD) was as follows: Ni = 0.038 mg/kg, Pb = 0.009 mg/kg, Cr = 0.026 

mg/kg, Mn = 0.013 mg/kg, Ba = 0.007 mg/kg, Mg = 0.015 mg/kg, Cd = 0.044 mg/kg, As = 

0.003 mg/kg, Zn = 0.020 mg/kg, Al = 0.099 mg/kg, Co = 0.035 mg/kg, Na = 0.042 mg/kg, 

Cu = 0.031 mg/kg, and Ca = 0.068 mg/kg.  

The test of accuracy shows how close a measured value or the result of the 

laboratory value emerges to the reference value. The accuracy performance was evaluated 

using sewage sludge amended soil, standardized by the Community Bureau of Reference 

(BCR) reference material. The motive is that the outcome of the measured values obtained 

from the certified reference material (CRM) analysis is often convenient for the evaluation 

of the accuracy of any analytical instrumentation owing to the fact that it is easy to make a 

comparison between the certified values and measure values and make a deduction. SPSS 

statistics was applied to construct the regression lines to detect the regression values. The 
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measure values were plotted as the horizontal axis and the certified values as the vertical 

axis. It was found that the certified values at which the laboratory values were obtained are 

assembled around the perfect correlation line, suggesting that the laboratory values were in 

excellent connection with the certified values. 

Furthermore, accuracy was ascertained from the Z-score value (Misa et al., 

2014). The standard score commonly called the Z-score is a score that produce a notion of 

how far a measure value from an average a data point is. In a realistic form, it is a measure 

of how many standard deviations above or below the mean variable a raw score is. 

Equation 3.4 was used to compute the Z-score of individual metal. 

 

  
       

 
                                                                                                          Equation 3.4  

  

Where U is the uncertainty of the certified value, Rv is certified value accepted as the true 

one, and Rlab is laboratory or measured value. Equation 3.5 was used for the evaluation of 

uncertainty of the certified values quantified at the 95% confidence level (Eurachem, 

Middlesex, 1998), 

 

                                                                                                              Equation 3.5  

 

 

Where k is the coverage factor (k = 1.740, for 95% and 18 points) and U is the uncertainty 

of the reference value. Laboratory performance is reported as satisfactory and acceptable if 

Z-score ˂ 2 but the performance is questionable if Z-score > 2 but ˂ 3. If the Z-score > 3 

then laboratory performance becomes unsatisfactory (Funk et al., 2007; Misa et al., 2014). 

The calculated Z-score values, the measured values, and the ratio of difference relative to 

the certified values expressed in percentage have been detailed in Table 3.3. The Z-score 
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values for all the trace elements of interest were less than 2, suggesting that laboratory 

performance is satisfactory and acceptable. 
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Table 3.3: The recovery of detected heavy metals in CRM (i.e., sewage sludge amended soil) standardized by BCR 

Heavy 

metal 

Pb Zn Cd Ni Mn Cu Ba As Co Cr Mg Ca Al Na Fe 

CV (ppm) 171.00  

± 6.00 

1059.00  

± 22.00 

76.00 

± 1.20 

40.60  

± 3.50 

873.00  

± 12.00 

137.00 

± 9.00 

53.40  

± 4.10 

42.00   

± 1.30 

23.50  

± 2.80 

415.00  

± 9.60 

307.00  

± 7.10 

924.00  

± 11.00 

219.00  

± 6.40 

89.90  

± 5.20 

1072.00  

± 14.00 

a
MV (ppm) 171.88 

± 0.83 

1061.79 

± 3.08 

77.08 

± 0.42 

41.86
* 

873.90 

± 0.91 

138.01
* 

55.07
* 

42.69 

± 0.41 

24.03 

± 0.31
 

416.51 

± 0.40 

309.11 

± 0.68 

926.1 

± 0.73 

221.03 

± 0.84 

92.03 

± 0.76 

1078.35 

± 0.96 

RLab - Ry 1.01 2.79 1.08 1.26 0.90 1.01 1.67 0.69 0.53 1.51 2.11 2.10 2.03 2.13 6.35 

U 10.44 38.28 2.09 6.09 20.88 15.66 7.13 2.26 4.87 16.70 12.35 19.14 11.14 9.05 24.36 

|Z-score| 0.10 0.07 0.52 0.21 0.04 0.07 0.23 0.31 0.11 0.09 0.17 0.11 0.18 0.24 0.26 

b
Diff (%) 0.21 0.26 1.42 3.10 0.10 0.74 3.13 1.64 2.26 0.36 0.69 0.23 0.93 2.37 0.59 

CV denotes the certified value 

MV represents the measured value 
a
 Mean measured values of three determinations  

b
 Diff. ˗ Percentage of difference to true values (Z-scores) calculated based using equation 3.4  

* Values without uncertainty due to insufficient CRM sample measurement repetitions 
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3.2.5 Environmental Assessment of Heavy Metals Contamination 

3.2.5.1 Enrichment Factor 

EF deals with estimating the anthropogenic impact on the media, such as soil, 

sediments, and others. Fe is used as a normalization metal because the sediments collected 

from the study area are abundant in Fe. The EF can be calculated by equation 3.6 proposed 

by Muller (1979). 

 

   (
  

  
)
      

  (
  

  
)
     

                                                                                  Equation 3.6   

 

Where (Xn/Fe)sample represents ratios of arithmetic average concentrations (mg/kg, dry wt) of 

the target heavy metals; (Xn/Fe)crust denotes Fe in the investigated sediments and continental 

earth crust according to Muller (1979). The classifications of heavy metals enrichment and 

their environmental risk grades in soil/sediment are shown in Table 3.4. 

3.2.5.2 Contamination Factor (CF) 

CF is applied to assess pollution in an aquatic ecosystem by a given toxic 

substance. Thus, it serves as a vital indicator of sediment contamination (Kadhum et al., 

2015). The CF was computed using equation 3.7 formulated by Hakanson (1980) as: 

 

CF = (Cm)sample/(Cm)background                                                                                                          Equation 3.7  

 

Cmsample denotes the concentration of a given trace metal in sediment, and (Cm)background is the 

values of reference metal, which are the average shale values of each study metal for 
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sedimentary rock (Turekian & Wedepohl, 1961). The CF values are grouped into four 

categories as listed in Table 3.4.  

3.2.5.3 Geo-accumulation index (Igeo) 

Igeo makes it possible to determine pollution by comparing the present and pre-

industrial concentrations of heavy metals in the earth's crust (Muller, 1979). The geo-

accumulation index (Igeo) can be calculated using equation 3.8 (Muller, 1979):  

 

Igeo = Log2 (Cn/1.5*Bn)                                                                                           Equation 3.8   

 

Where Cn refers to the measured concentration of the heavy metals in the sediment samples 

and Bn represents the geochemical background value in the earth's crust. The factor of 1.5 is 

introduced to reduce the impact of possible variations in the background values due to 

lithogenic variations (Saleem et al., 2016). The interpretation of the Igeo values is 

summarised in Table 3.4. 

3.2.5.4  Pollution Load Index (PLI) 

PLI for each sampling site is derived as the n
th

 root of n number multiplied 

together by the values of the CF suggested by Tomilson et al. (1980) as shown by equation 

3.9 below. 

PLI = (CF1 * CF2 * CF3*….. CFn)
1/n                                                                                                          

 Equation 3.9  

Where n represents the number of heavy metals. PLI index is ranked into several classes, as 

shown in Table 3.4. 
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Table 3.4: Enriched factor (EF), contamination factor (CF), geo-accumulation index (Igeo) 

and pollution load index (PLI) range values and their environmental risk grades 

 
Index type Value Environmental risk grade Reference 

Single Indices    

EF   Muller (1979) 

 0 – 1 Background concentration or  no 

enrichment 

 

 1 – 3  Minor enrichment  

 3 – 5 Moderate  enrichment  

 5 – 10 Moderately severe enrichment  

 10 – 25  Severe enrichment  

 25 – 50  Very severe enrichment  

 > 50 Extremely serve enrichment  

CF   Hakanson  (1980) 

  ˂ 1 Minimum contamination  

  1 to 3  Moderate contamination  

  3 to 6 Considerable contamination  

  > 6 Very high contamination  

Igeo   Muller (1979) 

 0 Uncontaminated or background 

concentration 

 

 0-1 Uncontaminated  

 1-2 moderately contaminated to 

uncontaminated 

 

 2-3 moderately contaminated  
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Table 3.4 continued 

 3-4 moderately to highly contaminated   

 4-5 Highly contaminated   

 > 5 Very highly contaminated   

Integrated Index     

PLI    Tomilson et al. (1980) 

 0 Perfection   

 1 Baseline   

 > 5 Increasing contamination    

 

 

3.2.6 Ecological Risk Assessment 

3.2.6.1 Sediment Quality Guidelines 

Sediment-quality guidelines (SQGs) were developed in Australia and New 

Zealand in 2000 to predict the adverse biological impacts caused by contaminated sediments 

(ANZECC/ARMCANZ, 2001). The technique has been employed to determine the potential 

risk to aquatic organisms due to trace metal pollution in aquatic bodies (Wang et al., 2016). 

The assessment is established by comparing the measured trace metal contents in sediment 

samples with the consensus-based threshold effect concentration (TEC), probable effect 

concentration (PEC) values, and midway values between the TEC and PEC (i.e., MEC) 

(Decena et al., 2018). 

 

3.2.6.1.1 Threshold Effect Concentration (TEC) 

TEC is a sediment contamination concentration at which a toxic response has 

begun to be observed in benthic organisms. The state of Florida developed equation 3.10 to 

determine TEC based on the concentrations at which benthic organisms from aquatic 
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ecosystems exhibited toxic responses in the laboratory (Florida Department of Environmental 

Protection, 2008). 

 

TEC =                                                                                          Equation 3.10     

 

 EDS-L represents the concentration at which 15% of benthos showed effects, and NEDS-L 

denotes concentration at which 50% of benthos showed no impact. There is no established 

data for EDS-L and NEDS-L for benthic organisms for this region/tropical region thus, TEC 

calculations may be loosely useful in temperate regions. For this reason, there is a need for 

the establishment of EDS-L and NEDS-L for EDS-L and NEDS-L for benthic organisms for 

tropical region in order for TEC to be more relevant to this region. 

 

3.2.6.1.2 Probable Effect Concentration (PEC) 

PEC is the concentration at which a large percentage of the benthic population 

shows a toxic response. PEC can be calculated using equation 3.11 as proposed by the 

Florida Department of Environmental Protection (2008). 

 

PEC =                                                                                          Equation 3.11 

 

EDS-M denotes concentration at which 50% of benthos showed effects, and NEDS-H 

indicates concentration at which 85% of benthos showed no impact. 

 

3.2.6.1.3 Median Effect Concentration (MEC) 

It is assumed that sediment contamination concentrations below TEC are 

acceptable and concentrations above the PEC are unacceptable. The region in between the 
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TEC and PEC is called median effect concentration (MEC). The MEC values require further 

study and judgment to ascertain the likelihood of environmental consequences. 

 

3.2.6.2 Potential Ecological Risk Index (RI) 

RI can be calculated using equations 12 – 14 developed by Hakanson (1980). RI 

is widely used in evaluating the ecological risk of heavy metals contamination in sediments 

(Jernelov et al., 1975). Thus, RI is calculated using the formula: 

 

RI = Ei                                                                                                                  Equation 3.12 

 

Ei = TiFi                                                                                                                 Equation 3.13  

 

Fi = Ci/Cb                                                                                                              Equation 3.14 

 

Where RI is the sum of all risk factors in the sediment samples; Ei is the monomial potential 

ecological risk factor for individual factors; Ti is the metal toxic response factor and Fi is the 

metal contamination factor, Ci is the calculated concentration of trace metal in the sediment 

sample, and Cb refers to the value of the reference element (Turekian & Wedepohl, 1961). 

Metal contamination factor (Fi), risk index classification, and their environmental risk 

intensity are highlighted in Table 3.5. The metal contamination factor data of eight out of the 

ten detected heavy metals in the samples were available in literature (Hakanson, 1980). 

Therefore, the potential ecological risk assessment of eight heavy metals was evaluated in 

this work. 
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Table 3.5: Metal contamination factor (Fi) of the selected heavy metals, classification and 

environmental risk intensity 

 
 

Heavy metal Co Cu Ni Cr Zn Mn Cd As 

Metal contamination factor 5.0 5.0 5.0 2.0 1.0 1.0 30.0 10.0 

 Risk Index Value Environmental Risk Categories 

1 ˂ 150 Low ecological risk 

2 ≥ 150 ˂ 300 Moderate ecological risk 

3 ≥ 300 ˂ 600 Considerable ecological risk 

4 ≥ 600 Very high ecological risk 

 

 

3.2.7 Statistical Analyses 

SPSS 24.0 software (IBM Corp., Armonk, NY, USA) was used for basic 

descriptive statistical analysis of the sample data (StatSoft, 1999). This provided the mean 

and standard deviation for the sampled heavy metal concentrations. Bivariate analysis such as 

Pearson's correlation method was used to assess the correlations between trace metals and 

multivariate analysis such as cluster analysis and principal component analysis (PCA) were 

applied to study the source distribution of the selected heavy metals. 

 

3.2.7.1 Pearson’s Correlation  

 

The correlation coefficient of the various heavy metal pair was calculated with 

the aid of the Pearson’s product-moment coefficients to show the association of the heavy 

metals pairs in sediments. Considering heavy metals in surface sediments, Pearson's 

coefficient correlation analysis was carried out to assess the interrelationships between the 

heavy metals studied.  
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3.2.7.2 Cluster Analysis 

Cluster analysis (CA) is an exploratory method of problems. CA aims to sort 

cases, data, or objects into groups or clusters. Hierarchical agglomerative cluster analysis was 

carried out using the Ward linkage method and the results were reported in the form of a 

dendrogram (Silveira et al., 2016; Decena et al., 2018). 

 

3.2.7.3 Principal Component Analysis (PCA) 

PCA is a technique that allows the examination of the correlation between 

variables and the identification and elimination of those that contribute little to overall 

variation. Principal component analysis (PCA) was carried out to assess the sources of the 

trace metals. PCA usually minimizes the dimensionality of the variables and amalgamates 

most of the variables (heavy metals) with lesser factors that describe the major variations 

within the data (Silveira et al., 2016). 

 

3.3 Results and Discussion 

The coastal and four rivers estuary (i.e., Santubong, Salak, Sibu, and Rambungan) 

are vital agricultural and transportation water resources for the Kuching Division of Sarawak. 

Therefore, it is necessary to evaluate their pollution status, eco-toxicological risks, and likely 

sources of heavy metals in the surface and core sediments to predict the contamination levels.  

 

3.3.1 Moisture Content, Ash Content, and Total Organic Matter 

Table 3.6 shows the results of percentage moisture, ash content, and TOM 

content in each of the samples collected from ten locations. 
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Table 3.6: Results of % moisture, % ash, and total organic matter in each of the sampling 

from different locations 

 
Sample site code % Moisture % Ash  Total Organic Matter (mg) 

CZ1 11.11 ± 0.07 85.52 ± 0.17 5.47  ± 0.08 

CZ2 10.64 ± 0.12 89.03 ± 0.09 3.51  ± 0.11 

CZ3 9.21 ± 0.09 83.93 ± 0.14 2.85 ± 0.05 

CZ4 10.89 ± 0.33 91.07 ± 0.16 6.03 ± 0.14 

CZ5 10.21 ± 0.10 87.22 ± 0.11 2.01 ± 0.07 

CZ6 10.24 ± 0.16 85.91 ± 0.14 4.69 ± 0.11 

CZ7 12.74 ± 0.11 94.11 ± 0.19 5.98 ± 0.15 

CZ8 11.03 ± 0.21 88.18 ± 0.10 6.05 ± 0.10 

CZ9 9.66 ± 0.18 84.79 ± 0.08 3.25 ± 0.09 

CZ10 11.25 ± 0.14 89.25 ± 0.09 4.16 ± 0.15 

Details of sample site codes are mentioned in the materials and methods section. 

 

Heavy metals contents in the sediment depend not only on the chemical 

characteristics of the sediment but also the physical properties which usually affect the 

availability, mobility and ecotoxicological impact of heavy metals (El-Amier et al., 2017). 

The percentage moisture content in all study sites were in the range of 9.21 – 12.74% (Table 

3.6). It was observed that sediments from the estuaries have high moisture content compared 

to coastal sediments. This maybe attributed to the texture and organic content of the 

sediment. Soil texture type with considerable amount of organic matter have high retaining 

moisture capacity. The obtained percentage ash content in all sediment samples varied from 

83.93 – 94.11% (Table 3.6). Low ash content was detected in sediment from the offshore of 

Batang Rambungan adjacent big Satang Island, while high ash content was found in sediment 

collected from Salak River estuary. 

The TOM obtained for the set of sediment samples analysed varied from 2.01 – 

6.05 mg. Organic matter is one of the characteristics that are important in improving 
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sediment qualities such as the sediment structure, sediment fertility, and microbial activity. 

There is a variation in the functions of organic matter in the sediment, which mainly depends 

on the different fractions viz. particulate organic carbon, humus organic carbon, resistant 

organic carbon, and dissolved organic carbon (Rasheed et al., 2015).  

 

3.3.2 Heavy metals and Sediment Size Fractions Relationships 

Sediment samples collected from four rivers estuary and in the coastal of 

Kuching comprised of 11 – 33% of clay minerals, 53 – 71% of sand particles, and the silt 

fraction was 9 – 21%. The textural classifications of the various fractions of core sediment at 

sampling sites are summarized in Table 3.7. 

Table 3.7: Textural classification of core sediment at sampling sites 

 

Sample site 

code 

Locality % Sand % Silt % Clay Textural 

Classification 

CZ1 Rambungan River Estuary 68 21 11 Sandy loam 

CZ2 Offshore of Rambungan River 

opposite to small Satang Island 

53 18 29 Sandy clay loam 

CZ4 Sibu River Estuary 64 25 11 Sandy loam 

CZ5 Offshore of Telaga Air opposite 

to small Satang Island 

56 13 31 Sandy clay loam 

CZ7 Salak River Estuary 71 09 20 Sandy 

CZ8 Santubong Bay 58 16 26 Sandy clay loam 

CZ10 Santubong River Estuary 61 28 10 Sandy loam 

CZ11 Offshore of Santubong Resort 54 13 33 Sandy clay loam 
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Sediment from the estuary of Salak River (i.e, CZ7) recorded the highest content 

of sand particles (71%), about 23% of the sand fraction from the Salak River estuary was 

coarse sand, fine sand content was 41% and 7% was very coarse sand. The textural properties 

exhibited that Salak River estuary sediment (CZ7) is sandy. Rambungan River estuary 

sediment (CZ1) recorded the second-highest amount of sand fraction (68%), 11% silt 

fraction, and 21% clay minerals. It was noticed that the percentage of coarse sand (i.e., 39%) 

is higher than the percentage of fine sand (i.e., 25%). The other 4% constitutes very coarse 

sand. The nature of the sediment texture from the estuary of Rambungan River (CZ1) is 

sandy loam. The behaviour of sediments texture from the other remaining estuaries (i.e., 

estuary of Sibu River (CZ4) and estuary of Santubong River (CZ10)} were similar to that of 

the estuary of Rambungan River (CZ1). Hence, they were detected to be sandy loam. 

Concerning the respective percentages of sediment textural compositions, it was noticed that 

all sediments sampled from the coastal stations were sandy clay loam. The order of very 

coarse sand recorded in all sediment samples is as follows: CZ2 ˂ CZ11 ˂ CZ5 ˂ CZ8 ˂ 

CZ10 ˂ CZ4 ˂ CZ1 ˂ CZ7. It was observed that smaller and lighter material were assembled 

in the sediments from the coastal sites whereas larger and heavier fractions of suspended 

materials were seen deposited in the sediments from the selected river estuaries during the 

separation of sediment into various fractions. Farkas et al. (2007) opined that with the 

decrease in flow velocity in the reservoirs, smaller and lighter materials assembled towards 

the outlet of the reservoir while larger and heavier materials are gathered close to the inlet. 

With regards to the visual examination of the materials deposited in the sediment samples, 

confirmation from the granulometry analysis, and Farkas et al. (2007) study, it can be 

deduced that there is a likelihood of a decrease in flow velocity within the vicinity of the 

estuaries as water is flowing from the rivers to join the ocean. That may be the reason why 
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there are depositions of smaller and lighter materials in sediments collected from the coastal 

sites and depositions of larger and heavier materials in sediments from the selected estuaries.  

To evaluate the correlations between sediment particle fractions (Table 3.7) and 

detected heavy metals (Table 3.9), Pearson’s correlation matrix between sediment particle 

fractions and detected heavy metals concentrations was carried out (Table 3.8). Significant 

strong negative relationships were noticed between Cd and 0.0625 – 2.0 mm fraction (r = -

0.71, p ˂ 0.01) and Zn and 0.0625 – 2.0 mm fraction (r = -0.69, p ˂ 0.01). There was an 

observation of significant strong positive relationships between Zn and ˂ 0.0625 – 2.0 mm 

fraction (r = 0.98, p ˂ 0.05), Pb and ˂ 0.0625 mm fraction (r = 0.74; p ˂ 0.05), Ba and ˂ 

0.0625 mm fraction (r = 0.71; p ˂ 0.01), and Cu and ˂ 0.0625 mm fraction (r = 0.88; p ˂ 

0.05). Additionally, strong positive correlations were observed between Ca and ˂ 0.0625 mm 

fraction (r = 0.68) and As and ˂ 0.0625 mm fraction (r = 0.61). Notification of positive 

medium correlations were recorded between Co and ˂ 0.0625 mm fraction (r = 0.51) and Al 

and ˂ 0.0625 mm fraction (r = 0.51). Wang et al. (2016) and Nawrot et al. (2020) studies 

confirmed this correlations connected with  fraction > 0.0625 mm, the absolute content of 

trace elements in sediments decreases. No correlations happened between the granulometric 

fractions and the other trace metals (i.e., As, Mn, Al, Ca, Fe, Co, Ni, Na, and Mg). Silveira et 

al. (2016) and Ji et al. (2018) have reported that trace elements are predominantly connected 

with finer portion of sediments. Their studies confirm the significant strong positive 

relationships between some trace elements (i.e., Zn, Ba, Pb, and Cu) and clay minerals and 

strong positive correlations between As or Ca and clay fractions including positive medium 

relationship between clay fractions and Al, unlike gravel or sand portions. 
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Table 3.8: Pearson’s correlation matrix between analyzed heavy metals and sediment 

granulometric fraction expressed in percentage of the surface sediment samples 

 
Particle fraction ˂ 0.0625 mm 0.0625–2.0 mm 

Pb 0.74* -0.39 

Zn 0.98* -0.69* 

Cd 0.36 -0.71* 

Ni 0.16 -0.21 

Mn 0.29 0.26 

Cu 0.88* -0.17 

Ba 0.71** -0.21 

As 0.61 -0.44 

Co 0.51 -0.51 

Cr 0.41 0.52 

Mg 0.41 -0.41 

Ca 0.68 -0.24 

Al 0.51 0.25 

Na 0.24 -0.56 

Fe 0.28 0.06 

*Correlation is significant at the 0.5 level (2 – tailed) 

**Correlation is significant at the 0.1 level (2 – tailed) 

 

 

Sediment pH, EC, and other chemical properties of sediments influence heavy 

metals availability, movement (mobility), and eco-toxicological effects (Aslam et al., 2021). 

The average pH values obtained from the sediment samples were in the range of 7.29 ± 0.10 

to 8.30 ± 0.05, suggesting alkaline conditions (Table 3.9). A pH value between 6.5 and 7.0 is 

viewed as a compost indicator where decomposition of organic matter occurs (Alsaleh et al., 

2018). The surrounding vegetation (mangrove) of the study area is the major contribution of 

high compost desposition in the sediment and the last major flood incident that occurred on 

17
th

 January 2015 may have a huge influence on the compost deposit in the sediments. The 
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major indicator for assessing salinity in sediment is electrical conductivity (EC). The 

obtained results for the EC varied from 0.62 ± 0.01 to 2.13 ± 0.02 µS/m (Table 3.9). 

Dissolved salt and other inorganic chemicals conduct electrical current, conductivity 

increases as salinity increases. Organic compounds like oil do not conduct electrical current 

very well and therefore have low sediment conductivity. Sediment samples collected from ten 

different sampling locations at the study sites showed low CEC values (i.e., 6.21 ± 0.04 – 

8.13 ± 0.02 cmol(+)/kg). For CaCO3, samples collected at sampling sites with high CaCO3 

content is in the order of CZ1 ˂ CZ6 ˂ CZ5 ˂ CZ7 ˂ CZ10 ˂ CZ2 ˂ CZ4 ˂ CZ9 ˂ CZ8 ˂ 

CZ3 (Table 3.9). Carbonate sediment deposition is due to the combination of light 

penetration and siliciclastic. Increasing sediment pressure may account of increases the 

slubility of calcium carbonate in sediment. Sediment that has an elevated pH, those above 7, 

is usually dominated by carbonate and most commonly calcium carbonate. Also, carbonate 

sediments are commonly formed in shallow, warm oceans either by direct precipitation out of 

seawater or by biological extraction of calcium carbonate from seawater to form skeletal 

material. 
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Table 3.9: Sediment pH, EC, and other chemical features of the investigated surface sediment samples at each sampling site (n = 4). 

 
Parameters/Location CZ1 CZ2 CZ3 CZ4 CZ5 CZ6 CZ7 CZ8 CZ9 CZ10 

Sediment pH and EC 

pH 7.94 ± 0.03 8.30 ± 0.05 7.68 ± 0.05 7.59 ± 0.08 7.99 ± 0.03 7.88 ± 0.24 7.99 ± 0.21 7.73 ± 0.05 7.29 ± 0.10 7.61 ± 0.12 

EC µs/m 0.64 ± 0.01 2.13 ± 0.02 2.29 ± 0.01 1.83 ± 0.02 2.04 ± 0.01 2.13 ± 0.22 2.04 ± 0.11 0.62 ± 0.01 1.85 ± 0.02 0.88 ± 0.06 

Soluble Anions (mmol/L) 

CO3
2- 

- - 0.01 0.05 - 0.01 0.05 - 0.07 0.09 

HCO3
- 

0.37 ± 0.01 0.53 ± 0.02 0.89 ± 0.01 0.64 ± 0.01 1.21 ± 0.01 0.44 ± 0.01 0.62 ± 0.04 0.94 ± 0.06 0.88 ± 0.03 1.55 ± 0.14 

Cl
- 

0.15 ± 0.01 0.31 ± 0.07 0.28 ± 0.03 0.25 ± 0.06 3.51 ± 0.02 0.13 ± 0.01 0.42 ± 0.06 0.31 ± 0.03 0.51 ± 0.07 4.02 ± 0.16 

SO4
2- 

4.11 ± 0.02 5.21 ± 0.01 1.94 ± 0.02 9.66 ± 0.03 2.97 ± 0.01 3.99 ± 0.13 4.78 ± 0.11 1.69 ± 0.11 7.05 ± 0.33 3.46 ± 0.09 

Other soluble Cations (mmol/L) 

CEC (cmol(+)/kg) 8.13 ± 0.02 8.02 ± 0.21 6.41 ± 0.04 7.81 ± 0.02 6.69 ± 0.02 6.22 ± 0.15 8.61 ± 0.17 5.61 ± 0.11 5.81 ± 0.19 7.71 ± 0.25 

Gypsum % 0.31 ± 0.07 0.18 ± 0.03 0.15 ± 0.03 0.26 ± 0.02 0.51 ± 0.04 0.49 ± 0.03 0.23 ± 0.05 0.48 ± 0.09 0.57 ± 0.05 1.21 ± 0.05 

CaCO3 % 0.81 ± 0.01 8.51 ± 0.04 15.24±0.06 9.33 ± 0.01 6.16 ± 0.03 0.93 ± 0.07 7.33 ± 0.08 11.04±0.89 10.13 ± 0.16 8.22 ± 0.21 
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3.3.3 Distribution of Heavy Metals in Surface Sediments 

Heavy metal concentrations in surface sediments sampled from the coastal and 

in four rivers estuary are shown in Table 3.10. Ten heavy metals were detected in all 

sediment samples, and their average concentration followed the order: Cd ˂ As ˂ Co ˂ Cu 

˂ Ni ˂ Cr ˂ Zn ˂ Mn ˂ Mg ˂ Fe. The obtained evaluation showed moderate As, Mg, Cr, 

and Ni pollution. The concentration of detected zinc (Zn) in the surface sediments varied 

from 57.02 to 155.05 mg/kg with an average concentration of 133.45 mg/kg. 

Anthropogenic activities including municipal wastewater discharges, manufacturing 

processes involving metals; and atmospheric fallout are the major source of Zn pollution in 

the sediments. The high mobility nature of Zn and it ability to adsorb and scavenged by 

hydroxides and oxides are the reasons of its biological availability in sediments of the 

study area. Because, it has been reported that Zn has high mobility, and dissolved Zn can 

potentially increase its biological availability in an aquatic ecosystem (Morillo et al., 2004; 

Mito et al., 2004; Yang et al., 2012). O’sullivan et al. (2012) suggested that Zn can readily 

adsorb and be scavenged by the hydroxides and oxides. The high level of Zn concentration 

in the surface sediments could also be attributed to the fuel station, vehicle emissions, and 

commercial discharges nearby the study area (Sekabira et al., 2010; Yang et al., 2012).  

The detected arsenic (As) concentration in the samples detected ranged from 

3.02 to 6.88 mg/kg with a mean value of 5.13 mg/kg (Table 3.10). The dominant factors 

that influence the concentration of As in the sediments of the study area are the parent 

rocks and human activities. The factors such as climate, the organic and inorganic 

components of the sediments and redox potential status also affect the level of As in the 

sediments. As primarily exists in the ecosystem because of natural processes (i.e., volcanic 

processes and weathering of rocks, etc.) and anthropogenic activities such as mining, 
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industrial pollution, fertilizer, pesticides, and insecticides (Giesy et al., 1999; US EPA, 

2009). The elevated concentration of As in the study area could also be attributed to the 

excessive use of inorganic fertilizer and domestic sewage discharges (Barak & Mason, 

1989). This study confirmed Barak and Mason (1989) study. 

The iron (Fe) concentrations in the analysed samples ranged from 10142 to 

18483 mg/kg, with a mean value of 16415 mg/kg (Table 3.10). In the current study, it was 

observed that Fe concentrations detected in all samples were higher compared to other 

trace metals. Two sources of Fe, dust and flash floods transported material, were found to 

possess distinct geochemical signatures: dust was found to be enriched in total and highly 

reactive Fe relative to the sediments in creek beds. Combination of these two sources leads 

to an increase of highly reactive Fe in sediments with water depth. This increase, in turn, 

results in formation of a lateral redox gradient with sulfidic pore-waters near the shore, and 

ferruginous-manganous pore-waters and cryptic sulfur cycling at the deeper water sites. It 

has been reported that, apart from erosion, weathering, and some natural sources; the 

dominance of Fe in sediments is caused by large-scale anthropogenic processes including 

agricultural activities, solid waste, and urban-industrial discharges (Pandey & Singh, 

2015). Nearby agricultural activities at the study sites is a factor of Fe element dominance 

in the sediment. 

 



65 

 

Table 3.10: Heavy metals concentrations (mg/kg) in surface sediments from the coastal and in four rivers estuary of Sarawak (n=4) 
    

Sample site 

code 

Zn As Fe Mg Mn Ni Cr Cu Co Cd 

CZ1(1) 57.02±0.09 3.02±0.08 13572±5.21 7261±2.02 102.61±0.94 18.63±0.71 21.64±1.13 11.02±1.05 5.08±0.31 0.01±0.003 

CZ1(2) 101.34±0.21 3.73±0.11 14356±8.61 7183±5.06 116.43±1.52 11.30±1.01 34.56±1.10 10.82±0.84 3.98±0.16 0.01±0.001 

CZ2(1) 104.09±0.17 2.98±0.04 14895±9.87 7929±2.71 99.42±0.83 16.42±0.81 33.81±2.21 10.13±0.95 4.33±0.41 0.02±0.003 

CZ2(2) 107.14±0.26 5.41±0.10 10142±6.41 8018±1.81 98.93±0.74 19.95±1.21 33.53±1.41 10.01±0.46 2.99±0.11 0.03±0.001 

CZ3(1) 134.03±0.11 4.19±0.07 15524±9.01 8099±2.68 108.67±2.11 20.06±0.09 34.66±0.89 9.69±0.89 4.73±0.31 0.01±0.001 

CZ3(2) 137.11±0.42 4.88±0.13 15872±5.81 8131±1.41 117.59±2.48 24.01±0.16 36.61±2.22 9.89±0.41 5.93±0.24 n.d 

CZ4(1) 141.26±0.39 5.43±0.09 16324±6.91 9562±0.96 142.07±1.79 24.98±0.71 38.11±1.51 10.98±1.21 5.98±0.31 0.06±0.001 

CZ4(2) 144.09±0.41 6.29±0.10 18483±10.73 8938±2.31 149.62±1.69 22.00±0.11 40.21±2.61 12.06±1.13 6.07±0.43 0.02±0.002 

CZ5 147.03±0.72 6.67±0.09 17327±9.19 9183±4.86 152.88±2.51 25.57±0.94 41.85±1.31 12.77±0.91 7.01±0.68 n.d 

CZ6 148.17±0.18 5.99±0.13 17114±12.61 9173±3.14 183.36±3.10 26.11±0.69 41.28±1.88 13.61±1.01 6.99±0.77 0.01±0.003 

CZ7(1) 150.06±0.21 6.88±0.23 17210±6.43 9317±2.51 183.94±1.42 26.91±0.76 44.69±2.10 14.93±1.66 7.61±0.39 0.03±0.005 

CZ7(2) 154.19±0.66 5.96±0.11 18222±12.11 8990±5.19 194.90±3.51 27.28±0.82 43.74±1.21 14.96±1.44 7.92±0.94 n.d 

CZ8 151.14±0.28 4.85±0.27 17982±7.17 9077±2.38 164.27±2.62 20.32±0.91 47.99±0.99 15.05±0.89 6.28±0.61 0.03±0.002 

CZ9(1) 155.05±0.53 5.12±0.11 14943±6.46 9141±4.92 154.99±1.11 17.32±0.94 38.28±1.03 14.91±0.64 6.81±0.95 0.04±0.001 

CZ9(2) 150.18±0.81 5.11±0.15 15337±8.04 8553±3.41 158.26±2.75 10.54±0.61 36.18±1.71 10.64±0.48 5.01±0.91 n.d 
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Table 3.10 Continued 

CZ10 153.22±0.95 5.59±0.21 15194±8.71 9003±3.21 158.84±1.46 11.45±0.94 33.60±2.04 10.71±0.71 5.13±0.17 n.d 

Mean 133.45±0.01 5.13±0.021 16415±6.36 8597±2.49 142.92±1.25 20.18±0.72 37.55±0.61 12.01±0.89 5.74±0.01 0.02±0.001 

Average 

shale 

95.00 13.00 47200 15000 850.00 68.00 90.00 45.00 19.00 0.300 

n.d: Not detected 
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The occurrence of magnesium (Mg) in sediments is either a solute in pore-

fluids or an essential constituent in the formation of late-stage diagenetic chlorite and 

dolomite (US EPA, 1989). Mg concentration ranged from 7183 to 9562 mg/kg with an 

average value of 8597 mg/kg (Table 3.10). Mg is the second highest concentration 

following Fe in the collected surface sediments from the study area. High Mg 

concentration in sediments of the study area is largely controlled by continental weathering 

and coastal authigenic formation. In addition, the relatively high content of Mg is 

attributed to CaCO3 leaching out from the sedimentary column or human activities such as 

industrial pollution, waste discharges, excessive pesticides, and fertilizer application 

(Cardwell et al., 1999). Seawater is also a dominance source of Mg in the study area 

because of decomposition of pre-existing rocks by weathering, transportation, and 

deposition of the weathering products as sediments. 

Manganese (Mn) concentration varied from 98.93 to 194.90 mg/kg with an 

average of 142.92 mg/kg (Table 3.10). Mn occurs naturally in sediment due to weathering 

of parent rocks, yet anthropogenic sources such as industrial wastewater and mining 

around the study area increases Mn concentration. Also, the avaialability of Mn in the 

sediments can also be influenced by the existence of MnO2 in oxic surface sediments 

(Pradit et al., 2010; Yang et al., 2012). Loska & Wienchula (2003) suggested that Mn 

pollution results from deposition in the atmosphere and organic material emissions. The 

nickel (Ni) concentration in the surface sediments ranged from 10.54 to 27.28 mg/kg with 

an average value of 20.18 mg/kg (Table 3.10). Direct leaching from rocks is the major 

factor of high concentrations of Ni in sediment water of the study site. Wind-blown dust, 

derived from weathering of rocks and soils, and forest fires is another source of Ni content 

in sediment samples. Loska & Wienchula (2003) suggested that Ni is primarily available in 
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the organically bound form in the soil, which under certain pH (acidic or neutral) 

conditions accelerate its movement and biological availability. According to Anderson et 

al. (1978) the primary anthropogenic sources of Ni pollution are fuel combustion and 

agricultural wastes. Thus, agricultural activities and activities which require fuel burning 

closed to the study site are the man-made sources of Ni pollution in the sediments. 

The concentration of chromium (Cr) varied from 21.64 to 47.99 mg/kg with an 

average concentration of 37.55 mg/kg (Table 3.10). Cr in sediment is as result of abundant 

industrial and transport-related sources at the study area. Although, Cr is regarded as low 

mobility trace metal usually under moderately oxidizing and reducing conditions and 

nearly neutral pH but can find themselves in sediment due to solid-phase chemical 

speciation of Cr and its environmental mobility. Zarei et al. (2014) reported that Cr and its 

associate compounds are used in synthesizing steel and some alloys, pigment production, 

and chrome plating. Thus, it can also be deduced that the steel and iron industry and 

chrome plating are the primary sources of Cr in the study area. Copper (Cu) concentration 

levels detected in all sampling sites varied from 9.69 to 15.05 mg/kg with a mean 

concentration of 12.01 mg/kg (Table 3.10). The concentrations of Cu in the sediments 

come from many sources, e.g. building material and in electronic products.Cu as a mineral 

is of great importance for the proper growth and development of plants due to its 

constituent of different enzymes and proteins (Loska & Wiechula, 2003; Decena et al., 

2018). Cu is extensively applied in roofing, electrical wiring, and manufacturing pigments, 

piping, alloys, and cooking utensils (Giesy et al., 1999). Therefore, manufacturing 

industries of electrical appliances, alloys, roofing materials, etc., near the study area are the 

primary source of Cu. It has also been reported that the pollution of the aquatic system 

with Cu is linked with agrochemicals (Adekola & Eletta, 2007; Yang et al., 2012). 
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Therefore, agricultural activities that deal with agrochemicals around the study area are 

also a contributor of Cu content in sediment. Increasing concnetrations of Cu in the 

sediments of the study is due to boat stations and boats lanes close to the study sites. 

Cobalt (Co) concentration levels in the surface sediment varied from 2.99 to 

7.92 mg/kg with an average concentration of 5.74 mg/kg (Table 3.10). The concentration 

levels of the detected cadmium (Cd) in the samples ranged from below detection level to 

0.06 mg/kg with a mean concentration of 0.02 mg/kg (Table 3.10). The low concentration 

of Cd in sediments is due to differences in natural factors (these are usually related to 

geological structure) but primarily relate to human pressure, particularly land use in the 

catchment and air pollution. It was noticed that the estuarine sediments exhibited the 

highest concentration of Zn, Fe, Mg, and Mn compared to the coastal sediments. This may 

be due to the new deposition of sediments in the estuarine sediments. Average 

concentrations of ten trace metals were compared to the average shale value for 

sedimentary rock (Turekian & Wedepohl, 1961). It was observed that only Zn contents in 

all sampled sites exceeded the average shale concentration for sedimentary rock. The other 

heavy metals concentrations in all sampled sites were below the average shale values for 

sedimentary rock. Thus, it can be concluded that the fundamental source of heavy metals at 

the studied sites is due to natural activities and little influence of anthropogenic activities 

which include industrial production (foundries, smelters, petrochemical plants, pesticide 

production and usage, chemical industry), untreated sewage sludge, and diffuse sources 

such as metal piping, traffic etc.  
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Table 3.11: Detected heavy metals concentrations in surface sediments in the study sites and in selected rivers 

Location Unit Zn As Fe Mg Mn Ni Cr Cu Co Cd Reference 

Coastal and 

selected estuaries, 

Malaysia 

mg/kg 133.45 5.13 16415 8598 142.92 20.18 37.55 12.01 5.74 0.02 This study 

Langat River, 

Malaysia 

µg/g - - 28300 - - 7.84 21.03 - - - Kadhum et al. 

(2015)  

River Subin, Ghana mg/kg 49.70 4.82 - - - - 55.80 6.66 - 1.16 Adomako et al. 

(2008)  

River Ganga, India µg/g 67.76 - 31989 - 372.04 26.70 69.94 29.75 - - Pandey & Singh 

(2015)  

River Tigris, 

Turkey 

mg/kg 509.84 - - - - 284.00 135.81 1257.76 - - Chien et al. 

(2002)  

River Jialu, China mg/kg 107.58 - - - - 42.44 60.80 39.22 - - Fu et al. (2014)  

Mangonbangon 

River, Philippines 

mg/kg 213.45 - 22006 - 261.97 61.14 89.45 116.36 15.31 - Decena et al. 

(2018)  

Shur River, Iran Ppm 522.00 - - - - - - 9174.00 - - Karbassi et al. 

(2008) 
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Table 3.11 Continued 

Korotoa River, 

Bangladesh 

mg/kg - - - - - 95.00 109.00 76.00 - - Islam et al. 

(2015)  

River Gomti, India mg/kg 76.34 - - - - 23.92 16.19 23.23 - - Gupta et al. 

(2014) 

River Huaihe, 

China 

mg/kg - - 28300 - - 7.84 21.03 - - - Wang et al. 

(2016) 
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The average concentrations of heavy metals in surface sediment were 

compared with other studies of heavy metals in rivers in the world (Table 3.11). The Zn 

concentrations detected in all sampled sites were lower than Zn content in Tigris River 

sediment, Mangobangon River sediment (Decena et al., 2018), and shur River sediment 

(Karbassi et al., 2008). The high detected Zn concentration in the sediments of the study 

sites is due to discharges of smelter slags and wastes and the use of commercial products 

such as fertilizers and wood preservatives that contain Zn. Furthermore, the average 

concentrations of Cu in the studied area were below Cu contents reported values from 

surface sediments from Tigris River (Chien et al., 2002), Mangonbangon River sediment 

(Decena et al., 2018), Jialu River sediment  (Fu et al., 2001), Krotoa River sediment (Islam 

et al., 2015), and Gomti River sediment (Gupta et al., 2014) (Table 3.11). Low level of Cu 

in sediments of the studied sites is due to low anthropogenic sources of diffuse Cu 

contamination which include fungicidal treatments, sewage sludge, atmospheric 

deposition, local industrial contamination, and particles from car brakes. The mean 

concentrations of Ni in all sediment samples were lower than values reported in surface 

sediments from Tigris River (Chien et al., 2002), Jialu River (Fu et al., 2014), 

Mangonbangon River (Decena et al., 2018), Korotoa River (Islam et al., 2015), and Gomti 

River (Gupta et al., 2014). Low Ni in sediments from the studied sites is due to low Ni 

emitted anthropogenic sources, including sulphides, oxides, silicates, soluble compounds, 

and metallic Ni. The average concentration of Cr in this current study was below the 

detected level of Cr in surface sediment’s from the Subin River (Adomako et al., 2008), 

Tigris River (Chien et al., 2002), Mangonbangon River (Decena et al., 2018), and Korotoa 

River (Islam et al., 2015). Low activities of electroplating, leather tanning, and textile 

industries around the study sites is the reason of low Cr concentration in sediments as 
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compared to the selected studied rivers. The content of Mn in the sediments of 

Mangonbangon River (Decena et al., 2018) exceeded the values of Mn concentration in 

this study due to low anthropogenic sources of environmental Mn which include municipal 

wastewater, discharges, sewage sludge, emissions from alloy, steel, and iron production, 

and emissions from the combustion of fuel additives occurring at this study sites unlike 

Mangonbangon River. Furthermore, the detected level of Cd was higher than Cd levels 

detected in surface sediments from the Subin River (Adomako et al., 2008). High Cd 

concentrations in sediments of the study site unlike Subin River are due excessive 

application of phosphate fertilizers and waste incineration and disposal near the study sites. 

In contrast, the average concentrations of detected Fe in this study were below the 

concentrations of detected Fe in surface sediments from Mangonbangon River (Decena et 

al., 2018) and Huaihe River (Wang et al., 2016) due to the difference in continental shelf 

sediments. 

 

3.3.4  Assessment of Heavy Metals Contamination in Surface Sediment 

Although, the single factor pollution index (i.e., EF, CF, and Igeo) method has 

been extensively used; it is only useful to a single pollutant and does not necessarily 

consider the mixture of heavy metals usually available in the contamination conditions but 

it has helped to determine how much the presence of a metal in sampling sites has 

increased relative to average natural abundance due to human activity (Chien et al., 2002). 

The average shale concentrations for sedimentary rock were used as background 

concentrations for heavy metals for calculating the geochemical indices because there were 

no geochemical background concentrations for the selected heavy metals for the study area 

(Turekian & Wdepohl, 1961). Based on EF results, the trend of heavy metal enrichments in 
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all sample sites followed the order: Cd ˂ Cu ˂ Mn ˂ Ni ˂ Co ˂ As ˂ Mg ˂ Cr ˂ Zn (Table 

3.12). Zn is more enriched in sample sites CZ2 (i.e., offshore of Rambungan River 

opposite to small Satang Island), CZ9 (i.e., offshore of Santubong resort), and CZ10 (i.e., 

Santubong River estuary). The other sample sites showed moderate enrichments of Zn 

(Table 3.12). 

Table 3.12: Enrichment of detected trace metals in surface sediments of the selected 

sampling sites 

 
Sample site code  Zn As Mg Mn Ni Cr Cu Co Cd 

CZ1(1) 2.09 0.81 0.17 0.42 0.95 0.84 0.85 0.93 0.12 

CZ1(2) 3.51 0.94 1.58 0.45 0.55 1.26 0.79 0.67 0.11 

CZ2(1) 3.47 0.73 2.49 0.37 0.77 1.19 0.71 0.72 0.21 

CZ2(2) 5.25 1.94 1.64 0.39 1.37 1.73 1.04 0.73 0.47 

CZ3(1) 4.29 0.98 1.61 0.75 0.90 1.17 0.66 0.76 0.10 

CZ3(2) 4.29 1.12 1.61 0.80 1.05 1.21 0.65 0.93 n.d 

CZ4(1) 4.30 1.21 1.84 0.83 1.06 1.22 0.71 0.91 0.58 

CZ4(2) 3.87 1.24 1.52 0.93 0.83 1.14 0.68 0.82 0.17 

CZ5 4.22 1.40 1.67 0.92 1.02 1.27 0.77 1.00 n.d 

CZ6 4.30 1.27 1.69 1.11 1.06 1.27 0.83 1.02 0.09 

CZ7(1) 4.33 1.45 1.70 1.10 1.09 1.36 0.91 1.10 0.27 

CZ7(2) 4.20 1.19 1.55 1.20 1.04 1.26 0.86 1.08 n.d 

CZ8 4.18 1.00 1.59 1.00 0.78 1.40 0.88 0.87 0.26 

CZ9(1) 5.15 1.24 1.93 0.94 0.80 1.34 1.05 1.13 0.42 

CZ9(2) 4.88 1.21 1.76 1.03 0.48 1.24 0.73 0.81 n.d 

CZ10 5.01 1.34 1.86 0.98 0.52 1.16 0.74 0.84 n.d 

Mean 4.21 1.19 1.64 0.83 0.89 1.25 0.80 0.90 0.18 

Details of sample site codes are mentioned in the materials and methods section. 

n.d: not detected 

High enrichment of Zn was detected in a sample collected from the offshore of 

Batang Rambungan opposite small Satang Island i.e., CZ2(2), which could be attributed to 

industrial discharges and domestic sewage. The EF values for As in collected samples at 

sampled sites CZ1 (i.e., Rambungan River estuary), CZ2 (i.e., Batang Rambungan opposite 

small Satang Island), and CZ3(1) (i.e., offshore of Batang Rambungan adjacent big Satang 
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Island) were below 1, indicating no enrichment. The EF values for As for other sampled 

sites were between 1 and 3, showing minor enrichments. The highest EF value for Mg is 

observed in a sample collected from Rambungan River estuary, CZ2(1), with a value of 

2.49, indicating minor enrichment (Table 3.12). Except for CZ1(1), the other sampled sites 

have EF values for Mg between 1 and 3, suggesting minor enrichment. Most of the EF 

values for Ni and Cr in the samples were between 1 and 3, indicating minor enrichment 

while, most of the estimated EFs for Co and Cd were below 1, suggesting background 

concentration. The high EF values obtained for some heavy metals in some sampled 

stations may be ascribed to anthropogenic sources such as urbanization, industrial wastes 

deposition, etc. Heavy metals bioavailability and toxicity in sediments are determined by 

their concentrations and chemical form (Kwon et al., 2001; Yang et al., 2012). Thus, heavy 

metals in sediments with high EF values associated with labile fractions have the potential 

for mobility and bioavailability in aquatic environments (Islam et al., 2015).  

The list of CFs of ten detected heavy metals concentrations in surface 

sediments are highlighted in Table 3.13. The trend of obtained CFs values for heavy metals 

in all samples were similar and followed the order: Cd ˂ Mn ˂ Cu ˂ Ni ˂ Co ˂ As ˂ Fe ˂ 

Cr ˂ Mg ˂ Zn. Almost all the CFs values of detected heavy metals were below 1 in all 

sample sites, suggesting minimum contamination conditions except for Zn, which showed 

moderate contamination in some sample sites (Table 3.13). The highest CF value for Zn 

(i.e., CF = 1.63) was recorded in a sample collected from the offshore of Santubong Resort 

i.e., CZ9(1), suggesting moderately contamination. This may be attributed to commercial 

activities and vehicular effluence. Also, the obtained CFs values for As, Fe, Mg, Mn, Ni, 

Cr, Cu, Co, and Cd were below 1, which could be ascribed to lithogenic influences. 
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Anthropogenic activities such as residential discharges, chemical control of surrounding 

weeds, etc., may also play a minor role.  

Table 3.13: Contamination levels of detected heavy metals in surface sediments of the 

selected study sites 

 
Sample site 

code 

Zn As Fe Mg Mn Ni Cr Cu Co Cd 

CZ1(1) 0.60 0.23 0.29 0.48 0.12 0.27 0.24 0.25 0.27 0.03 

CZ1(2) 1.07 0.29 0.30 0.48 0.14 0.17 0.38 0.24 0.21 0.03 

CZ2(1) 1.10 0.23 0.32 0.53 0.12 0.24 0.38 0.22 0.23 0.07 

CZ2(2) 1.13 0.42 0.22 0.54 0.12 0.29 0.37 0.22 0.25 0.10 

CZ3(1) 1.41 0.32 0.33 0.54 0.13 0.30 0.39 0.22 0.31 0.03 

CZ3(2) 1.44 0.38 0.34 0.54 0.14 0.35 0.41 0.22 0.32 n.d 

CZ4(1) 1.47 0.42 0.35 0.64 0.17 0.37 0.42 0.24 0.32 0.07 

CZ4(2) 1.52 0.48 0.39 0.60 0.18 0.32 0.45 0.27 0.37 0.07 

CZ5 1.55 0.51 0.37 0.61 0.18 0.38 0.47 0.28 0.37 n.d 

CZ6 1.56 0.46 0.36 0.61 0.22 0.38 0.46 0.30 0.40 0.03 

CZ7(1) 1.58 0.53 0.37 0.62 0.22 0.38 0.50 0.33 0.42 0.10 

CZ7(2) 1.62 0.46 0.37 0.60 0.23 0.40 0.47 0.33 0.33 n.d 

CZ8(1) 1.59 0.37 0.38 0.61 0.19 0.30 0.53 0.33 0.36 0.10 

CZ9(1) 1.63 0.39 0.32 0.61 0.18 0.25 0.43 0.33 0.26 0.13 

CZ9(2) 1.58 0.39 0.33 0.57 0.19 0.16 0.40 0.24 0.26 n.d 

CZ10 1.61 0.43 0.32 0.60 0.19 0.17 0.37 0.24 0.26 n.d 

Mean 1.40 0.33 0.34 0.57 0.17 0.30 0.42 0.27 0.31 0.05 

Details of sample site codes are mentioned in the materials and methods section.  

n.d: not detected 

 

The Igeo values for heavy metals in surface sediments from the coastal area 

and in four rivers estuary of Kuching Division were shown in Table 3.14. The Igeo values 

for each heavy metals are as follows: -0.49 to 0.11 for Zn, -2.74 to -1.50 for As, -2.81 to -

1.94 for Fe, -1.62 to -1.22 for Mg, -3.69 to -2.71 for Mn, -3.28 to -1.91 for Ni, -2.64 to -

1.49 for Cr, -2.80 to -2.18 for Cu, -3.25 to -1.85 for Cd, and -5.49 to -2.91 for Co. The Igeo 

values for As, Fe, Mg, Mn, Ni, Cr, Cu, Cd, and Co in the sediments from the study area 

were below class 0, indicating unpolluted site. The high Igeo value for Zn was recorded in 
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surface sediment collected from the offshore of Santubong resort i.e., CZ9(1), suggesting 

unpolluted to moderately polluted. The positive Igeo values for Zn at the sampled sites 

from CZ4(2) to CZ10 may be attributed to sewages discharges and/or effluents. 

Table 3.14: Geo-accumulation indices (Igeo) and pollution load indices (PLI) values of 

detected heavy metals in surface sediments of the selected study sites 

 
Sample site code Zn As Fe Mg Mn Ni Cr Cu Co Cd PLI 

CZ1(1) -1.32 -2.69 -2.38 -1.62 -3.64 -2.45 -2.64 -2.62 -2.49 -5.49 0.22 

CZ1(2) -0.49 -2.38 -2.30 -1.58 -3.46 -3.17 -1.97 -2.64 -2.84 -5.49 0.24 

CZ2(1) -0.45 -2.74 -2.25 -1.49 -3.68 -2.64 -2.00 -2.74 -2.72 -4.49 0.22 

CZ2(2) -0.41 -1.85 -2.81 -1.47 -3.69 -2.35 -2.01 -2.76 -3.25 -3.91 0.29 

CZ3(1) -0.09 -2.22 -2.19 -1.46 -3.56 -2.35 -1.96 -2.80 -2.59 -5.91 0.28 

CZ3(2) -0.06 -2.00 -2.16 -1.45 -3.44 -2.09 -1.88 -2.77 -2.27 - 0.34 

CZ4(1) -0.01 -1.84 -2.12 -1.22 -3.17 -2.03 -1.82 -2.62 -2.25 -2.91 0.34 

CZ4(2) 0.02 -1.63 -1.94 -1.32 -3.10 -2.21 -1.75 -2.48 -2.23 -4.49 0.35 

CZ5 0.05 -1.55 -2.03 -1.28 -3.06 -2.00 -1.69 -2.40 -2.02 - 0.52 

CZ6 0.06 -1.70 -2.05 -1.28 -2.80 -1.97 -1.71 -2.31 -1.91 -5.49 0.34 

CZ7(1) 0.08 -1.50 -2.04 -1.26 -2.79 -1.92 -1.60 -2.18 -1.85 -3.91 0.40 

CZ7(2) 0.11 -1.71 -1.96 -1.31 -2.71 -1.91 -1.63 -2.18 -1.85 - 0.49 

CZ8 0.08 -2.01 -1.98 -1.29 -2.96 -2.33 -1.49 -2.19 -2.18 -3.91 0.37 

CZ9(1) 0.12 -1.93 -2.45 -1.28 -3.04 -2.56 -1.82 -2.18 -2.06 -3.49 0.35 

CZ9(2) 0.08 -1.93 -2.21 -1.38 -3.01 -3.28 -1.90 -2.65 -2.45 - 0.35 

CZ10 0.11 -1.80 -2.22 -1.31 -3.69 -3.16 -1.79 -2.64 -2.47 - 0.36 

Mean -0.11 -1.97 -1.62 -1.38 -3.24 -2.40 -1.85 -2.07 -2.34 -3.09 0.31 

Details of sample site codes are mentioned in the materials and methods section. 

 

An integrated pollution index (i.e., PLI) was employed to help consider the 

mixture of heavy metals present in the contamination conditions. The PLI values for heavy 

metals of the studied area were summarized in Table 3.14. The PLI values varied from 

0.22 to 0.52 and with a mean value of 0.31. This indicates that there has been no 

occurrence of contamination in the studied area. High PLI value was found in sediment 

from the offshore of Telaga Air opposite to small Satang Island. In contrast, low PLI value 

was observed in sediment from the Rambungan River estuary and the offshore of Batang 
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Rambungan opposite small Satang Island. Based on the PLI values, no significant 

disturbances of the aquatic environment due to heavy metals pollution were observed. The 

PLI values can be used as baseline contamination levels in the future for pollution 

monitoring in the studied area.  

 

3.3.5 Eco-toxicological Risk Assessment 

The ecological risk index has been demonstrated as a highly productive tool to 

evaluate the total pollution of sediments of an aquatic ecosystem (Pradit et al., 2010). 

Protano et al. (2014) narrated that the inadequacy of updated reference metal values for a 

specified ecological site or geographical zone can lead to underestimating or 

overestimating the actual pollution load in sediments and the environmental risk index. 

Decena et al. (2018) reported that to get an accurate estimation of the ecological risk of 

metals, regular updates of reference concentrations after a certain period are required, 

especially in geological zones with sensitive ecological environments. To determine the 

risks associated with trace metals toxicity on organisms living at or near the bottom of the 

aquatic bodies (i.e., bodies of water forming a physiological feature for example a river, 

sea, etc.,); heavy metals concentrations were compared with consensus-based threshold 

effect concentration (TEC), probable effect concentration (PEC), and the midway 

concentration between TEC and PEC (i.e., MEC) values fetched from the sediments 

quality guidelines developed by ANZECC/ARMCANZ, 2000.  

Table 3.15 presents the comparisons of consensus-based sediment-quality 

guidelines (SQGs) with detected heavy metals levels in the surface sediments of the 

selected study sites. The TEC, MEC, and PEC data of eight out of the ten detected trace 

metals in the samples were available in the sediments quality guidelines developed by 
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ANZECC/ARMCANZ, 2000. Thus, risks associated with 8 trace metals toxicity on 

bottom-dwelling organisms in the study area were appraised. Twenty-five percent of the 

samples contained Zn concentrations less than the TEC value for Zn, while 62.50% of the 

sampled sites contained Ni concentrations lower than the TEC value for Ni (Table 3.15). In 

addition, 81.25% of the samples had Cr concentrations below the TEC value for Cr. All the 

sampled sites contained As, Fe, Mn, Cu, and Cd concentrations below TEC values for As, 

Fe, Mn, Cu, and Cd, respectively. None of the samples contained heavy metals exceeding 

the PEC values. Heavy metals concentrations in surface sediments below TEC values were 

unlikely to negatively impact bottom-dwelling organisms (Chien et al., 2002). Seventy-five 

percent of the sampled sites contained Zn concentrations exceeding TEC but equal or less 

than MEC, whereas 37.50% of the samples had Ni concentrations surpassing TEC but 

equal or less than MEC. Furthermore, 18.75% of the sampled sites contained Cr 

concentrations above TEC but equal or less than MEC. 

Table 3.15: Comparisons of consensus-based sediment-quality guidelines (SQGs) with 

detected heavy metals levels in the surface sediments of the selected study sites 

 
  Zn As Fe Mn Ni Cr Cu Cd 

SQGs TEC 120 9.8 20000 460 23 43 32 0.99 

MEC 290 21.4 30000 780 36 76.5 91 3.00 

PEC 460 33 40000 1100 49 110 150 5.00 

% sample sites of detected trace 

metal  less than TEC 

25.00 100.00 100.00 100.00 62.50 81.25 100.00 100.00 

% sample sites of detected trace 

metal  greater than TEC but 

equal or less than  MEC 

75.00 0 0 0 37.50 18.75 0 0 

% sample sites of detected trace 

metal  greater than  PEC 

0 0 0 0 0 0 0 0 
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The monomial potential ecological risks (Ei) for each heavy metal and possible 

environmental risk index (RI) in all collected samples from the coastal and in four rivers 

estuary were detailed in Table 3.16. The RI index was computed based on the eight heavy 

metals (i.e., Zn, As, Ni, Cr, Cu, Co, and Cd). The mean potential ecological risk for studied 

heavy metals follow the order of Mn ˂ Cr ˂ Ni ˂ Cu ˂ Zn ˂ Cd ˂ Co ˂ As. Among the 

analyzed heavy metals; Mn, Cr, and Ni had relatively lower RI values due to their low 

toxicity response factors. Futhermore, RI results in the surface sediment varied from 8.05 

(CZ1) to 16.75 (CZ7). The obtained RI values for all sampled sites were lower than 150, 

indicating that the sediments in the studied area posed a minimum risk. The most 

significant Ei values were recorded for As, because, based on Hakanson’s approach, the 

toxic response of this metal is the highest. Besides, it does not show a high ecological risk 

in the coastal and in four rivers estuary sediment, owing to the reason that the quantified 

As values are positioned below the acceptable limit. The other metals that made an 

important contribution to the final result of the RI index include Cu, Ni and Co. 
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Table 3.16: The potential ecological risk index values (RI) of detected heavy metals in 

surface sediments of the selected study sites 

 
Sample site code      

 

Ei    RI 

 Zn As Mn Ni Cr Cu Co Cd  

CZ1(1) 0.60 2.30 0.12 1.35 0.48 1.25 1.35 0.90 8.05 

CZ1(2) 1.07 2.90 0.14 0.85 0.76 1.20 1.05 0.90 8.87 

CZ2(1) 1.10 2.30 0.12 1.20 0.76 1.10 1.15 2.10 9.83 

CZ2(2) 1.13 4.20 0.12 1.45 0.74 1.10 1.25 3.00 12.99 

CZ3(1) 1.41 3.20 0.13 1.50 0.78 1.10 1.55 0.90 10.57 

CZ3(2) 1.44 3.80 0.14 1.75 0.82 1.10 1.60 - 10.65 

CZ4(1) 1.47 4.20 0.17 1.85 0.84 1.20 1.60 2.10 13.43 

CZ4(2) 1.52 4.80 0.18 1.60 0.90 1.35 1.85 2.10 14.30 

CZ5 1.55 5.10 0.18 1.90 0.94 1.40 1.85 - 12.92 

CZ6 1.56 4.60 0.22 1.90 0.92 1.50 2.00 0.90 13.60 

CZ7(1) 1.58 5.30 0.22 1.90 1.00 1.65 2.10 3.00 16.75 

CZ7(2) 1.62 4.60 0.23 2.00 0.94 1.65 1.65 - 12.69 

CZ8 1.59 3.70 0.19 1.50 1.06 1.65 1.80 3.00 14.49 

CZ9(1) 1.63 3.90 0.18 1.25 0.86 1.65 1.30 3.90 14.67 

CZ9(2) 1.58 3.90 0.19 0.80 0.80 1.20 1.30 - 9.77 

CZ10 1.61 4.30 0.19 0.85 0.74 1.20 1.30 - 10.19 

Mean 1.40 3.30 0.17 0.85 0.84 1.35 1.55 1.50 10.96 

Details of sample site codes are mentioned in the materials and methods section. 

 

3.3.6 Vertical Distribution Profile of Heavy Metals in Core Sediments 

Figure 3.2 illustrates the vertical profile of Pb, Zn, Cd, Ni, Mn, Cu, Ba, As, Co, 

Cr, Mg, Ca, Al, and Na concentrations in sample sites CZ1, CZ2, CZ4, CZ7, and CZ10. 

These sample sites where selected for the vertical profiling because the other sample sites 
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look similar to that of CZ1 and CZ7, thus the chosen sample sites give true representation 

of the study sites. In general, all the heavy metals exhibited the consistent trend from 

surface toward the bottom of sediment with an exception for Cd at station CZ2 (i.e., 

offshore of Batang Rambungan opposite small Satang Island), Al at sampled site CZ1 (i.e., 

Rambungan River estuary) and CZ2, and Mg at site CZ4 (i.e., Sibu River estuary). The 

level of Pb, Zn, Ni, Cu, Ba, As, Na, and Co showed consistent at the upper layer (0 – 15 

cm) and decreased at the bottom layer (15 – 30 cm) in almost all sampled sites. This 

indicates that same quantum of contamination is affecting the section of the sediments. 

Similar trend has been noticed for Ca and Mn, where their concentrations showed 

decreasing trend from 10 cm toward the bottom sediment in all sampled sites. It suggests 

that sediments collected from the various stations has received additional input of Pb, Zn, 

Ni, Cu, Ba, As, Na, Co, Ca, and Mn from other sources. Cu and Cr content showed 

consistent trend from surface toward the bottom sediment in almost all sampling station. 

 

 

(a) Mean concentrations of Pb (mg/kg d.w) 

0

20

40

60

80

100

120

0.0-5.0 5.0-10.0 10.0-15.0 15.0-20.0 20.0-25.0 25.0-30.0

A
ve

ra
ge

 C
o

n
ce

n
tr

at
io

n
 (

m
g/

kg
) 

 

Depth (cm) 

CZ1

CZ2

CZ4

CZ7

CZ10



83 

 

 

(b) Mean concentrations of Zn (mg/kg d.w) 

 

(c) Mean concentrations of Cd (mg/kg d.w) 

Figure 3.2: Graph of average concentrations of selected heavy metals (mg/kg d.w.) against 

sediment depth/cm 

 

 

3.3.7 Trend Analysis of Anthropogenic Activities Affecting Heavy Metals 

Deposition in Core Sediments of each Sampling Site 

Figure 3.3 presents the average concentrations of heavy metals detected in core 
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detected in each sediment samples was not included in the plots because the detected Fe 

concentrations were too high. Thus, Table 3.16 outlined the mean concentrations and 

standard deviations of Fe element detected in each sediment samples depth/cm of each 

sampling site of four determinations (n = 4). Surprisingly, the charts of the average heavy 

metal concentrations at each study site were alike and therefore, the levels of each element 

in each sample followed the order: Fe > Mg > Al > Cu > Zn > Pb > Ca > Na > > Ni > Mn 

> Cr > Ba > As > Co > Cd. 
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Figure 3.3: Detected average concentrations of heavy metals (mg/kg d.w.) in core 

sediment samples in respective sample site 
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Table 3.17: Detected average concentration of Fe (mg/kg d.w) in core sediment samples 

Depth 

(cm) 

CZ1 CZ2 CZ4 CZ5 CZ7 CZ8 CZ10 CZ11 

0 – 5 19142 

± 6.7 

20186 

± 6.4 

16322 

± 5.4 

33381 

± 6.3 

19244 

± 5.2 

29131 

± 6.2 

24170 

± 5.5 

35125 

± 8.9 

5 –10 16033 

± 4.2 

18464 

± 4.1 

14276 

± 3.7 

31685 

± 5.9 

17169 

± 4.4 

27427 

± 3.8 

23673 

± 6.1 

33644 

± 3.6 

10 – 15 15189 

± 5.8 

16336 

± 10.3 

14381 

± 9.8 

30926 

± 9.7 

16301 

± 5.1 

25872 

± 5.1 

23088 

± 8.9 

30911 

± 7.9 

15 – 20 13946 

± 4.6 

14898 

± 9.5 

13914 

± 5.6 

29118 

± 9.6 

15398 

± 2.9 

24812 

± 3.7 

22814 

± 6.8 

29350 

± 4.3 

20 – 25 13529 

± 7.7 

14146 

± 8.8 

12636 

± 3.9 

26763 

± 9.1 

15004 

± 6.4 

23090 

± 8.9 

22077 

± 6.1 

27081 

± 5.1 

25 – 30 12086 

± 8.5 

13862 

± 7.9 

12012 

± 2.9 

20431 

± 5.8 

14118 

± 6.6 

19339 

± 4.1 

21463 

± 7.4 

24654 

± 6.8 

Details of sample site codes are mentioned in the materials and methods section 

 

The mean concentrations of heavy metals in the core sediment from the 

selected estuaries were lower than the average concentrations of heavy metals in sediments 

collected from the coastal sites. This observation could be the confirmation of the results 

obtained from the granulometry investigation in this work and studies carried out by 

Silveira et al. (2016) and Ji et al. (2018). The low mean concentrations of heavy metals in 

the selected estuaries and also the higher mean concentrations of heavy metals in 

sediments from the coastal site may further substantiate the study carried out by Farkas et 

al. (2007). There was an observation of low contents of heavy metals detected in the 

bottom and in the middle layers sediments in almost all study sites while, high levels of 

heavy metals were detected in the surface layers. Significant differences existed between 
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heavy metal contents detected in the bottom layers sediment and the surface layers 

sediment. This is because the p-value (˂ 0.00001) for heavy metal contents detected in the 

bottom layers sediment and the surface layers sediment was less than the α-value of 0.05. 

This concern could be attributed to new heavy metals deposition due to anthropogenic 

influence occurring in the study sites and natural sources such as variations in geochemical 

features or flood incident which occurred on 17th January 2015 in Kuching. 

The average contents of Pb detected in sediment samples varied from 8.9 

mg/kg d.w to 188.9 mg/kg d.w. in the bottom layer of the estuary of Salak River (CZ7) to 

the top layer of the coastal site CZ8. Average Pb concentration in sediment from the 

estuary of Sibu River is three times higher compared to the Pb concentrations reported by 

Omorinoye et al. (2019). The contents of Pb detected in all sampling sites were lower than 

the mean continental shale value of Pb for sedimentary rock. The higher average 

concentrations of Pb in the study sites may be due to natural processes such as erosion and 

bush fires. In addition, influence from the anthropogenic activities such as metallic ores 

mining can results in high Pb concentration and Pb dispersion (Kao et al., 2007).  

The surface layer sediment collected from coastal site CZ8 (i.e., Santubong 

Bay) recorded the highest concentration of Zn whereas the bottom layer of the estuary of 

Santubong River recorded the lowest concentration of Zn. The surface layer of the Salak 

River estuary and the surface to the middle layer sediments of the coastal sites recorded 

concentrations higher than the natural background level (100 mg/kg d.w.). Zn 

concentrations detected along the sediment depth/cm of each study sites were lower as 

compared to the natural background level. This shows that there is some degree of 

influence of anthropogenic taken place around the study sites which contributed in higher 

concentrations of Zn. Phosphate fertilizers, motor oil and grease, undercoating and 
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concrete, sewage sludge, and transmission fluid are the likely sources of Zn in the study 

sites (Monaci & Bargagli, 1997; Shaari et al., 2015). 

 Iron (Fe) concentrations detected ranged from 12011 mg/kg d.w to 35124.6 

mg/kg d.w in the bottom layer of the Salak River estuary (CZ4) to the top layer of the 

coastal site (CZ11) (Table 3.17).  It was noticed that all the surface layer sediments 

recorded low Fe concentrations as compared to the average shale value (47200 mg/kg 

d.w.) (Turekian & Wedepohl, 1961). It is more probably due to the sediments samples 

having higher sand content compared to global average shale values of Turekian & 

Wedepohl. Sand is quartz and the more quartz in the sediments, the less Fe and Al because 

only clays have high contents of ferroaluminosilicates. In addition, leaching of Fe 

compounds from the surface layer because of high salt content build-up and rain may also 

be the reason of low Fe content in the surface layer sediments. Furthermore, in comparison 

of Fe concentration detected in the surface layer sediment of Sibu river estuary in this 

study to Fe content reported by Omorinoye et al. (2019) in the sediment of Sibu River 

(4325 mg/kg d. w.), the variations in value could be ascribed to the inputs from 

anthropogenic activities. Salomons & Forstner (1984) have reported that iron hydroxides 

have the capacity of absorbing a huge some of heavy metals due to cation exchange 

process. Iron oxides have been reported in holding heavy metals in sediments from the 

aquatic environment (Horowitz & Elrick, 1987; Shaari et al., 2015). The detected average 

concentrations of Cd were similar in all sampling locations as well as along with sediment 

depth/cm (Figure 3.3). The highest concentrations of Cd were observed in the top layer 

sediment from the offshore of Rambungan River estuary opposite to small Satang Island 

recorded the highest concentrations of Cd. Beside the surface layer sediment from the 

offshore of Santubong resort recorded the highest concentration of Ni. The contents of Ni 
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detected in samples from the selected estuaries were twice lower than their corresponding 

coastal sites. 

Mg concentrations varied from 68.8 mg/kg d.w to 499.3 mg/kg d.w. in the 

bottom layer sediment of the study site CZ4 to the surface layer sediment of Santubong 

Bay. Low contents of Ba and Co were detected in the core sediments in all sampling sites. 

Figure 3.3 charts revealed a decrease in Cr concentrations with an increase in sediment 

depth/cm with exception of study site CZ2 {0 – 0.5 cm (4.6 mg/kg d.w.) and 5.0 – 10.0 cm 

(4.9 mg/kg d.w.)}. 

The control of river inflow on sediment transport may be the reason why low 

levels of Mg detected in sediments from the estuarine stations because as the water current 

increases, the sediment particle is lifted into water column and allows it to convey from the 

estuaries towards the sea coast. Thus, most of the sediment may gather in the coastal areas 

contributing to higher concentrations of Mg in sediments from the coastal sites than the 

estuary. The concentrations of Na detected in sediments from the coastal sites were almost 

the same as the contents of Na in sediments collected from the selected estuaries whereas, 

the levels of Ca detected in sediments from the coastal sites were higher compared to their 

corresponding estuaries. The surface layer sediment of the coastal site CZ11 recorded the 

highest concentration of Al and this is due to more clay content, ferroalumiosilicates. Also, 

this could be ascribed to the influence of anthropogenic and natural sources. Mobility of 

aluminum-rich sediment due to the flow of river could the prime suspect contributing to 

higher concentrations of Al in the coastal sites. Al metal is abundance in clays, rocks, soil, 

minerals (i.e., rubies, turquoise, and sapphires) (ATSDR, 2008; Shaari et al., 2015). 

Inverse correlations were observed between the mean contents of Na or Ca and sediment 

depth/cm. Shaari et al. (2015) conducted a study of heavy metals in sediment from the 



90 

 

estuary of the east coast of Malaysia. The average concentrations for Zn (36.13 – 125.93 

μg/g d.w.), Al (0.94 – 5.59 μg/g d.w.), Co (2.00 – 11.12 μg/g d.w.), Mn (207.58 – 491.33 

μg/g d.w.), Cu (14.49 – 22.33 μg/g d.w.), and Fe (6.20 – 8.95 μg/g d.w.) detected in the 

estuary sediment lower compared to the concentrations detected in this study. Concerning 

this study, the selected estuaries are associated with the South China Sea coast and near 

Telaga Air Township thus, discharge from the drainage system into the rivers could the 

major influence of higher contents of heavy metals than the study carried out by Shaari et 

al. (2015). 

 

3.3.8 Trend of Heavy Metal Enrichments in Core Sediments 

In order to investigate the environmental and biological hazards due to the 

exposure of heavy metals associated with aquatic sediment, enrichments of heavy metals 

were ascertained for each six sediment layers collected from each study site. Out of the 15 

heavy metals of interest studied, three of them (i.e., Pb, Zn, and Cu) were enriched along 

the sediment depth/cm of the core sediments and also in all sampling sites (See Appendix 

3.18). However, the other metals (i.e., Ba, Cr, Ni, As, Mn, Co, Al, Cd, Mg, Na, and Ca) 

were low enriched in all sampling sites and in all sediments depths/cm (Appendix 3.18). 

Generally, almost all the surface layer sediments from all study sites showed higher 

enrichments of studied heavy metals. It was observed that heavy metals were enriched in 

sediments from the coastal sites than the sediments from the selected estuaries (Appendix 

3.18). Even though no significant (p-values = 0.23 was greater than the α-value of 0.05) 

variation of enrichment between the sediments collected from the four rivers estuary and 

the coastal sites and along with the sediment depths/cm were observed. The enrichment 
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values obtained for heavy metals in core sediments followed the order: Al ˂ Na ˂ Mn ˂ Ca 

˂ Ba ˂ Cr ˂ Cd ˂ Ni ˂ Mg ˂ Co ˂ As ˂ Cu ˂Zn ˂ Pb (Appendix 3.18).  

The enrichments of Pb were higher in all samples at all sampling sites. The 

estimated values for Pb in sediments collected from the Rambungan River estuary (CZ1) at 

depth:  5.0 – 10 cm, 10.0 – 15.0 cm, 15 – 20 cm, and 20 – 25 cm were greater than 3, 

indicating moderate Pb enrichment. At the depth of 0 – 5.0 cm also exhibited minor 

enrichment of Pb. In regards to sediment from the offshore of Rambungan River estuary 

opposite to small Satang Island (CZ2), the EF values obtained at a depth of 0 – 5 cm, 5 – 

10 cm, 10 – 15 cm, and 15 – 20 cm were greater than 5, suggesting moderately severe Pb 

enrichments. At study site CZ2, the bottom layer sediments (20 – 25 cm and 25 – 30 cm) 

exhibited a decrease in Pb enrichment as compared to the surface and the middle layer 

sediments. At study site CZ4 which serve as an inlet to the location CZ5, it was observed 

that Pb enrichments were lower in all layers of sediments as compared to their 

counterpartying layers of sediment collected from study site CZ5. The obtained values of 

EF for Pb in the surface layer of both CZ4 and CZ5 study sites were greater than 10, 

suggesting severe Pb enrichments. It was observed that at a depth of 5 – 10 cm the Pb 

enrichment of both sites (i.e., CZ4 and CZ5) were greater than 5, indicating moderately 

severe Pb enrichments. In regards to Santubong River estuary (CZ7) and coastal site CZ8 

sediments, there was an observation of a decrease in Pb enrichments along with the depth. 
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The obtained EF values in the surface layer sediment of the coastal site CZ8 is 

greater than 10, suggesting severe enrichment. However, the estimated EF value of Pb in 

the surface layer sediment from the estuary of Salak River is greater than 5, indicating 

moderately severe enrichment. There was an observation of moderately severe Pb 

enrichment at a depth of 5 – 15 cm layer sediment at the coastal site CZ8 whiles; minor Pb 

enrichment was recorded in the sediment from the estuary of Salak River. At the depth of 

15 – 30 cm of sediment form the coastal CZ8 minor Pb enrichments were observed 

whereas no Pb enrichment was noticed in sediment sample collected from the estuary of 

Salak River. Concerning sediment from estuary of Santubong River and the coastal site 

CZ11, moderately severe Pb enrichment were noticed at a depth of 0 -15 cm. The bottom 

layer sediments from study sites CZ10 and CZ11 showed minor enrichments of Pb.  

It was noticed that Zn enrichments decrease with an increase in depth at all 

sampling stations. Surface layer sediments from the selected estuaries have EF values 

ranging from 1 to 3, suggesting moderate enrichments whiles surface layer sediments from 

the coastal sites have EF values varying from 5 to 10, indicating moderately severe Zn 

enrichments. The bottom layer sediment at all sampling stations exhibited no enrichments 

to minor enrichments of Zn. The obtained EF values for Cu in the surface layer sediment 

from the coastal sites (i.e., CZ2, CZ5, CZ8, and CZ11) were lower as compared to their 

corresponding estuaries (i.e., CZ1, CZ4, CZ7, and CZ10). No enrichment of Ni, As, Ca, 

Ba, Cd, Mn, Al, Co, Na, Cr, and As were recorded in all sediment samples collected from 

the study sites (Appendix 3.18). Cu, Zn, and Pb enrichments in the study sites indicated 

that these trace elements may show hazard effects in the sediment biota by adversely 

influencing the primary microbial processes and cause a decline in the number of sediment 

microorganisms in study settings (Xu et al., 2019). 
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3.3.9 Possible Sources of Heavy Metals Contamination 

Evaluating the sources of trace metals can help to comprehend their 

distribution. Thus, Pearson’s correlation analysis, cluster analysis, and principal 

component analysis (PCA) were employed to analyze the relationship and source of the 

heavy metals. 

 

  

3.3.9.1 Pearson’s Correlation Analysis 

 

The Spearman correlation test was employed to identify potential relationships 

between neurotoxic elements in each sediment separately, to discover that the availability 

of specific heavy metals in a sample that enables the occurrence of other metals, or if they 

coexist because of anthropogenic activities in the study settings. Figure 3.4 depicts 

significant strong negative and positive relationships between some heavy metals detected 

in the surface layer sediments. 
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Figure 3.4: Significant strong negative and positive correlations between Pb and Ni, Ba 

and Al, As and Fe, and Mg and Na in the surface layer of the core sediments 

 

Observations of strong positive correlations between Na and Zn (r = 0.62), Fe 

and Na (r = 0.61), Ni and Cd (r = 0.85), Mg and As (r = 0.61), Zn and Mg (r = 0.65), and 

Cr and Ni (r = 0.79) were noticed although the relationships were insignificance. Medium 

positive relationships occurred between Na and As (r = 0.57), Al and Zn (r = 0.53), and Al 

and Pb (r = 0.50) but the correlations were not significance. Significant strong positive 

correlations were documented between Mg and Na (r = 0.97; p ˂ 0.01) and As and Fe (r = 

0.96; p ˂ 0.05) whiles; significant strong negative relationships were observed between Ba 

and Al (r = -0.96; p ˂ 0.01) and Pb and Ni (r = -0.89; p ˂ 0.05) (Figure 3.4). The 

coefficient values indicate that coastal and estuaries sediments collected may be receiving 

two or more pollutants from similar sources or the same releasing sources (Liang et al., 

2017). Besides, Mn, Zn, Ca, Cd, and Cu exhibited no strong negative or positive 

relationship with other heavy metals (Appendix 3.19). Significant strong positive 

correlations between (Mg and Na) and (As and Fe) indicates similarity in geochemical 

features such as clay minerals (Pandey & Singh, 2015; Tian et al., 2017; Tian et al., 2020) 

or common pollutants sources Yang et al., 2012; Gupta et al., 2014; Yang et al., 2018). 
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Significant negative positive relationships between (Ba and Al) and (Pb and Ni) suggest 

different inputs from external sources (Zarei et al., 2014; Kanda et al., 2018; Saleem et al., 

2020). Ba-Al is naturally related to Ba and Al being associated in the Earth’s crust while 

Pb-Ni is due to anthropogenic influence. The direct correlations of Mg and Na and As and 

Fe within industrial, tourism, agricultural catchment suggests inputs from agronomic 

activities such as oil spillovers due to boat activities, application of phosphate fertilizers 

and pesticides and waste discharges, effluents, etc., from industries which seep into rivers 

to the coast via soil erosion (Wang et al., 2015; Ke et al., 2017; Fakhradini et al., 2019; 

Gholizadeh et al., 2019). In this study, the significant strong positive relationships between 

(Mg and Na) and (As and Fe) in sediment samples may be linked to oil spillovers due to 

boat activities and fertilizer applications from the adjacent agricultural land base source. 

This affirms the studies conducted by Wang et al. (2015); Ke et al. (2017); Fakhradini et 

al. (2019) and Gholizadeh et al. (2019). 

 

3.3.9.2 Cluster analysis 

 

Hierarchical agglomerative cluster analysis was conducted; the Ward Linkage 

method was used. The number of clusters was formed at a specific cluster cut-off value 

and was determined from the plot by drawing a vertical line at that value (value selected 

was 4.5) and the number of lines that the vertical line intersected counted. Therefore, 

heavy metals were classified into two clusters as display in the dendrogram (see Figure 

3.5). 
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Figure 3.5: Cluster analysis of detected average concentrations of heavy metals in the core 

sediments of selected study sites 

 

Cluster 1 comprises of Co, As, Ba, Cd, Cr, Na, Mn, Ni, Pb, Ca, Cu, Zn, Mg, 

and Al, whereas cluster 2 consist of Zn, Fe, Mg, Al, and Ca metals. The emergence of Zn, 

Fe, Mg, Al, and Ca metals in cluster 2 could be ascribed to their preponderance in the 

sediment samples at the sampling stations unlike other metals (Yang et al., 2012; Xu et al., 

2019). Additionally, due to the fact that Zn, Fe, Mg, Al, and Ca metals were in the same 

cluster, suggest similar pollutant source. Cluster metals also show mutual relationships 

between and thus, could be linked with common sources (Chien et al., 2002; Dias-Ferreira 

et al., 2016; Bhuyan et al., 2019). Based on the dendrogram, it can be said that sub-cluster 

1 contains heavy metals that reach the estuarine and coastal sediments from both natural 

and anthropogenic sources.  

 

3.3.9.3 Principal Component Analysis (PCA) 

Principal component analysis (PCA) was used to compare the constitutional 

and spatial patterns between the investigated heavy metals and the recognized 

undiscovered factors and to predict likely sources of these metals in the sediments. PCA 
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has been extensively employed to recognize the contribution of natural and anthropogenic 

sources (Li & Zhang, 2010). The data set was treated using Varimax rotation as the 

extraction method of the principal component (Appendix 3.19). The plots of loadings for 

studied heavy metals with percentages of cumulative variance are presented in Figure 3.6. 

 

Figure 3.6: Plot of loading of three principal components in PCA results 

 

Three principal components were extracted, which adequately covered 83.28% 

58.590% of the total variance from studied metals (Figure 3.6). Component 1 accounted 

for 32.13%, Component 2 recorded 28.41%, and Component 3 accounted for 22.73% 

respectively. The Component 1 representative congeners include high positive loadings for 

Mg (0.99), As (0.69), Fe (0.79), and Na (0.95) and high negative loading for Mn (-0.88). 

Component 2 include high negative and positive loadings for Pb (-0.886), Ni (0.873) and 

Cd (0.874). The Component 3 representative congener is high positive loading for Al 

(0.808). 

Lead (Pb) is used in wide industrial applications, including cable sheathing, 

solder ammunition, and battery recycling pigments. Furthermore, exposure to Pb in 
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sediment may be attributed to the corrosive and weak plumbing system. High As in 

sediment may come from peculiar arsenic-containing fertilizers used in the past or 

industrial waste. Cadmium (Cd) occurs naturally in Pb, Zn, and Cu ores, in shales and is 

released in the course of volcanic action or disturbance of soil-rock due to mining 

activities. The high negative loadings of some metals are an indication of different external 

sources (Attia & Ghrefat, 2013; Decena et al., 2018). The PCA results indicate that 

Components 1, 2, and 3 have both anthropogenic and geological contributions (Li & 

Zhang, 2010; Wu, 2014; Liang et al., 2017). 

 

3.4 Chapter Summary  

The concentrations of selected heavy metals in surface and core sediments 

collected from the coastal and four rivers estuary in Sarawak, Malaysia, were examined. In 

regards to surface sediments, all selected heavy metals were detected at all sampled 

stations, with a concentration lower than the average shale value for sedimentary rock 

except for Zn. Generally, pollution appeared more severe in the coastal of the studied area, 

probably due to their nearby point source contamination. Among the heavy metals of 

interest, Zn, Ni, and Cr concentrations surpassed the TEC values and should be carefully 

monitored and remediated because they may cause unfavorable impacts on bottom-

dwelling organisms. Potential eco-toxicological risk analysis of heavy metals 

concentrations in surface sediments indicated that most sampling stations posed a minor or 

moderate ecological risk.  

Controlling factors such as inflow velocity and sediment textural characteristcs 

influencing metals availabilty in sediment were investigated. Heavy metals enrichment in 

core sediment in core sediment profile in each sampling sites and depth/cm were appraised. 
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Bivariate and multivariate statisitcal tools were applied to help predict the possible heavy 

metal sources in the studied sites. The results obtained from the statistical analyses 

suggested that some of the metals are anthropogenic in origin such as Cd, Pb, Zn but the 

other metals are not as their distribution may be more related to clays or lithogenic in 

origin. The results will guide controlling heavy metal contamination and protecting 

agricultural and transportation water sources in the coastal and the four rivers estuary in the 

Kuching Division of Sarawak.  
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CHAPTER 4   
 

 

DISTRIBUTION OF HYDROCARBONS IN COASTAL AND FOUR RIVERS 

ESTUARY SEDIMENTS IN THE KUCHING DIVISION OF SARAWAK  

4.1 Introduction 

Considerable amount of storm water, dredged spoils, industrial and municipal 

wastes, spilled oil, and sewage are released into the coastal environment via estuaries with 

no or little treatment, specifically under developed countries (Ramos et al., 2000; 

Hartmann et al., 2004; Basheer et al., 2005). These contaminants are mostly originated 

from the aquatic urban settings, even though they may not pose any immediate adverse 

effects at low concentrations, but could cause serious harm over a long period (Zakaria & 

Takada, 2003). One of the recalcitrant and well known organic pollutants derived from 

organic wastes is petroleum hydrocarbons (Damas et al., 2009). Petroleum hydrocarbons 

have been extensively used as indicators for identifying the petroleum sources in the 

aquatic ecosystem (Lucke et al., 1985; Guo et al., 2011). Oil spills originated from land-

based sources such as storage facilities, river runoff, industrial and municipal wastes, etc. 

and transportation operations including shipping and oil tanker transportation are causing 

more harm in the environment (El Nemr & Abd-Allah, 2003). 

The fundamental phase in determining the likely environmental and human 

health impacts of hydrocarbons availability in sediments is the measurement of their mass 

concentrations (Damas et al., 2009). The rapidness and effectiveness of analytical 

instrumentation for the accurate determination of hydrocarbons in environmental samples 

have several extraction techniques adapted to estimate the total concentration of 

hydrocarbons in sediment matrices (Boonyatumanond et al., 2006; 2007). Presently, 
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feasible and accurate analytical methods for extracting hydrocarbons for compositional 

analysis by gas chromatography-mass spectrometry (GC-MS) and GC- flame ionization 

detector (GC-FID) for assessment of petroleum hydrocarbons levels in various 

environment partitions creates a serious question (Ramos et al., 2000; Wang et al., 2002; 

Basheer et al., 2005; Damas et al., 2009). The most extensively used method for extraction 

of petroleum hydrocarbons in organic compounds-containing materials such as soil, 

sediments, etc., for analytes separation is chromatography procedures. Song et al. (2002) 

opined that ultrasonic extraction, mechanical shaking or stirring, and soxhlet extraction are 

the fundamentals techniques by which pollutants from petroleum waste are extracted 

environmental solid media. 

Guo et al. (2011) opined that several techniques have been developed for the 

fractionation or pre-separation of crude oil. Such techniques are solid-phase extraction 

(SPE) (Theobald, 1988), classical adsorption chromatography (Campbell & Lee, 1986; 

Hostettler et al., 1999; Grossi et al., 2002), supercritical fluid chromatography (SFC) 

(Nishioka et al., 1986), florisil (El Nemr & Abd-Allah, 2003), silica and alumina 

combination (Grossi et al., 2002), high-performance liquid chromatography (HPLC) 

(Lucke et al., 1985; Guo et al., 2011), and silica gel (Zakaria et al., 2000). This study has 

validated GC-FID and GC-MS for qualitative and quantitative analysis of petroleum 

hydrocarbons in sediment samples. AHs and PAHs are the analytes considered. The 

technique validated was applied on sediment samples collected from the coastal and 

selected four river estuaries of Kuching Division, Sarawak. 

One of the important areas in Kuching is the coastal areas. It is a marine 

biodiversity hotspot, and also recreational terminus and tourism that contribute extensively 

to the socio-economic development of Kuching Dvision of Sarawak (Zakaria et al., 1999; 
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2001; 2002; Zakaria & Mahat, 2006). Of the nine rivers that flow into the coast, the four 

most important in relation of anthropogenic contributions are Salak, Santubong, Sibu, and 

Rambungan rivers. From contamination perspective, the coastal areas especially Santubong 

Bay is regarded the prime sink for domestic and industrial effluents including likely 

agricultural contaminants emerging from adjacent land-based areas (Zakaria et al., 2000; 

Aly Salem et al., 2014). The contribution of pollutant, specifically oil from ship traffic, 

added extra environmental pressure on this area (Wang & Fingas, 1995; Yunker et al., 

2002; Zakaria & Takada, 2003; Nasher et al., 2013). For these reasons, the aims of this 

study are thus to examine the contamination levels of the coastal and four rivers estuary by 

assessing the concentrations of AHs and PAHs in sediment, identify the probably sources 

pollutants using various diagnostic and isomeric ratios on the n-alkanes and PAHs and 

finally ascertaining the ecological risk of carcinogenic PAHs. 

 

4.2 Materials and Methods 

4.2.1 Spiking and Extraction of AHs and PAHs 

Sediment samples were spiked following the protocol adapted by Damas et al. 

(2009). Uncontaminated sediments were spiked to help validate the analytical method. 

This coastal sediment was considered to contain the biogenic origin AHs without PAHs. 

Before the extraction, the concentration of 20 and 100 ng/g AHs and concentration of 10 

and 50 ng/g PAHs standard solutions were spiked to individual sediment samples, 

respectively. Both non-spiked and spiked sediments were subjected to solvent extraction 

on the Soxhlet extraction apparatus. 

United State Environmental Protection Agency (US EPA) 3540 modified 

method was adapted for the Soxhlet extraction of sediment samples (Ugwu & Ukoha, 

2016). Air-dried sediment samples were grounded into powdered form before extraction. 
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Reasonable amount of anhydrous sodium sulphate was mixed with 15 g of the powdered 

sample for moisture removal in a cellulose thimble and extracted with dichloromethane 

(200 mL) in a Soxhlet extractor for 20 hours. The crude extract was run via a glass 

containing anhydrous sodium sulphate, and dried on a vacuum rotary evaporator (brand: 

IKA, model: RV 8V) to a relative volume of 2.0 mL. Purified nitrogen gas was used to dry 

the crude extract up to 1.0 mL. 

 

4.2.2 Column Chromatography 

The crude extract was clean-up on silica gel column chromatography to 

remove residue materials that was also extracted during extraction, such as biogenic 

macromolecules, lipids, and pigments to prevent other substances affect the final 

evaluation and analysis of the targeted hydrocarbons. The clean-up step on silica gel 

column chromatography was performed to separate analytes into two hydrocarbon groups, 

i.e., AHs and PAHs. A glass column with 55.0 cm height and 1.0 cm internal diameter was 

packed with glass wool at the bottom, filled with 6.0 g of silica gel, and finally topped with 

2.0 cm of potassium sulfate. 5.0 mL of n-hexane was used to condition the column before 

adding the geolipid. A dried geolipid was diluted in 2 mL n-hexane, and then poured to the 

top of the silica gel column. The column was eluted with 30 mL of n-hexane, and the 

eluant was collected in a 50 mL capacity pear-shaped flask AHs fraction. Subsequently, 

the column was eluted with a 30 mL mixture of dichloromethane and n-hexane (50:50, v/v) 

into a 50 mL capacity pear-shaped flask to collect the PAHs fraction. Purified nitrogen gas 

was used to dry both fractions and stored in refrigerator at 4 
°
C until analysis. 
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4.2.3 Gas Chromatographic Analysis  

GC-FID and GC-MS were used to analyze AHs and PAHs fractions, 

respectively. AHs fractions were analyzed on a Hewlett Packard Gas Chromatograph 

(Model 6890) equipped with a flame ionization detector (FID). The separation was 

performed on a DB-5 fused silica capillary column coated with a 5% diphenyl and 95% 

dimethyl polysiloxane stationary phase with an internal diameter of 0.25 mm, column 

length 30 m, and film phase thickness 0.25 µm. Before GC-FID analysis, the sample was 

dissolved in 500 µL n-hexane. Helium gas with a 1 mL/min velocity was used as a carrier 

gas. The initial oven temperature was programmed at 50 
o
C and held for 5 min. It was then 

increased to 300 
o
C at the rate of 5 

o
C/min and held for 15 min (Damas et al., 2009). The 

injector and detector temperatures were set at 250 
o
C and 300 

o
C, respectively. Exactly 1 

µL of the sample was injected into the column in splitless injection mode. Identification of 

AHs was carried out by comparing the retention times of individual n-alkanes in a sample 

with those in a mixture of AHs standards. 

PAHs fractions were analyzed on a Shimadzu Gas Chromatography-Mass 

Spectrometer model QP2010 Plus equipped with a quadrupole mass analyzer. The 

separation was carried out using a BPX-5 fused silica capillary column coated with a 5% 

diphenyl and 95% dimethyl polysiloxane stationary phase, with internal diameter 0.25 mm, 

column length 30 m, and film thickness 0.25 µm. The electron ionization energy system 

with ionization energy of 70 eV was used for GC-MS detection. Initially, the oven 

temperature was programmed at 50 
o
C and held isothermal for 5

 
minutes. The temperature 

was ramped to 300 
o
C at the rate of 6.5 

o
C/minute at held for 15 minutes at the final 

temperature. Exactly 1 µL of the sample was injected into the column in splitless injection 

mode (Damas et al., 2009). Fraction F2 was dissolved in 500 µL dichloromethane before 
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GC-MS analysis; identification of PAH components was performed by direct comparison 

of retention times of individual PAHs with a mixture of PAHs standards. 

 

4.2.4 Quality Assurance and Quality Control (QA/QC) 

A blank was prepared by adapting the same procedure used to prepare the 

samples for analysis (Ahmed et al., 2015). A blank was analyzed for indvidual sample in 

ten batches. Analytical blank serve as a tool to ensure no pollution by preventing targeted 

compounds resulting in errors in the course of analysis. 

 

4.2.5 AHs Diagnostic Indices 

4.2.5.1 Carbon Preference Index (CPI) 

The carbon preference index (CPI) can be explained as the odd to even carbon-

number n-alkanes ratio in the range of n-C25 to n-C33 (Aly Salem et al., 2014). It is used to 

evaluate biogenic and petrogenic input sources of AHs. CPI values equal to 1 indicate 

microorganisms, organic matter recycled, and/or petroleum inputs, while CPI values 

greater than 3 suggest natural inputs (Jeng, 2006). 

 

Carbon Preference Index  
 

 
  (

                         

                        
  

                         

                        
)     

                                                                                                                             Equation 4.1                  

 4.2.5.2 Low Molecular Weight AHs/High Molecular Weight AHs 

One of the critical tools for assessing the sources of AHs in the aquatic 

environments is the ratio of the low molecular weight (nC15 to nC20) to the high molecular 

weight (nC21 to nC34) (Ahmed et al., 2015; Adeniji et al., 2017). The ratio ΣLMW/HMW 
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below 1 indicates the preponderance of n-alkanes originated from planktons and 

petroleum. The occurrence of fresh oil in the surface water is deduced when the ratio 

ΣLMW/HMW is > 2 (Zrafi et al., 2013). 

 

4.2.5.3 Long Chain Hydrocarbons /Short Chain Hydrocarbons (LCH/SCH) 

The n-alkanes ≤ nC26 are named as short-chain hydrocarbons (SCHs); 

however, those > nC26 are considered as the long-chain hydrocarbons (LCHs). n-alkanes 

from plankton and benthic origin are usually short-chain hydrocarbons (SCHs); the long-

chain hydrocarbons (LCHs) are derived from vascular plants. Estimating the LCH/SCH 

ratio is generally carried to evaluate the abundance of vascular plants and/or phytoplankton 

in the coastal environments (Fagbote & Olanipekun, 2013). The LCH/SCH ratio is also 

known as the Terrigenous/Aquatic ratio     . 

 

Short Chain Hydrocarbons (LCH) = nC27 + nC29 + nC31                                    Equation 4.2   

 

Long Chain Hydrocarbons (LCH) = nC15 + nC17 + nC19                                        Equation 4.3   

 

Terrigenous/Aquatic ratio       
              

              
                                            Equation 4.4 

 

The dominance of phytoplankton is achieved when the ratio falls within the range of 0.21 – 

0.9, whereas TAR values between 2.38 and 4.33 suggest a mixed origin. TAR values  > 4 

indicate an abundance of terrestrial plant waxes (Bianchi, 2007). 
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4.2.5.4 Average Carbon Length of LCH (ACLLCH) 

 

The average carbon length of LCH is another essential indicator used to assess 

the abundance of odd carbon per molecule in the sediment samples collected with an 

understanding to initiating association with higher plants n-alkanes. It is used to identify 

environmental variations for a particulate ecosystem. It provides the average chain length 

of AHs supposed to be more persistent in an environment. Higher values of ACL suggest 

heavier hydrocarbons presence. The index is computed with the formula below (Sakari et 

al., 2008; Kiran et al., 2015). 

 

Average Carbon Length of LHC (ACLLHC)  (
                                            

                         
)      

                                                                                                                             Equation 4.5   

4.2.5.5  Natural n-alkanes ratio (NAR) 

The natural n-alkanes ratio (NAR) roughly measures (i.e.; a value or quantity 

that is nearly but not exactly correct) the proportion of natural n-alkanes and petroleum n-

alkanes (Mille et al., 2007). 

 

Natural n-alkanes ratio
       

[∑                    ∑                       ]

∑                  
       

                                                                                                                            Equation 4.6 

4.2.5.6 n-alkane proxy (Paq) 

The n-alkane proxy ratio (Paq) is used to estimate the different plant types (e.g., 

emergent vs. submerged plant types). It was put forward by Ficken et al. (2000): 
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n-alkane proxy (Paq):     
         

                 
                                                    Equation 4.7 

 

 

4.2.6 PAHs Isomeric Ratios for Sources Identification  

The sources of PAHs can be evaluated using several ratios, as shown by the 

following equations (Yunker et al., 2002). 

 

Ratios of anthracene/(anthracene + phenathrene)                                                Equation 4.8     

Where ratio values of 0.1 suggest a combustion source.  

 

Ratios of fluoranthene/(fluoranthene + pyrene)                                                   Equation 4.9   

Where ratio values of 0.5 suggest biomass combustion (coal, wood, or grass). 

 

Ratios of alkyl phenanthrene/anthracene and alkyl fluoranthene/pyrene          Equation 4.10 

Where ratio values of 0.5 suggest a combustion source.  

 

Ratios of 1, 7-dimethylphenanthrene (DmP)/{(2,6-DmP + 1,7-DmP) (1,7:(2,6 + 1,7-DmP)}       

                                                                                                                            Equation 4.11  

Where ratio values of 0.7 indicate strong wood combustion constituent.  

 

Ratios of indeno[1,2,3-cd]pyrene/(indeno[1,2,3-cd]pyrene + benzo[ghi]perylene) 

{InPy/(InPy + BgP)}                                                                                        Equation 4.12  

Where ratio values of 0.5 indicate biomass combustion. 

Variations in bioavailability can occur as a function of a PAH origin. 

Pyrogenic (combustion-derived) PAHs have quite high octanol-water partitioning 
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coefficients (log Kow) and low water solubility and, for that matter, are to a great extent 

connected with particulate matter, in doing so significantly decreasing their bioavailability 

(Meador et al., 1995). Contrarily, petrogenic (petroleum-derived) PAHs are generally 

extensively available for uptake by marine organisms due to their increased water 

solubility and low log Kow values (Meador et al., 1995). 

 

4.3 Results and Discussion 

 4.3.1 Validation of GC-FID and GC-MS Methods for AHs and PAHs Analysis, 

Respectively 

To ensure that the techniques are feasible for their use, validation process was 

performed by establishing the fundamental analytical requirements of performance to be 

suitable for measurement of AHs and PAHs in sediment samples. To construct calibration 

curves for n-alkane and PAHs, several standard solutions were prepared in different 

concentrations and injected into the GC-FID and GC-MS, respectively. Figures 4.1 and 4.2 

depict unresolved AHs and PAHs compounds and they were evaluated in pairs. The 

concentration ranges used are important compared to the concentrations often detected in 

environmental media. A linear correlation coefficient of > 0.9898 was recorded for all 

calibration curves. Regarding the measurement of this technique, all standard eluting 

between C9H20 and C33H68 was believed to be several mixtures of branched-chain, cyclic, 

and normal-chain hydrocarbons. Concerning PAHs, all standards eluting between 

naphthalene and benzo[ghi]perylene was presumed to be alkylated and non-alkylated 

aromatics mixtures, consisted of two to six aromatic rings and composite patterns of 

cycloalkanes-aromatic. The horizontal axis of the chromatogram is the retention time and 

the vertical axis is the peak intensity (Figures 4.1 and 4.2). 
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Figure 4.1: GC-FID chromatogram of AHs standard solutions 

  
 

 

Figure 4.2: GC-MS chromatogram of PAHs standard solutions 
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Table 4.1: The results of GC-FID linear ranges and limits of detection from analysis of 

standard solutions 

 
n-alkanes Linear ranges (ng/mL) LOD(ng/mL) 

n-Nonane ( C9H20) 20 – 100 

100 – 500 

2.8 

n-Decane (C10H22) 20 – 100 

100 – 500 

3.5 

n-Undecane (C11H24) 20 – 100 

100 – 500 

3.1 

n-Dodecane (C12H26) 20 – 100 

100 – 500 

2.3 

n-Tridecane (C13H28) 20 – 100 

100 – 500 

3.6 

n-Tetradecane (C14H30) 20 – 100 

100 – 500 

4.2 

n-Pentadecane (C15H32) 20 – 100 

50 – 500 

2.7 

n-Hexadecane  (C16H34) 20 – 100 

100 – 500 

2.1 

n-Heptadecane (C17H36) 20 – 100 

100 – 500 

3.3 

n-Octadecane (C18H38) 20 – 100 

100 – 500 

3.7 

n-Nonadecane (C19H40) 20 – 100 

100 – 500 

4.6 

n-Icosane (C20H42) 20 – 100 

100 – 500 

3.1 

n-Heneicosane (C21H44) 20 – 100 

100 – 500 

3.4 
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Table 4.1 Continued 

n-Docosane (C22H46) 20 – 100 

100 – 500 

2.5 

n-Tricosane (C23H48) 20 – 100 

100 – 500 

4.1 

n-Tetracosane (C24H50) 20 – 100 

100 – 500 

2.9 

n-Pentacosane (C25H52) 20 – 100 

100 – 500 

2.4 

n-Hexacosane (C26H54) 20 – 100 

100 – 500 

2.7 

n-Heptacosane (C27H56) 20 – 100 

100 – 500 

3.1 

n-Octacosane (C28H58) 20 – 100 

100 – 500 

3.5 

n-Nonacosane (C29H60) 20 – 100 

100 – 500 

2.7 

 n- Triacotane (C30H62) 20 – 100 

100 – 500 

2.2 

n-Hentriacontane (C31H64) 20 – 100 

100 – 500 

3.7 

n-Dotriacontane (C32H66) 20 – 100 

100 – 500 

4.1 

n-Tritiacontane (C33H68) 20 – 100 

100 – 500 

2.5 
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Table 4.2: The results of GC-MS linear ranges and limits of detection from analysis of 

standard solutions 

 
PAHs Linear ranges 

(ng/mL) 

LOD 

(ng/mL) 

Naphthalene (C10H8)  10 – 50 

50 – 250 

3.1 

Acenapthylene (C12H8) 10 – 50 

50 – 250 

5.3 

Acenapthene (C12H10) 10 – 50 

50 – 250 

3.6 

Fluorene (C13H10) 10 – 50 

50 – 250 

4.2 

Phenanthrene (C14H10) 10 – 50 

50 – 250 

5.5 

Anthracene (C14H10) 10 – 50 

50 – 250 

6.1 

Fluoranthene (C16H10) 10 – 50 

50 – 250 

4.7 

Benzo[a]anthracene (C18H12) 10 – 50 

50 – 250 

3.5 

Chrysene (C18H12) 10 – 50 

50 – 250 

3.8 

Benzo[b]fluoranthene (C20H12) 10 – 50 

50 – 250 

3.4 

Benzo[k]fluoranthene (C20H12) 10 – 50 

50 – 250 

4.6 

Benzo[a]pyrene  (C20H12) 10 – 50 

50 – 250 

4.4 
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Table 4.2 Continued 

Indeno[1,2,3-c,d]pyrene  (C22H12) 10 – 50 

50 – 250 

5.7 

Dibenzo[ah]anthracene  (C22H14) 10 – 50 

50 – 250 

5.1 

Benzo[ghi]perylene (C22H12) 10 – 50 

50 – 250 

5.9 

 

Accuracy of an analytical technique is the closeness of measured values 

obtained to the certified values, and most often represented as percentage recovery by the 

known quantity of analyte, and it is mostly ascertained by spiking studies using reference 

materials (Jaouen-Madoulet et al., 2000).  The accuracy was checked by spiking the 

sediment with known concentrations of standard solutions. Five replicate were analyzed, 

and the entire analytical method was tested in real samples. The recoveries of the added 

standard solutions at 50 ng/mL spiked level of PAHs and 100 ng/mL spiked level of n-

alkanes are depicted in Figures 4.3 and 4.4. In regards with n-alkanes, the recoveries 

ranged from 54.2 to 104.1% whereas, the recoveries of PAHs varied from 52.4 to 94.0% 
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Figure 4.3: n-alkanes recoveries from fortified coastal sediment (spiked concentration of 

n-alkanes is 100 ng/mL) 

 

 

Figure 4.4: PAHs recoveries from fortified coastal sediment (spiked concentration of PAH 

is 50 ng/mL) 

 

The limit of detection (LOD) of the whole method is defined as the minimum 

concentration of a substance that can be quantified and reported with 0.1 confidences. The 

LOD (ng/mL) was computed as a signal-noise ratio (S/N) of 3 while the quantification 

limit (LOQ) was calculated as a signal-noise ratio (S/N) of 10 (Omorinoye et al., 2019b; 

Omorinoye et al., 2020). For n-alkanes, the values of LOD ranged from 16.2 – 26.6 ng/g, 
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while for PAHs the LOQ varied from 17.9 – 26.4 ng/g. For LOQ, the values ranged from 

22.9 – 38.2 ng/g for n-alkanes, while from 26.4 – 35.8 ng/g are for PAHs. The obtained 

LOD and LOQ values were highlighted in Tables 4.1 and 4.2. 
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Table 4.3: Limits of detection, limits of quantification, and relative standard deviation for 

n-alkanes analysis 

 
n-alkanes LOD (ng/g) S/N = 3 LOQ (ng/g) S/N = 10 RSD(n=4) % intra-day 

n-Nonane ( C9H20) 19.7 27.4 19.1 

n-Decane (C10H22) 16.2 29.3 14.9 

n-Undecane (C11H24) 21.8 36.7 10.1 

n-Dodecane (C12H26) 18.3 27.1 6.1 

n-Tridecane (C13H28) 26.5 31.3 7.4 

n-Tetradecane (C14H30) 20.8 38.2 9.1 

n-Pentadecane (C15H32) 22.9 36.6 8.5 

n-Hexadecane  (C16H34) 17.4 24.9 6.9 

n-Heptadecane (C17H36) 25.1 32.7 5.3 

n-Octadecane (C18H38) 22.6 36.1 4.9 

n-Nonadecane (C19H40) 19.6 29.3 7.1 

n-Icosane (C20H42) 21.8 36.9 5.9 

n-Heneicosane (C21H44) 17.2 22.9 7.3 

n-Docosane (C22H46) 23.7 29.5 6.4 

n-Tricosane (C23H48) 26.6 37.3 9.5 

n-Tetracosane (C24H50) 18.2 26.1 7.8 

n-Pentacosane (C25H52) 21.6 33.7 7.4 

n-Hexacosane (C26H54) 21.4 35.5 6.8 

n-Heptacosane (C27H56) 23.7 29.4 6.1 

n-Octacosane (C28H58) 20.4 26.1 5.9 

n-Nonacosane (C29H60) 16.3 26.4 6.8 

n- Triacotane (C30H62) 25.7 38.1 5.7 

n-Hentriacontane (C31H64) 21.2 29.3 7.1 

n-Dotriacontane (C32H66) 24.7 30.6 6.4 

n-Tritiacontane (C33H68) 23.3 34.1 6.8 
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Table 4.4: Limits of detection, limits of quantification, and relative standard deviation for 

PAHs analysis 

 
PAH LOD (ng/g)  

S/N = 3 

LOQ (ng/g) 

 S/N= 10 

RSD (n=4)  

% intra-day 

Naphthalene (C10H8)  21.4 30.6 15.4 

Acenapthylene (C12H8) 17.9 26.4 16.6 

Acenapthene (C12H10) 24.5 33.1 7.8 

Fluorene (C13H10) 24.9 31.7 5.3 

Phenanthrene (C14H10) 21.8 29.5 6.7 

Anthracene (C14H10) 23.6 32.8 8.5 

Fluoranthene (C16H10) 19.5 27.1 5.3 

Benzo[a]anthracene (C18H12) 26.4 35.8 9.7 

Chrysene (C18H12) 20.1 26.7 5.2 

Benzo[b]fluoranthene (C20H12) 22.6 31.4 6.9 

Benzo[k]fluoranthene (C20H12) 25.1 34.9 7.3 

Benzo[a]pyrene  (C20H12) 18.2 27.9 4.1 

Indeno[1,2,3-c,d]pyrene  (C22H12) 23.6 33.5 6.1 

Dibenzo[ah]anthracene  (C22H14) 25.2 32.8 7.5 

Benzo[ghi]perylene (C22H12) 21.6 28.8 4.6 

 

The uncertainty of measurement was calculated by adapting recommended 

protocol in the literature (Barwick & Ellinson, 1999; 2000). The uncertainty at which the 

spiked concentrations were examined is below 10% (at 95% confidence level). Although 

most measured concentrations were slightly smaller than the spiked concentrations but 

based on the Uc values and correlation coefficients for the linear regression between spiked 

concentration and uncertainty, indicates an almost complete balance of the recovery 

standard. This showed a complete extraction, minimal losses, good alignment between 
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spiking and calibration solution, and the analytical technique. Hence, GC-FID and GC-MS 

can quantify the AHs concentration and PAHs concentration, respectively in sediment 

samples. Figures 4.5 and 4.6 depict the link between combined Uc and spiked 

concentrations for selected n-alkanes and PAHs, respectively. 

 

(a) Uncertainty against spiked concentrations for C20 
 

 

(b) Uncertainty against spiked concentrations for C30 

 

Figure 4.5: The link between combined uncertainty (Uc) and spiked concentrations for (a) 

C20 and (b) C30, respectively 
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(a) Uncertainty against spiked concentrations for naphthalene 
 

 

(b) Uncertainty against spiked concentrations for chrysene 

 

Figure 4.6: The link between combined uncertainty (Uc) and spiked concentrations for (a) 

naphthalene and (b) chrysene, respectively 

 

4.3.2 Evaluation of AHs in Sediment Samples 

4.3.2.1 Nature of AHs Chromatogram Detected in Sediment Samples by GC-FID 

After analytical method is defined and validated, sediment samples from the 

coastal and selected estuaries sites were analyzed. A typical AHs chromatogram analyzed 
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by GC-FID in sediment samples at study sites CZ5 and CZ10 are shown in Figure 4.7, 

respectively. For study site CZ5, the most relevant resolved compositions characterized by 

homologous series of n-alkanes is nC14 to nC33 and that of study site CZ8 is nC10 to nC33. 

The abundance of the compounds present in this fraction is unresolved molecules and 

commonly called unresolved complex mixture (UCM). The appearance of UCM is 

described as a hum region between the curve characterizing the base of resolvable peaks 

and the solvent baseline (Figure 4.7) (Wang & Fingas, 1995; Grossi et al., 2002; Damas et 

al., 2009). UCM consisted of combination of alicyclic hydrocarbons and has extensively 

associated with remains of biodegraded petroleum (Peters et al., 2005). The LMW n-

alkanes were not available in some of the sediment samples. The reason is that LMW 

organic compounds are easily volatilized to the atmosphere. In contrast, high compositions 

of HMW can be assumed to partition onto the phase of particulate and undergo the process 

of sedimentation. 

 

 

              

 

(a) Chromatogram detected in sediment sample CZ5 
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(b) Chromatogram detected in Sediment Sample CZ8 

 

 

Figure 4.7: Characteristic gas chromatogram of AHs (n-alkanes) fractions extracted from 

coastal sediments in location (a) CZ5 and (b) CZ8, respectively 

 

4.3.2.2 Assessment of AHs Contamination and Potential Sources 

The n-alkanes contents determined in representative sediment collected from 

the coastal and four rivers estuary sites of Sarawak are shown in Table 4.5. The total 

concentrations of AHs varied from 96.63 to 367.28 ng/g dw.  
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Table 4.5: Content of n-alkanes determined in representative coastal and four rivers 

estuary sediment samples 

 
n-alkane 

compounds 

Sample 

CZ1 CZ2 CZ3 CZ4 CZ5 CZ6 CZ7 CZ8 CZ9 CZ10 

ng/g dw 

C10H22 n.d
x 

n.d n.d n.d n.d n.d n.d 0.15 0.47 n.d 

C11H24 n.d n.d n.d n.d n.d n.d n.d 0.58 0.14 n.d 

C12H26 n.d n.d n.d n.d n.d n.d n.d 1.03 0.62 n.d 

C13H28 3.12 n.d 7.21 1.36 n.d 5.01 n.d 2.75 1.51 n.d 

C14H30 2.49 4.22 0.87 2.33 0.15 4.90 n.d 2.05 2.08 1.52 

C15H32 5.32 3.96 10.2 3.71 1.32 7.36 6.20 4.24 2.32 1.96 

C16H34 12.12 9.07 6.41 8.01 1.02 2.91 7.74 6.02 3.06 3.61 

C17H36 17.03 13.2 9.71 7.87 4.11 9.36 20.4 8.08 4.08 2.81 

C18H38 19.88 17.7 9.98 11.3 9.05 16.5 10.2 19.2 13.1 16.2 

C19H40 24.02 23.9 17.6 14.8 13.1 15.2 13.7 11.5 16.4 16.4 

C20H42 3.71 3.43 5.14 4.05 1.15 14.9 5.19 2.06 2.04 9.03 

C21H44 18.15 36.1 21.2 10.9 4.01 8.13 16.2 5.33 1.17 13.0 

C22H46 14.62 27.9 13.1 7.11 7.81 3.06 1.04 14.9 6.76 2.34 

C23H48 9.43 16.6 3.51 12.4 16.9 0.54 2.81 3.22 2.11 7.18 

C24H50 7.19 23.1 8.98 9.03 7.94 1.89 5.53 6.03 9.04 1.53 

C25H52 8.06 17.9 2.05 5.21 3.07 6.23 6.01 4.51 11.0 6.41 

C26H54 11.23 10.1 7.36 7.83 16.9 9.04 3.63 3.48 3.06 3.03 

C27H56 24.62 37.2 12.0 18.4 6.03 4.59 6.24 6.11 6.14 1.03 

C28H58 12.20 13.0 16.4 6.27 2.11 10.2 10.4 4.90 5.10 0.81 

C29H60 6.61 15.7 22.6 19.6 5.51 2.78 6.02 7.03 3.24 0.23 

C30H62 14.01 31.0 6.31 11.7 7.32 8.31 7.21 4.51 4.08 2.71 

C31H64 5.66 27.4 4.21 9.26 8.03 10.4 3.17 2.11 4.25 4.02 

C32H66 n.d 25.7 7.81 13.1 5.23 9.11 5.05 6.04 5.01 1.34 

C33H68 n.d 10.1 2.75 9.01 4.71 7.03 1.35 3.10 3.16 1.47 
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Table 4.5 Continued 

 
y
Sum of C10 

to C33 

219.47 367.28 195.40 193.25 125.47 157.45 138.09 128.93 109.94 96.63 

x 
n.d: Not-detected 

y 
Sum of concentration of n-alkanes from C10H22 to C33H68 

 

The AHs diagnostic indexes were evaluated (Table 4.6). Sediment sample 

collected from the offshore of Batang Rambungan opposite small Satang Island (CZ2) 

recorded the highest total concentration of n-alkanes. On the contrarily, sediment sample 

from the estuary of Santubong River (CZ10) recorded the lowest content of n-alkanes. 

Concerning detected n-alkanes in the sediment samples from the estuaries, Rambungan 

river estuary recoded the highest concentrations of n-alkanes as compared to the other 

estuaries (Santubong River estuary, Sibu River estuary, and Salak River estuary). LMW 

and HMW n-alkane were evaluated and tabulated in Table 4.6. HMW and LMW varied 

from 45.10 to 291.80 ng/g dw and 29.90 to 87.69 ng/g dw, respectively. Sediment from the 

offshore of Telaga Air opposite to small Satang Island recorded the lowest value of LMW 

(i.e., 29.90 ng/g dw) and sediment samples from study site CZ1 recorded the highest LMW 

value (i.e., 87.69 ng/g dw). However, the lowest HMW was noticed at study site CZ10 

(i.e., 45.10 ng/g dw) and sample from study site CZ2 recorded the highest value of HMW 

(i.e., 291.80 ng/g dw). The LMW/HMW ratios were in the range of 0.26 to 1.14 in 

sediment at study site CZ2 to CZ10. 
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Table 4.6: Concentrations of n-alkanes (ng/g) detected and calculated distribution indices in surface sediments of coastal and in four rivers 

estuary of Sarawak 

 
Sample 

code 

LMW
a 

HMW
b 

%LMW %HMW LMW/HMW
c 

CPI
d f

NAR 
g
TAR Paq CPISHC CPILHC LHC/SHC 

e
ACLLHC n-alkanes 

/C16 

CZ1 87.69 131.78 39.96 60.04 0.67 1.11 0.21 0.80 0.59 1.29 1.20 0.63 27.44 18.12 

CZ2 75.48 291.80 20.55 79.45 0.26 1.21 0.13 1.96 0.45 1.16 1.36 1.05 28.53 40.49 

CZ3 67.12 128.28 34.35 65.65 0.52 1.04 0.12 1.04 0.21 1.43 1.15 0.72 29.11 30.48 

CZ4 53.43 139.82 27.65 72.35 0.38 1.43 0.21 1.79 0.38 1.26 1.58 1.08 28.95 24.13 

CZ5 29.90 95.57 23.83 76.17 0.31 0.78 0.08 1.06 0.60 1.46 0.87 0.86 29.39 123.01 

CZ6 76.14 81.31 48.36 51.64 0.94 0.83 -0.35 0.56 0.34 1.03 0.85 0.75 29.48 54.11 

CZ7 63.43 74.66 45.93 54.07 0.85 0.80 0.18 0.38 0.49 2.00 0.87 0.55 27.91 17.84 

CZ8 57.66 71.27 44.72 54.90 0.81 1.07 0.09 0.64 0.49 0.67 1.21 0.48 28.40 21.42 

CZ9 45.82 64.12 41.68 53.32 0.72 1.34 0.12 0.60 0.56 0.77 1.61 0.69 27.74 35.93 

CZ10 51.53 45.10 53.33 46.67 1.14 1.54 0.23 0.25 0.73 1.26 1.67 0.28 27.95 26.77 

a 
Sum of low molecular weight AHs from C10 to C20  

b
 Sum of high molecular weight from AHs C21 to C33  

c
 Ratio of LMW alkanes to HMW alkanes 

d
 Carbon Preference Index (CPI)  

e
 Average Carbon Length of LHC (ACLLHC)   
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High values of LMW/HMW ratio were recorded at study sites CZ10 (1.14), 

and CZ1 (0.67), CZ1 (0.67), CZ9 (0.72), CZ8 (0.81), CZ7 (0.85), CZ6 (0.94), and CZ10 

(1.14) which can be attributed to fresh oil inputs. On the contrarily, study sites CZ5 (0.31), 

CZ4 (0.38), and CZ2 (0.26) recorded low values of low LMW/HMW ratio and this could 

be ascribed by marine animals inputs, sedimentary bacteria, and higher plants (Wang et al., 

1998; Sakari et al., 2008). The variations in LMW and HMW could be attributed to natural 

inputs such as microbial activity, emergent terrestrial plants etc. and anthropogenic inputs 

including sewage, shipping, and industrial discharges (El Nemr et al., 2013). A 

representative type of GC-FID chromatograms which is showed in Figure 4.7, there is a 

clear resolution of all n-alkanes and low enriched shorter chain n-alkanes (SHC, C10H22 – 

C24H50) with high enrichment of longer chain normal alkanes (LHC, C25H52 to C33H68). 

 

 

Figure 4.8: Sum of n-alkanes of the two ranges (LHC and SHC) at all sampling 

stations 

 

The sum of n-alkanes of the two ranges, LHC and SHC is shown in Figure 

4.8. In regards to LHC, study site CZ10 recorded the lowest value (21.05 ng/g), while 

0

20

40

60

80

100

120

140

160

180

200

CZ1 CZ2 CZ3 CZ4 CZ5 CZ6 CZ7 CZ8 CZ9 CZ10

C
o

n
ce

n
tr

at
io

n
 (

n
g/

g)
 

Sampling stations 

Sum of SHC

Sum of LHC



127 

 

study site CZ2 recorded the highest value (188.1 ng/g dw). The order of decreasing LHC 

value followed: CZ2 > CZ4 > CZ1 > CZ3 > CZ6 > CZ5 > CZ7 > CZ9 > CZ8 > CZ10. 

Concerning SHC, study site CZ9 recorded the lowest value (64.9 ng/g dw) whereas the 

highest value was recorded at study site CZ2 (179.18 ng/g dw). The order of decreasing 

SHC value followed: CZ2 > CZ1 > CZ3 > CZ4 > CZ6 > CZ7 > CZ8 > CZ10 > CZ5 > 

CZ9. LHC/SHC ratios were evaluated to predict whether there is phytoplankton-derived 

macrophyte-derived organic matter and/or dominant higher plant in the sediments of the 

study area (El Nemr et al., 2013). The LHC/SHC ratios values ranged from 0.28 – 1.08 

(Table 4.6). The obtained ratios indicated that study sites were dominated by macrophyte 

waxes and/or higher plants (Commendatore et al., 2000). The anthropogenic inputs in the 

study area may include erosion of soil organic matter by rains and discharges from 

treatment plants. Biogenic inputs such as marine animals, algae, bacteria, plankton, and 

vascular plants could be the contributing factor (Commendatore et al., 2000).   

Carbon preference index (CPI) was evaluated to predict the source of AHs 

contamination in the study area. According to Aly Salem et al. (2014), even carbon 

number is ascribed to terrestrial higher plant waxes, whereas odd number carbon is mostly 

linked to natural sources. CPI values from 5 to 10 are accredited to terrestrial higher plant 

waxes (Jeng, 2006). It has been reported that higher CPI values in sediment or soil suggest 

vascular plants influence (Hedges & Prahl, 1993). CPI value equal to 1 suggests 

microorganisms, organic matter and/or petroleum inputs (Kennicutt et al., 1987; Aly Salem 

et al., 2014). It was observed the values of CPI in all study sites are similar and ranges 

from 0.80 to 1.54, indicating that all study sites may probably contaminated with 

petrogenic inputs because the CPI values obtained were ˂ 3, indicating oiled sediments 

(Kennicutt et al., 1987). 
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The hydrocarbon source is derived from crude oil and petroleum when the ratio 

of natural n-alkanes (NAR) is equal to zero and higher terrestrial plants and/or marine 

plants means natural n-alkanes ratio is equal to 1. The obtained natural n-alkanes ratios in 

this study ranged from -0.35 to 0.23, indicating both petrogenic and biogenic inputs. 

Terrigenous to aquatic (TAR) ratios varied from 0.25 to 1.96. Study site CZ2 recorded the 

highest value of TAR (1.96) and this may be due to more short-chain n-alkanes in the 

sediment which are more prone to degeneration than longer-chain n-alkanes (EL Nemr & 

Abd-Allah, 2003; Jeng & Huh, 2006). The n-alkane proxy (Paq) is also an indicator to 

evaluate AHs sources in sediment. The obtained Paq values ranged from 0.21 to 0.73 (See 

Table 4.6). Ficken et al. (2000), opined that Paq values varied from 0.48 to 0.94 are due to 

submerged/floating species of macrophytes influence and Paq values in the range of 0.21 to 

0.73 are attributed to terrestrial plant. In this study, both higher plant/macrophyte waxes 

and phytoplankton-derived organic carbon are the contributing factors (El Nemr et al., 

2013). The average carbon chain length (ACL) is another tool to recognize ecological 

differences. A situation of uniform ACL indicates minor environmental differences in the 

area (Colombo et al., 1989). When the n-alkanes/nC16 ratio value is greater than 50 then 

the influence is biogenic and n-alkanes/nC16 ratio less than 15 indicates petrogenic samples 

(Aly Salem et al., 2014). In this study, the obtained values of n-alkanes/nC16 ratio indicate 

combination of biogenic and petrogenic inputs. 
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4.3.3 Evaluation of PAHs in Sediment Samples 

4.3.3.1 Characteristic PAHs Chromatogram Detected from Sediment Samples by 

GC-MS 

Figures 4.9 is a representative chromatogram of PAHs analyzed by GC-MS in 

sediments collected from study sites CZ5 and CZ8, respectively. The PAH compounds 

BaP benzo[a], Phe, Fl, Ace, Acthy, and Naph, were detected in sediment sample at study 

site CZ5, while BaP, Chry, BaA, Ant, Phe, Fl, Ace, Acthy, and Naph were PAH 

compounds detected in sediment sample from study site CZ8. The PAHs chromatograms 

fractions at the two study sites that appear as an envelope with limited resolved peaks may 

be ascribed to weathered influence (Charrie-Duhaut et al., 2000; Damas et al., 2009). The 

other fraction constituents were inadequate for GC-MS to give a full scan analyses and 

assessment. For this reason, few PAHs compounds were evaluated. 
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(b) Chromatogram detected in sediment sample CZ8 

 

Figure 4.9: Characteristic gas chromatogram of PAHs fractions extracted from coastal 

sediments in location (a) CZ5 and (b) CZ8, respectively 

 

4.3.3.2 Assessment of PAHs Contamination, Sources and Carcinogenic PAHs 

Risk 

Table 4.7 shows the PAHs concentrations detected in sediment samples at 

various study sites including other evaluated parameters. The PAHs concentrations in 

surface sediments were similar to each study sites. The PAHs concentrations in sediment 

samples at the study area varied from 12.34 – 21.20 ng/g dw, with a mean value of 16.10 ± 

2.06 ng/g dw. Study site CZ3 recorded the lowest PAHs concentrations (12.34 ng/g dw). 

However, study site recorded the highest PAHs concentrations (21.20 ng/g dw). At all 

sampling sites, the order of decreasing PAHs concentrations is as follows: CZ8 > CZ5 > 
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CZ10 > CZ9 > CZ4 > CZ7 > CZ1 > CZ6 > CZ2 > CZ3. Different inputs sources such as 

fuel combustion emissions, human activities, and discharged waters may be the reasons 

why there was discrepancy in PAH concentrations in analyzed sediment samples. 

In addition, some published works reporting PAHs concentrations in sediments 

from other rivers estuary and coastal sites has been depicted in Table 4.8. Comparatively, 

the PAHs concentrations recorded in this study were lower than the PAHs 

concentrations documented in selected studies highlighted in Table 4.8. For example, the 

PAHs concentrations in sediments from the Red Sea, Egypt varied from 0.74 – 436.91 

ng/g with an average value of 93.49 ng/g (Aly Salem et al., 2014). Furthermore, the 

PAHs concentrations in sediments from Sadong River, Sarawak, Malaysia ranged from 

18.21 – 184.25 ug/g which is higher as compared to PAHs concentrations recorded in this 

study (Omorinoye et al., 2019b). Baumard et al. (1998a) categorised the relative pollution 

levels of PAHs into 4: (i) very high, more than 5000 ng/g; (ii) high, 1000 – 5000 ng/g; (iii) 

moderate, 100 – 1000 ng/g; and (iv) low, 0 – 100 ng/g. The obtained PAHs concentrations 

in all study sites were low. 
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Table 4.7: Concentration of PAHs (ng/g dw) assessed in representative coastal and four rivers estuary sediment samples of Sarawak 

PAHs Sample site code 

CZ1 CZ2 CZ3 CZ4 CZ5 CZ6 CZ7 CZ8 CZ9 CZ10 

Naph 2.79 0.77 1.43 0.94 3.44 1.06 2.06 1.04 3.03 1.19 

Acthy 1.43 2.91 0.73 n.d n.d 1.93 3.49 3.91 2.16 0.84 

Ace 2.21 n.d 1.21 4.01 1.06 3.41 n.d 1.28 1.48 2.04 

Fl n.d n.d 2.17 0.11 3.21 0.64 4.33 3.96 n.d 1.31 

Phe 2.05 1.57 1.04 3.42 1.26 2.82 n.d 2.71 n.d 0.51 

Ant n.d 1.04 1.22 n.d 3.37 n.d n.d 1.06 1.04 n.d 

Flu n.d 3.21 n.d n.d n.d n.d 2.51 n.d n.d n.d 

Pyr 2.61 n.d n.d 1.28 n.d n.d n.d n.d 2.09 n.d 

BaA n.d 1.66 1.02 1.15 4.01 1.22 2.68 3.03 1.41 1.52 

Chry 3.31 n.d 2.51 2.09 0.63 0.88 0.42 2.46 n.d 2.21 

BbF n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d 

BkF n.d n.d n.d n.d n.d n.d n.d n.d 3.31 3.26 

BaP 1.03 2.07 1.21 3.96 1.22 1.56 n.d 1.72 n.d 4.66 

InP n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d 

DBA n.d n.d n.d n.d n.d n.d n.d n.d 2.35 n.d 
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Table 4.7 Continued 

BghiP n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d 

PAHs 15.43 13.23 12.54 16.96 18.20 13.52 15.49 21.20 16.87 17.54 

PAHCARC 4.24 3.73 4.74 7.20 5.86 3.66 3.10 7.21 4.72 11.65 

% CARC 27.45 28.19 37.80 42.45 32.20 27.07 20.01 34.01 27.98 66.42 

TEQCARC 1.03331 2.2360 1.3145 4.0771 1.6216 1.6829 0.2684 2.0255 2.8220 5.1402 

BaPE 1.03 2.17 1.27 4.03 1.46 1.63 0.16 1.90 0.46 4.98 
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Table 4.8: Comparison of PAHs contents in sediments recorded from the coastal and four 

rivers estuary of Sarawak with those from different coastal and estuaries of the world 

 
Location Range Mean References 

Coastal (CZ2, 3, 5, 6, 8, and 9),  

Rambungan estuary (CZ1), Sibu estuary 

(CZ4), Salak estuary (CZ7), Santubong 

estuary (CZ10), Sarawak, Malaysia 

12.34 – 21.20 

ng/g 

16.10 ± 2.06 

ng/g 

This study 

Africa    

Red sea, Egypt 0.74 – 436.91 

ng/g 

93.49 ng/g Aly Salem et al. (2014) 

Suef Gulf, Egypt 18.99 – 97.19 

ng/g 

45.51 ng/g 

Aqaba Gulf, Egypt 6.86 – 100.05 

ng/g 

40.998 ng/g 

Buffalo river estuary, South Africa 1107 – 22,310 

μg/L 

 Adeniji et al. (2019b) 

Algoa Bay, South Africa 1.17 – 10.47 

mg/kg 

 Adeniji et al. (2019a) 

Lake Victoria, Uganda 44.2 – 80.2 

ng/g 

 Kerebba et al. (2017) 

River Sasa, Nigeria 777.68 – 

2431.39 

ng/g 

 Adekunle et al. (2020) 

Asia    

Sadong River, Sarawak, Malaysia 18.21 – 

184.25 ug/g 

 Omorinoye et al. 

(2019b) 

Langkawi Island, Malaysia 869 – 1637 

ng/g 

1167 ng/g Nasher et al. (2013) 
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Table 4.8 Continued 

Zhanjiang Bay, China 41.96 –933.90 

ng/g 

315.98 ng/g Huang et al. (2012) 

Zhanjiang Bay, China 22.65 –79.76 

ng/g 

 Zhu (2007) 

Deep Bay, China 184.1 – 581 

ng/g 

353.8 ng/g Qiu et al. (2007) 

Kyeonggi Bay, Korea 9.1 – 1400 

ng/g 

120 ng/g Kim et al. (1999) 

Hsin-ta Harbour, Taiwan 1156 –  3382 

ng/g 

 Fang et al. (2003) 

Europe    

Santander Bay, Spain 20 – 344,600 

ng/g 

49079.40 ng/g Viguri et al. (2002) 

Aquitaine Bay, France 3.5 – 853 ng/g 256 ng/g Soclo et al. (2000) 

Coast of Porto Region, Portugal 51.98 – 54.79  

μg/kg dw 

 Rocha et al. (2011) 

Douro River estuary, Portugal 58.98-156.45 

μg/kg dw 

 Rocha et al. (2011) 

America    

Narragansett Bay, USA 569 – 216,000 

ng/g 

21100 ng/g Hartmann et al. (2004) 

Todos Santos Bay, Mexico 7.6 – 813 ng/g 96 ng/g Macias-Zamora et al. 

(2002) 

Boston Harbour, USA 7266 – 

358,092 ng/g 

 Wang et al. (2001) 
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The total individual PAH compounds detected in all study sites and their 

number of aromatic rings has been presented in Table 4.9. Also, the percentage PAHs 

distribution in all study sites based on the number of aromatic rings is displayed in Figure 

4.10. 

Table 4.9: Sum of individual PAH compounds analyzed in all stations with its 

abbreviation and number of aromatic rings 

 
Compounds Abbreviations Number of cycles  % 

Naphthalene Naph C2 17.75 11.00 

Acenaphthylene Acthy C2 17.40 10.80 

Acenaphthene Ace C2 16.70 10.40 

Fluorene Fl C2 15.73 9.77 

Phenanthrene Phe C3 15.38 9.55 

Anthracene Ant C3 7.73 4.80 

Fluorathene Flu C3 5.72 3.55 

Pyrene Pyr C4 5.98 3.70 

Benzo(a)anthracene BaA C4 17.70 11.00 

Chrysene Chr C4 14.51 9.01 

Benzo(b)fluoranthene BbF C4 0 0 

Benzo(k)fluoranthene BkF C4 6.57 4.08 

Benzo(a)pyrene BaP C5 17.43 10.80 

Indeno[1,2,3-cd]pyrene InP C5 0 0 

Dibenzo[a,h]anthracene DBA C5 2.35 1.46 

Benzo(ghi)perylene BghiP C6 0 0 
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Table 4.10: Percentage distribution of PAHs in various stations based on the number of 

carbon rings 

 
Sites %C2 %C3 %C4 %C5 %C6 

CZ1 41.70 13.29 38.37 6.68 0 

CZ2 27.80 44.00 12.55 15.65 0 

CZ3 44.18 18.02 28.31 9.65 0 

CZ4 29.83 20.17 26.65 23.35 0 

CZ5 42.36 25.44 25.49 6.70 0 

CZ6 52.07 20.86 15.53 11.54 0 

CZ7 63.78 16.20 20.02 0 0 

CZ8 48.07 17.78 25.90 8.11 0 

CZ9 39.54 6.17 40.37 13.93 0 

CZ10 30.67 2.91 39.85 26.57 0 

 

 

 

 

Figure 4.10: PAHs source characterization in sediment 
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The fundamental sources of PAHs in the aquatic ecosystem originate mainly 

from petrogenic or pyrolytic (Stout et al., 2004). It has been reported that pyrolytic PAHs 

derived from combustion mainly contained four or more rings (Baumard et al., 1998a; Aly 

Salem et al., 2014). Also, petrogenic PAHs derived from petroleum sources contained less 

than four aromatic rings (Baumard et al., 1998a). To distinguish between petrogenic or 

pyrolytic PAHs sources, ratio of 2 – 3 rings to 4 – 6 rings was used to predict in this study 

(De Luca et al., 2005). Study sites CZ10, CZ2, and CZ9 had LPAH/HPAH ratios ˂ 1, 

indicating pyrogenic inputs, whereas study sites CZ7, CZ6, CZ5, CZ4, CZ3, and CZ2 had 

LPAH/HPAH ratios > 1, suggesting petrogenic sources (Tables 4.10, 4.11, and Figure 

4.10). 
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Table 4.11: PAHs isomeric ratio in sediment from the coastal and four rivers estuary of Sarawak 

Sites TH COMB
a 

COMB/ 

PAH 

LPAH
b 

HPAH
c 

LPAH/ 

HPAH 

Phe/ 

Ant 

Ant/ 

(Phe+Ant) 

Flu/ 

Pyr 

Flu/ 

(Flu+Pyr) 

BaA/ (BaA 

+Phe) 

Flu/ 

(Flu+Phe) 

CZ1 234.90 6.95 0.45 8.48 6.95 1.22 - - - - - - 

CZ2 380.51 6.94 0.53 6.29 6.94 0.90 1.51 0.40 - - 0.51 0.67 

CZ3 207.94 4.74 0.38 7.80 4.74 1.65 0.85 0.54 - - 0.50 - 

CZ4 210.21 8.48 0.50 8.48 8.48 1.00 - - - - 0.25 - 

CZ5 143.67 5.88 0.32 12.32 5.88 2.10 0.37 0.73 - - 0.76 - 

CZ6 170.97 3.66 0.27 9.86 3.66 2.69 - - - - 0.30 - 

CZ7 153.58 5.61 0.36 9.88 5.61 1.76 - - - - - - 

CZ8 150.13 7.21 0.34 13.99 7.21 1.94 2.56 0.28 - - 0.53 - 

CZ9 126.81 6.81 0.40 7.71 9.16 0.84 - - - - - - 

CZ10 114.17 11.65 0.66 5.89 11.65 0.51 - - - - 0.75 - 

a 
COMB = Flu + Chry + Pyr + BaA + BbF + BaP + BkF + InP + BghiP 

b 
LPAH

b 
= Naph + Acthy + Ace + Fl + Phe + Ant 

c 
HPAH

 
= Flu + Pyr + BaA + Chry + BbF + BkF + BaP + InP + DBA + BghiP 
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Several isomeric ratios have been used to examine whether PAHs in sediments 

are influenced by petrogenic or pyrogenic sources. Some of them are (i) Phe/Ant ratio 

(Baumard et al., 1998a, b; Soclo et al., 2000); (ii) Ant/ (Phe + Ant) ratios (Magi et al., 

2002; Qiao et al., 2006; Aly Salem et al., 2014). Ant/ (Phe + Ant) ratios show whether the 

main contaminant of sediment is pyrogenic or petrogenic inputs. The thermodynamically 

more stable character of Phe and its abundance over Ant indicate that PAHs in sediments 

were mainly ascribed to petrogenesis. When the Phe/Ant ratio is high then contamination 

source is petroleum products. It has been reported that Ant/(Phe + Ant) greater than 0.1 or 

Phe/Ant ratio greater than 10 indicates that the source of PAHs pollution is from pyrolytic 

inputs (Baumard et al., 1998a; Qiao et al., 2006). The estimated Ant/(Phe + Ant)  and 

Phe/Ant ratios in all sampling sites were greater than 0.1 and less than 10, respectively, 

indicating that PAHs contamination in sediments is mainly from petrogenic inputs and 

combustion (Chen & Chen, 2011). 

Other isomeric ratios for evaluating the PAH contamination source in sediment 

are: (iii) Flu/Pyr ratio (Guinan et al., 2001); (iv) Flu/(Flu + Pyr) ratio (Guinan et al., 2001; 

Li et al., 2006). The assessment of Flu/Pyr and Flu/(Flu + Pyr) ratios were not successful 

because all the study sites sediment exhibited no detection of Flu or Pyr or both. However, 

(v) BaA/(BaA +Phe) ratio was estimated and all the values in all study sites were ˂ 1, 

suggesting petroleum inputs. It has been reported that extensive combustion affects the 

PAHs levels in environment (El Nemr et al., 2013). The sum of major combustion-specific 

compounds (COMB) varied from 3.66 – 11.65 ng/g dw, and ratios of COMB to the 

sum of PAHs varied from 0.27 – 0.66. In this study, the sum of major combustion-specific 

compounds (COMB) ranged from 3.66 to 11.65 ng/g dw, suggesting extensive 

combustion activities has taken place in the study area. 
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The average PAHs concentrations were compared to the effect range-low 

(ERL) and effect range-medium (ERM) to ascertain the biological effects of PAHs on 

sediments in the study area (Li et al., 2012). The two effect range values explain the PAH 

concentration ranges for a given PAH compound. The biological adverse impact are rare 

when PAHs concentration ˂ ERL. Unfavourable biological effects would occur sometime 

when PAH concentration ≥ ERL but ˂ ERM. Adverse biological impact would happen 

often when PAH concentration ≥ ERM. In this study, adverse biological effects were 

assumed rarely because the PAHs concentrations in sediments from all study sites were 

lower than the effect range-low values. 
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Table 4.12: Guidelines values (i.e., ERL and ERM) of PAHs in surface sediments (ng/g 

dw) 

 
 Effect 

range-low 

Effect 

range-

medium 

Present study 

   Mean Minimum Maximum >ERL ˂ERM 

Naph 160.00 2100.00 1.78 0.77 3.03 - - 

Acthy 16.00 500.00 2.18 0 3.91 - - 

Ace 44.00 640.00 2.09 0 4.01 - - 

Fl 19.00 540.00 2.25 0 3.96 - - 

Phe 240.00 1500.00 1.71 0 3.42 - - 

Ant 853.00 1100.00 1.55 0 3.37 - - 

Flu 600.00 5100.00 2.86 0 3.21 - - 

Pyr 665.00 2600.00 1.99 0 2.61 - - 

BaA 261.00 1600.00 1.97 0 3.03 - - 

Chry 384.00 2800.00 1.81 0 3.31 - - 

BbF 320.00 1880.00 - 0 - - - 

BkF 280.00 1620.00 3.29 0 - - - 

BaP 430.00 1600.00 2.18 0 4.66 - - 

InP - - - 0 - - - 

DBA 63.40 260.00 2.35 0 2.35 - - 

BghiP 230.00 1600.00 - 0 0 - - 

 

It has been documented that some PAHs compounds have carcinogenicity 

behaviour and thus, their presence in the ecosystem is highly concern (Qiao et al., 2006; 

Liu et al., 2009a; Wang et al., 2009). The likely health risk of PAH can be evaluated by 

using BaP equivalent (BaPE). In this study, the BaPE values were obtained using Equation 

4.13 (Gesine and Erika, 1999; Wang et al., 2009). 
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BaPE=0.08(InP)+0.06(DBA)+BaP+0.07(BkF)+0.06(BaA)                           (Equation 4.13)                                                                                                                              

In this study, the obtained BaPE values for all samples varied from 0.16 to 4.98 ng/g dw. 

Study site CZ10 reported the highest BaPE value, indicating that carcinogenic PAHs in 

this study site (Santubong estuary) may show high toxicity than other study sites (Zhang et 

al., 2012). Thirty-six point eight percent out of the PAH (i.e., 160.98 nd/g dw) denotes 

PAHCARC and study site CZ10 recorded the highest percentage (66.42%). 

The potential toxicological effects of carcinogenic PAHs on human health 

were evaluated by multiplying each toxic equivalency factor by it corresponding 

carcinogenic PAHs compound (Table 4.11). The toxic equivalent factors of seven 

carcinogenic PAHs were fetched from the United Nations Environment Programme 

(UNEP) (1992) database. These are BkF (0.1), BaA(0.1), BaP(1.0), BbF(0.1), DBA(1.0), 

Chry(0.001), and InP(0.1). The total toxicity or toxic equivalents (TEQs) were computed 

by Equation 4.14 (Guo et al., 2011): 

TEQs = TEFi × Conc.i                                                                                                                           (Equation 4.14)   

Toxic equivalent factor of each PAH compound is represented by TEFi and the 

concentration of individual PAH compound is denoted by Conc.i. The obtained total 

TEQCARC values varied from 0.2684 to 5.1402 ngTEQ/g. The highest total TEQCARC value 

was reported in sediment from study site CZ10 (Table 4.11). 

 

4.4 Chapter Summary 

This chapter describes the distribution, source and risk assessment of 

hydrocarbons in sediments collected from coastal sites and four rivers estuary of Kuching. 

The recommended methods can quantify the available n-alkanes and PAHs in sediments. 

AHs diagnostic indicators were used to evaluate the sources of AHs in sediments. PAHs 
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isomeric ratios were used to determine the sources of PAHs. The effect range-medium 

(ERM) and effect range-low (ERL) was applied to evaluate the biological effects of PAHs 

of the studied area. Seven carcinogenic PAHs (PAHsCARC) toxic equivalency factors were 

used to ascertain the likely adverse effects of PAHs on human health. This chapter 

highlights the necessary need to monitor and control these contaminants caused by 

anthropogenic in the coastal and estuarine areas. 
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CHAPTER 5  
 

 

CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 

Contamination of heavy metals, AHs, and PAHs in the coastal and estuaries 

sediment could harm water quality and aquatic organisms, leading to potential long-term 

health risks for humans and the environment. The purpose of this study was to conduct an 

assessment of heavy metals, AHs, and PAHs contamination in sediments of the coastal and 

four rivers estuary (i.e., Rambungan, Sibu, Santubong, and Salak) in Kuching. The average 

concentrations of heavy metals in the coastal and four rivers estuary were generally low 

and below upper continental shale values. The order of detected heavy metals in sediments 

in all study sites followed: Fe > Mg > Al > Cu > Zn > Pb > Ca > Na > Ni > Mn > Cr > Ba 

> As > Co > Cd. Potential eco-toxicological risk analysis of heavy metals concentrations in 

surface sediments indicated that most sampling sites posed minor to moderate ecological 

risks. Anthropogenic influence from agricultural land-based sources near the study area is 

the main contributing factor of heavy metals deposition in core sediments. Correlation 

analysis, cluster analysis, and principal component analysis revealed that some of the 

detected heavy metals were more likely to be derived from lithogenic sources while others  

such as Cd, Pb,and Zn were derived from anthropogenic sources such as industrial 

wastewater, domestic sewage, metal processing, and pesticides application. 

Hydrocarbons were evaluated in surface sediments. The sum of n-alkanes 

concentrations (C10H22 – C33H68) varied from 96.63 – 367.28 ng/g dw. Study site CZ10 

recorded the lowest contents of n-alkanes, while study site CZ2 recorded the highest 
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concentrations of n-alkanes. Therefore, the variations in concentration of n-alkanes may be 

accredited to the anthropogenic inputs and natural processes. The PAHs concentrations 

ranged from 12.54 – 21.20 ng/g dw. Study site CZ3 recorded  the lowest content of 

PAHs (12.54 ng/g dw), whereas samples from the Santubong Bay recorded the highest 

concentration of PAHs (21.20 ng/g dw). 

The obtained values for isomeric ratios of most sites were > 1, indicating inputs 

from petrogenic sources with exception for study sites CZ10, CZ2, and CZ9 which 

isomeric ratios were ˂ 1, suggesting  pyrogenic inputs. The average concentrations of 

PAHs were compared to ERL and ERM values. It was noticed that the obtained results for 

all study sites were below ERL, suggesting no adverse biological effect. PAHs' risk 

assessment was evaluated based on BaP equivalent technique, and the results indicated no 

risks in all studied sites.  

This study can help to understand heavy metals and hydrocabons distribution, 

their sources, and potential risk in the studied environment. In addition, the outcomes of 

this study contribute to the assessment of urbanization's influence on the river and coastal 

sites and could help in establishing quality limits of heavy metals, AHs and PAHs and 

planning alleviation programs.  

 

5.2 Recommendations 

Although this study established the background concentrations of heavy metals 

and hydrocarbons in sediments of the study area, their eco-toxic risks, and source of 

distribution, a more thorough examination is needed to make a comprehensive 
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environmental assessment of contamination. Based on the above statement, the following 

recommendations are suggested:  

1). Future confirmation analysis of heavy metals and hydrocarbons of the coastal and 

four rivers estuary sediment within the catchment areas;  

2). Description of baseline concentrations of AHs and PAHs in sediments at the 

studied area is necessary and  

3). A study on the levels and ecological risk assessment of so-called unregulated 

contaminants such as pharmaceuticals, herbicides, pesticides in sediments and water and 

their impacts on non-target organisms (i.e., algae, daphid and fish) is very important to 

consider for future research.  
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Appendix B: ICP-OES calibration curves of selected heavy metals with the equation of 

the lines and R-values. 
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Appendix C: Textural classification of core sediment in selected sample sites.  

 

 

 

 

 

 

 

 

 

 

 



202 

 

 

Appendix D1:  Detected average concentration of Pb (mg/kg d.w) in core sediment 

samples of selected study sites 

Depth 

(cm) 

CZ1 CZ2 CZ4 CZ5 CZ7 CZ8 CZ10 CZ11 

0 – 5 72.4 

± 0.3 

86.7 

± 0.6 

101.4 

± 0.4 

162.7 

± 0.3 

46.9 

± 0.2 

188.9 

± 0.7 

77.4 

± 0.3 

94.3 

± 0.5 

5 –10 60.7 

± 0.7 

73.2 

± 0.4 

56.6 

± 0.3 

80.4 

± 0.7 

30.2 

± 0.4 

107.2 

± 0.8 

61.2 

± 0.6 

76.7 

± 0.8 

10 – 15 27.1 

± 0.2 

59.5 

± 0.3 

41.9 

± 0.8 

66.8 

± 0.9 

21.7 

± 0.5 

60.6 

± 0.5 

55.0 

± 0.6 

54.1 

± 0.8 

15 – 20 21.6 

± 0.4 

41.2 

± 0.5 

30.2 

± 0.6 

50.2 

± 0.6 

18.5 

± 0.5 

27.4 

± 0.3 

22.7 

± 0.8 

48.9 

± 0.6 

20 – 25 19.4 

± 0.7 

20.1 

± 0.8 

22.4 

± 0.6 

54.1 

± 0.7 

16.8 

± 0.4 

31.5 

± 0.5 

19.1 

± 0.8 

33.7 

± 0.9 

25 – 30 11.3 

± 0.5 

9.8 

± 0.2 

15.8 

± 0.7 

36.3 

± 0.5 

8.9 

± 0.3 

32.4 

± 0.8 

13.4 

± 0.7 

29.4 

± 0.3 
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Appendix D2:  Detected average concentration of Zn (mg/kg d.w) in core sediment 

samples of selected sample sites 

Depth 

(cm) 

CZ1 CZ2 CZ4 CZ5 CZ7 CZ8 CZ10 CZ11 

0 – 5 90.4  

± 1.6 

204.1 

± 2.9 

86.7  

± 1.3 

362.1  

± 3.4 

109.2  

± 2.1 

431.8  

± 4.6 

88.4 

± 0.9  

381.9  

± 1.4 

5 –10 73.6  

± 0.4 

172.4 

± 1.8 

50.9 

± 1.1 

309.7 

± 3.4 

80.9 

± 1.1 

404.4 

± 2.8 

67.2 

± 2.2 

322.4 

± 5.2 

10 – 15 48.8 

± 1.0 

81.9 

± 0.8 

44.4 

± 1.6 

212.2 

± 4.1 

63.4 

± 0.9 

351.5 

± 1.3 

42.9 

± 2.2 

207.9 

± 3.1 

15 – 20 46.2 

± 1.1 

60.2 

± 0.9 

40.1 

± 1.1 

91.6 

± 1.3 

51.9 

± 0.8 

271.7 

± 3.1 

33.2 

± 0.9 

161.2 

± 1.1 

20 – 25 34.9 

± 0.4 

29.7 

± 0.4 

30.7 

± 0.7 

77.9 

± 1.4 

40.3 

± 0.6 

206.1 

± 4.2 

26.8 

± 0.5 

124.6 

± 1.3 

25 – 30 21.4 

± 0.5 

26.4 

± 1.1 

27.4 

± 0.3 

40.1 

± 0.6 

23.6 

± 0.2 

101.2 

± 4.3 

19.4 

± 0.3 

102.7 

± 4.4 
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Appendix D3: Detected average concentration of Cd (mg/kg d.w) in core sediment 

samples of slected study sites 

Depth 

(cm) 

CZ1 CZ2 CZ4 CZ5 CZ7 CZ8 CZ10 CZ11 

0 – 5 0.03 

± 0.001 

0.061 

± 0.002 

0.024 

± 0.001 

0.055 

± 0.001 

0.033 

± 0.001 

0.039 

± 0.001 

0.018 

± 0.001 

0.057 

± 0.002 

5 –10 0.024 

± 0.001 

0.017 

± 0.001 

0.018 

± 0.001 

0.041 

± 0.003 

0.027 

± 0.001 

0.034 

± 0.001 

0.014 

± 0.001 

0.037 

± 0.001 

10 – 15 0.034 

± 0.001 

0.019 

± 0.001 

0.014 

± 0.001 

0.036 

± 0.002 

0.034 

± 0.001 

0.027 

± 0.001 

0.025 

± 0.001 

0.034 

± 0.002 

15 – 20 0.051 

± 0.002 

0.023 

± 0.001 

0.056 

± 0.003 

0.031 

± 0.001 

0.029 

± 0.001 

0.021 

± 0.001 

0.022 

± 0.001 

0.029 

± 0.001 

20 – 25 0.041 

± 0.001 

0.021 

± 0.001 

0.041 

± 0.002 

0.033 

± 0.001 

0.047 

± 0.001 

0.024 

± 0.001 

0.017 

± 0.001 

0.022 

± 0.003 

25 – 30 0.034 

± 0.001 

0.012 

± 0.001 

0.047 

± 0.002 

0.029 

± 0.001 

0.039 

± 0.003 

0.026 

± 0.001 

0.024 

± 0.002 

0.021 

± 0.001 
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 Appendix D4: Detected average concentration of Ni (mg/kg d.w) in core sediment 

samples of selected study sites 

Depth 

(cm) 

CZ1 CZ2 CZ4 CZ5 CZ7 CZ8 CZ10 CZ11 

0 – 5 15.6 

± 0.6 

10.8 

± 0.4 

8.1 

± 0.2 

29.4 

± 1.1 

17.4 

± 0.6 

24.5 

± 1.0 

9.5 

± 0.3 

33.4 

± 1.4 

5 –10 12.2 

± 0.3 

13.8 

± 0.2 

7.3 

± 0.1 

23.1 

± 0.7 

12.2 

± 0.4 

18.1 

± 0.8 

7.1 

± 0.3 

20.5 

± 0.9 

10 – 15 9.9 

± 0.3 

7.7 

± 0.2 

11.3 

± 0.8 

19.4 

± 0.8 

13.6 

± 0.4 

14.3 

± 0.4 

8.4 

± 0.3 

16.8 

± 0.7 

15 – 20 11.4 

± 0.4 

7.1 

± 0.2 

7.9 

± 0.1 

12.8 

± 0.1 

10.2 

± 0.1 

10.9 

± 0.1 

10.2 

± 0.2 

14.3 

± 0.3 

20 – 25 10.9 

± 0.2 

8.3 

± 0.1 

8.2 

± 0.1 

10.1 

± 0.1 

9.8 

± 0.1 

11.2 

± 0.2 

11.6 

± 0.3 

11.4 

± 0.5 

25 – 30 8.3 

± 0.1 

6.6 

± 0.1 

10.4 

± 0.2 

9.5 

± 0.3 

6.7 

± 0.3 

10.7 

± 0.2 

9.4 

± 0.3 

10.9 

± 0.3 

 

 

 

 

 

 

 

 

 

 



206 

 

 

Appendix D5: Detected average concentration of Mn (mg/kg d.w) in core sediment 

samples of selected study sites 

Depth 

(cm) 

CZ1 CZ2 CZ4 CZ5 CZ7 CZ8 CZ10 CZ11 

0 – 5 8.2 

± 0.2 

4.4 

± 0.2 

9.4 

± 0.3 

14.7 

± 0.2 

7.3 

± 0.2 

12.4 

± 0.2 

4.1 

± 0.1 

16.8 

± 0.5 

5 –10 5.4 

± 0.1 

5.4 

± 0.1 

8.8 

± 0.2 

11.4 

± 0.3 

5.5 

± 0.1 

9.8 

± 0.2 

6.3 

± 0.1 

13.1 

± 0.3 

10 – 15 3.1 

± 0.1 

5.1 

± 0.1 

6.7 

± 0.1 

9.6 

± 0.2 

4.3 

± 0.1 

7.1 

± 0.2 

7.5 

± 0.1 

10.6 

± 0.2 

15 – 20 3.4 

± 0.1 

5.6 

± 0.1 

4.2 

± 0.1 

6.2 

± 0.2 

3.9 

± 0.1 

5.4 

± 0.1 

5.9 

± 0.2 

9.4 

± 0.3 

20 – 25 2.6 

± 0.1 

3.4 

± 0.1 

5.6 

± 0.1 

5.6 

± 0.1 

4.6 

± 0.1 

3.6 

± 0.1 

5.4 

± 0.1 

6.7 

± 0.2 

25 – 30 3.3 

± 0.2 

2.7 

± 0.1 

2.4 

± 0.1 

4.1 

± 0.1 

3.9 

± 0.1 

2.7 

± 0.2 

4.7 

± 0.2 

5.7 

± 0.1 
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Appendix D6:  Detected average concentration of Cu (mg/kg d.w) in core sediment 

samples of selected study sites 

Depth 

(cm) 

CZ1 CZ2 CZ4 CZ5 CZ7 CZ8 CZ10 CZ11 

0 – 5 46.4 

± 1.3 

28.7 

± 1.1 

98.2 

± 2.5 

124.3 

± 3.8 

40.5 

± 1.2 

86.4 

± 1.7 

101.1 

± 3.3 

133.3 

± 2.9 

5 –10 38.7 

± 0.9 

26.1 

± 1.3 

70.4 

± 1.8 

101.1 

± 2.3 

32.8 

± 0.7 

70.8 

± 1.4 

64.3 

± 1.6 

109.7 

± 2.8 

10 – 15 32.6 

± 0.8 

18.4 

± 0.4 

36.8 

± 1.1 

90.8 

± 1.8 

32.9 

± 1.1 

61.1 

± 1.7 

47.4 

± 1.1 

94.3 

± 1.9 

15 – 20 20.4 

± 0.9 

19.2 

± 1.1 

31.1 

± 1.4 

77.4 

± 1.8 

22.4 

± 1.3 

53.3 

± 1.9 

36.3 

± 1.1 

39.6 

± 1.5 

20 – 25 16.6 

± 0.6 

14.7 

± 0.4 

24.3 

± 1.1 

39.7 

± 1.1 

20.1 

± 0.7 

41.9 

± 2.1 

28.3 

± 1.0 

30.1 

± 1.5 

25 – 30 13.9 

± 0.5 

9.4 

± 0.2 

21.7 

± 0.4 

20.1 

± 0.8 

14.3 

± 0.6 

36.4 

± 1.4 

21.8 

± 1.1 

26.4 

± 0.9 
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Appendix D7: Detected average concentration of Ba (mg/kg d.w) in core sediment 

samples of selected study sites 

Depth 

(cm) 

CZ1 CZ2 CZ4 CZ5 CZ7 CZ8 CZ10 CZ11 

0 – 5 3.1 

± 0.1 

2.8 

± 0.1 

3.7 

± 0.2 

6.1 

± 0.3 

5.9 

± 0.2 

4.3 

± 0.1 

5.3 

± 0.2 

4.8 

± 0.1 

5 –10 2.7 

± 0.1 

2.1 

± 0.1 

4.1 

± 0.1 

4.8 

± 0.1 

4.3 

± 0.2 

3.6 

± 0.1 

3.7 

± 0.1 

4.1 

± 0.2 

10 – 15 2.3 

± 0.1 

1.6 

± 0.1 

3.8 

± 0.1 

3.1 

± 0.2 

5.4 

± 0.2 

3.1 

± 0.2 

3.1 

± 0.1 

3.3 

± 0.1 

15 – 20 3.2 

± 0.2 

2.0 

± 0.1 

3.9 

± 0.1 

2.4 

± 0.1 

3.6 

± 0.2 

2.3 

± 0.1 

4.3 

± 0.3 

2.5 

± 0.1 

20 – 25 1.9 

± 0.1 

1.3 

± 0.1 

3.2 

± 0.1 

1.6 

± 0.1 

3.1 

± 0.2 

1.2 

± 0.1 

2.9 

± 0.1 

2.3 

± 0.1 

25 – 30 1.4 

± 0.2 

1.4 

± 0.1 

2.9 

± 0.1 

1.1 

± 0.1 

3.5 

± 0.2 

0.9 

± 0.1 

2.2 

± 0.2 

1.3 

± 0.1 
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 Appendix D8: Detected average concentration of As (mg/kg d.w) in core sediment 

samples of slected study sites. 

Depth 

(cm) 

CZ1 CZ2 CZ4 CZ5 CZ7 CZ8 CZ10 CZ11 

0 – 5 3.2 

± 0.2 

2.9 

± 0.1 

1.7 

± 0.1 

5.8 

± 0.3 

2.4 

± 0.2 

3.8 

± 0.2 

4.7 

± 0.3 

7.9 

± 0.5 

5 –10 2.4 

± 0.1 

3.2 

± 0.1 

2.3 

± 0.1 

3.9 

± 0.2 

2.7 

± 0.2 

3.9 

± 0.3 

3.3 

± 0.2 

7.5 

± 0.6 

10 – 15 3.0 

± 0.1 

2.4 

± 0.1 

1.4 

± 0.1 

3.4 

± 0.2 

2.6 

± 0.1 

3.1 

± 0.1 

4.1 

± 0.2 

5.8 

± 0.3 

15 – 20 1.7 

± 0.1 

1.8 

± 0.1 

1.1 

± 0.2 

2.9 

± 0.1 

3.1 

± 0.3 

2.6 

± 0.1 

3.8 

± 0.1 

4.4 

± 0.2 

20 – 25 0.9 

± 0.1 

0.6 

± 0.1 

0.8 

± 0.1 

2.1 

± 0.1 

3.7 

± 0.3 

2.4 

± 0.1 

2.3 

± 0.2 

3.9 

± 0.3 

25 – 30 1.3 

± 0.3=1 

0.9 

± 0.1 

0.4 

± 0.01 

1.4 

± 0.1 

2.9 

± 0.2 

1.8 

± 0.1 

1.7 

± 0.1 

3.4 

± 0.3 
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Appendix D9:  Detected average concentration of Co (mg/kg d.w) in core sediment 

samples of selected study sites 

Depth 

(cm) 

CZ1 CZ2 CZ4 CZ5 CZ7 CZ8 CZ10 CZ11 

0 – 5 4.3 

± 0.2 

3.2 

± 0.3 

3.6 

± 0.5 

3.9 

± 0.2 

2.4 

± 0.2 

5.1 

± 0.3 

4.2 

± 0.2 

3.6 

± 0.4 

5 –10 4.1 

± 0.3 

2.6 

± 0.1 

3.9 

± 0.2 

2.4 

± 0.1 

1.6 

± 0.1 

4.8 

± 0.2 

3.8 

± 0.2 

3.1 

± 0.2 

10 – 15 3.0 

± 0.2 

2.9 

± 0.2 

2.4 

± 0.2 

2.6 

± 0.3 

1.7 

± 0.3 

4.1 

± 0.3 

2.1 

± 0.2 

2.7 

± 0.2 

15 – 20 3.4 

± 0.3 

3.1 

± 0.2 

2.6 

± 0.1 

2.0 

± 0.1 

1.9 

± 0.1 

3.7 

± 0.3 

2.6 

± 0.2 

2.3 

± 0.2 

20 – 25 2.5 

± 0.2 

2.1 

± 0.1 

2.1 

± 0.1 

1.3 

± 0.1 

0.9 

± 0.1 

2.3 

± 0.1 

2.3 

± 0.2 

1.7 

± 0.1 

25 – 30 2.1 

± 0.2 

0.9 

± 0.1 

1.0 

± 0.1 

0.8 

± 0.1 

1.1 

± 0.1 

1.8 

± 0.1 

2.5 

± 0.2 

1.1 

± 0.1 
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Appendix D10: Detected average concentration of Cr (mg/kg d.w) in core sediment 

samples of selected study sites 

Depth 

(cm) 

CZ1 CZ2 CZ4 CZ5 CZ7 CZ8 CZ10 CZ11 

0 – 5 6.4 

± 0.3 

4.6 

± 0.2 

4.1 

± 0.2 

5.4 

± 0.3 

5.3 

± 0.2 

7.8 

± 0.4 

4.8 

± 0.2 

4.3 

± 0.3 

5 –10 4.9 

± 0.3 

4.9 

± 0.2 

2.9 

± 0.2 

5.1 

± 0.4 

4.5 

± 0.3 

6.1 

± 0.2 

3.6 

± 0.3 

3.8 

± 0.2 

10 – 15 4.4 

± 0.2 

3.3 

± 0.3 

2.1 

± 0.1 

3.1 

± 0.2 

4.8 

± 0.2 

5.8 

± 0.4 

3.8 

± 0.2 

3.3 

± 0.2 

15 – 20 4.6 

± 0.3 

2.9 

± 0.1 

1.9 

± 0.1 

2.7 

± 0.2 

3.6 

± 0.3 

4.3 

± 0.4 

1.4 

± 0.2 

2.4 

± 0.2 

20 – 25 3.2 

± 0.3 

3.4 

± 0.2 

2.6 

± 0.2 

2.1 

± 0.2 

3.1 

± 0.3 

3.7 

± 0.3 

2.8 

± 0.2 

2.1 

± 0.1 

25 – 30 2.7 

± 0.3 

2.5 

± 0.3 

3.4 

± 0.3 

1.3 

± 0.2 

2.7 

± 0.2 

2.4 

± 0.2 

1.6 

± 0.2 

1.9 

± 0.2 
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Appendix D11: Detected average concentration of Mg (mg/kg d.w) in core sediment 

samples of selected study sites 

Depth 

(cm) 

CZ1 CZ2 CZ4 CZ5 CZ7 CZ8 CZ10 CZ11 

0 – 5 317.4 

± 4.3 

472.1 

± 3.8 

107.4 

± 2.1 

481.9 

± 4.7 

334.3 

± 3.3 

499.3 

± 5.9 

388.1 

± 2.8 

326.4 

± 6.1 

5 –10 299.9 

± 3.1 

421.5 

± 4.2 

111.9 

± 2.6 

409.6 

± 4.4 

346.8 

± 2.9 

492.9 

± 4.6 

380.6 

± 3.7 

318.1 

± 2.8 

10 – 15 301.7 

± 5.1 

382.8 

± 3.5 

79.3 

± 2.6 

401.3 

± 6.1 

208.7 

± 3.1 

384.1 

± 2.5 

274.4 

± 2.3 

304.9 

± 3.4 

15 – 20 248.1 

± 2.6 

327.4 

± 3.1 

88.7 

± 2.5 

348.4 

± 3.5 

214.4 

± 2.6 

366.5 

± 2.9 

208.8 

± 2.9 

278.1 

± 3.1 

20 – 25 206.4 

± 3.7 

309.6 

± 3.4 

68.8 

± 1.6 

321.1 

± 4.8 

198.9 

± 2.4 

309.3 

± 2.9 

198.7 

± 1.4 

256.7 

± 2.3 

25 – 30 210.1 

± 2.4 

227.9 

± 3.2 

70.4 

± 2.1 

296.4 

± 3.1 

204.9 

± 2.7 

281.1 

± 3.3 

169.7 

± 2.4 

203.4 

± 2.6 
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Appendix D12: Detected average concentration of Ca (mg/kg d.w) in core sediment 

samples of selected study sites 

Depth 

(cm) 

CZ1 CZ2 CZ4 CZ5 CZ7 CZ8 CZ10 CZ11 

0 – 5 14.7 

± 0.3 

36.2 

± 1.1 

30.4 

± 1.1 

43.7 

± 1.4 

51.3 

± 1.1 

64.9 

± 2.1 

39.2 

± 0.9 

61.4 

± 1.6 

5 –10 17.3 

± 0.6 

40.5 

± 0.5 

36.7 

± 0.8 

40.2 

± 0.6 

27.9 

± 0.9 

48.3 

± 0.8 

30.6 

± 1.1 

56.1 

± 1.5 

10 – 15 11.3 

± 0.4 

29.8 

± 0.6 

19.3 

± 0.3 

38.9 

± 1.0 

38.4 

± 0.9 

45.4 

± 1.3 

30.8 

± 0.7 

50.4 

± 1.1 

15 – 20 10.9 

± 0.2 

19.4 

± 0.4 

25.2 

± 0.5 

34.1 

± 0.4 

40.7 

± 0.6 

35.6 

± 0.6 

25.1 

± 0.9 

46.7 

± 0.8 

20 – 25 13.4 

± 0.6 

21.3 

± 0.8 

30.7 

± 0.9 

31.4 

± 1.5 

29.8 

± 1.1 

33.8 

± 1.1 

19.7 

± 0.6 

41.1 

± 1.4 

25 – 30 30.9 

± 0.5 

20.9 

± 0.8 

26.9 

± 1.1 

28.1 

± 1.1 

20.1 

± 0.6 

40.4 

± 1.2 

22.1 

± 1.1 

38.4 

± 1.3 
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Appendix D13:  Detected average concentration of Al (mg/kg d.w) in core sediment 

samples of selected study sites 

Depth 

(cm) 

CZ1 CZ2 CZ4 CZ5 CZ7 CZ8 CZ10 CZ11 

0 – 5 121.3 

± 2.4 

127.9 

± 2.1 

92.3 

± 1.9 

134.8 

± 2.2 

61.1 

± 1.4 

91.8 

± 2.7 

77.9 

± 2.1 

139.6 

± 1.9 

5 –10 141.7 

± 2.5 

89.1 

± 2.1 

64.7 

± 1.5 

98.3 

± 2.4 

52.4 

± 1.8 

93.4 

± 1.6 

64.2 

± 1.2 

117.8 

± 2.6 

10 – 15 96.8 

± 1.6 

94.5 

± 1.5 

60.9 

± 1.7 

93.7 

± 1.3 

30.9 

± 1.1 

71.6 

± 1.7 

51.8 

± 1.5 

89.2 

± 1.8 

15 – 20 89.2 

± 1.8 

106.2 

± 2.6 

44.1 

± 1.1 

89.2 

± 1.6 

41.2 

± 1.0 

68.1 

± 1.2 

40.2 

± 0.9 

80.4 

± 1.6 

20 – 25 101.1 

± 3.3 

78.9 

± 1.1 

50.6 

± 1.4 

73.6 

± 1.1 

29.4 

± 0.8 

60.9 

± 2.1 

52.3 

± 1.8 

71.8 

± 1.4 

25 – 30 67.4 

± 1.5 

79.3 

± 1.2 

36.7 

± 0.8 

44.9 

± 1.1 

24.7 

± 0.9 

39.7 

± 0.8 

30.8 

± 1.1 

45.4 

± 1.4 
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Appendix D14: Detected average concentration of Na (mg/kg d.w) in core sediment 

samples of selected study sites 

Depth 

(cm) 

CZ1 CZ2 CZ4 CZ5 CZ7 CZ8 CZ10 CZ11 

0 – 5 21.4 

± 0.8 

24.6 

± 1.1 

11.7 

± 0.4 

28.1 

± 0.7 

19.4 

± 0.4 

22.4 

± 1.1 

20.7 

± 1.1 

29.4 

± 1.3 

5 –10 14.4 

± 0.5 

18.6 

± 0.8 

15.2 

± 0.6 

25.6 

± 0.5 

15.7 

± 0.7 

19.7 

± 0.5 

17.3 

± 0.3 

27.6 

± 1.1 

10 – 15 16.8 

± 0.3 

20.1 

± 1.1 

13.7 

± 0.6 

21.4 

± 0.7 

13.9 

± 0.6 

18.1 

± 0.7 

18.1 

± 0.5 

25.1 

± 0.9 

15 – 20 15.1 

± 0.3 

14.3 

± 0.4 

9.9 

± 0.4 

19.8 

± 1.1 

11.3 

± 0.4 

14.8 

± 0.3 

14.0 

± 0.2 

21.6 

± 0.9 

20 – 25 10.6 

± 0.5 

10.9 

± 0.6 

9.4 

± 0.6 

16.2 

± 0.7 

8.6 

± 0.8 

10.9 

± 0.8 

10.9 

± 0.6 

19.8 

± 0.6 

25 – 30 11.4 

± 0.3 

9.3 

± 0.2 

8.8 

± 0.2 

14.9 

± 1.0 

8.9 

± 1.3 

11.4 

± 0.5 

11.8 

± 0.7 

17.3 

± 0.5 
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Appendix D15:  Detected average concentration of Fe (mg/kg d.w) in core sediment 

samples of selected study sites 

Depth 

(cm) 

CZ1 CZ2 CZ4 CZ5 CZ7 CZ8 CZ10 CZ11 

0 – 5 19142.0 

± 6.7 

20186.2 

± 6.4 

16322.2 

± 5.4 

33381.4 

± 6.3 

19244.1 

± 5.2 

29131.4 

± 6.2 

24170.3 

± 5.5 

35124.6 

± 8.9 

5 –10 16033.2 

± 4.2 

18463.7 

± 4.1 

14275.9 

± 3.7 

31684.9 

± 5.9 

17168.7 

± 4.4 

27426.6 

± 3.8 

23672.7 

± 6.1 

33644.3 

± 3.6 

10 – 15 15188.7 

± 5.8 

16335.5 

± 10.3 

14381.4 

± 9.8 

30926.1 

± 9.7 

16301.4 

± 5.1 

25871.6 

± 5.1 

23088.1 

± 8.9 

30911.1 

± 7.9 

15 – 20 13946.1 

± 4.6 

14898.3 

± 9.5 

13913.7 

± 5.6 

29118.4 

± 9.6 

15397.8 

± 2.9 

24812.0 

± 3.7 

22814. 

± 6.8 

29349.6 

± 4.3 

20 – 25 13529.4 

± 7.7 

14146.2 

± 8.8 

12636.4 

± 3.9 

26763.1 

± 9.1 

15004.4 

± 6.4 

23089.6 

± 8.9 

22077.3 

± 6.1 

27081.2 

± 5.1 

25 – 30 12086.1 

± 8.5 

13861.6 

± 7.9 

12011.5 

± 2.9 

20431.3 

± 5.8 

14117.5 

± 6.6 

19338.8 

± 4.1 

21462.5 

± 7.4 

24653.8 

± 6.8 
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Appendix E: Graph of average concentrations of selected heavy metals (mg/kg d.w.) 

against sediment depth/cm 

 

 

(d) Mean concentrations of Ni (mg/kg d.w) 

 

(e) Mean concentrations of Mn (mg/kg d.w) 
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(f) Mean concentrations of Cu (mg/kg d.w) 

 

 

(g) Mean concentrations of Ba (mg/kg d.w) 
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(h) Mean concentrations of As (mg/kg d.w) 

 

(i) Mean concentrations of Co (mg/kg d.w) 
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(j) Mean concentrations of Cr (mg/kg d.w) 

 

(k) Mean concentrations of Mg (mg/kg d.w) 
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(l) Mean concentrations of Ca (mg/kg d.w) 

 

(m) Mean concentrations of Al (mg/kg d.w) 
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(n) Mean concentrations of Na (mg/kg d.w) 

 

(o) Mean concentrations of Fe (mg/kg d.w) 
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Appendix F: No enriched heavy metals in the vertical profiles of core sediments collected of selected study site 

Site/Depth (cm) CZ1 CZ2 CZ4 CZ5 CZ7 CZ8 CZ10 CZ11 

Cd 

0 – 5.0 0.25 0.14 0.23 0.21 0.27 0.18 0.12 0.21 

5.0 – 10.0 0.24 0.15 0.20 0.20 0.25 0.20 0.09 0.17 

10.0 – 15.0 0.35 0.59 0.15 0.18 0.33 0.16 0.17 0.17 

15.0 – 20.0 0.58 0.24 0.63 0.17 0.30 0.13 0.15 0.16 

20.0 – 25.0 0.48 0.23 0.51 0.19 0.49 0.16 0.12 0.13 

25.0 – 30.0 0.44 0.14 0.62 0.22 0.44 0.21 0.17 0.13 

Ni 

0 – 5.0 0.57 0.37 0.35 0.61 0.63 0.58 0.27 0.22 

5.0 – 10.0 0.53 0.52 0.36 0.51 0.49 0.46 0.21 0.42 

10.0 – 15.0 0.45 0.33 0.52 0.44 0.58 0.38 0.26 0.38 

15.0 – 20.0 0.57 0.33 0.39 0.31 0.46 0.31 0.31 0.34 

20.0 – 25.0 0.56 0.41 0.45 0.26 0.45 0.34 0.37 0.29 

25.0 – 30.0 0.48 0.33 0.60 0.32 0.33 0.38 0.30 0.31 
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Mn 

0 – 5.0 0.03 0.01 0.03 0.30 0.02 0.24 0.01 0.27 

5.0 – 10.0 0.02 0.02 0.03 0.12 0.02 0.20 0.02 0.22 

10.0 – 15.0 0.01 0.02 0.03 0.18 0.02 0.15 0.02 0.19 

15.0 – 20.0 0.01 0.02 0.02 0.12 0.01 0.12 0.01 0.18 

20.0 – 25.0 0.01 0.01 0.03 0.12 0.02 0.09 0.01 0.14 

25.0 – 30.0 0.02 0.01 0.01 0.11  0.02 0.08 0.01 0.13 

Ba 

0 – 5.0 0.013 0.011 0.018 0.015 0.025 0.012 0.018 0.011 

5.0 – 10.0 0.014 0.009 0.023 0.012 0.020 0.011 0.013 0.010 

10.0 – 15.0 0.012 0.008 0.022 0.008 0.027 0.010 0.011 0.009 

15.0 – 20.0 0.019 0.011 0.023 0.007 0.019 0.008 0.015 0.007 

20.0 – 25.0 0.011 0.008 0.021 0.005 0.017 0.006 0.011 0.007 

25.0 – 30.0 0.009 0.008 0.020 0.004 0.020 0.038 0.008 0.004 

As 

0 – 5.0 0.61 0.52 0.38 0.63 0.45 0.47 0.71 0.82 

5.0 – 10.0 0.54 0.63 0.59 0.45 0.57 0.52 0.51 0.83 
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10.0 – 15.0 0.72 0.53 0.35 0.40 0.58 0.44 0.65 0.68 

15.0 – 20.0 0.04 0.44 0.29 0.36 0.73 0.38 0.61 0.54 

20.0 – 25.0 0.24 0.15 0.23 0.29 0.90 0.38 0.38 0.52 

25.0 – 30.0 0.04 0.24 0.12 0.25 0.75 0.38 0.29 0.50 

Co 

0 – 5.0 0.56 0.39 0.55 0.29 0.31 0.44 0.43 0.26 

5.0 – 10.0 0.64 0.35 0.68 0.19 0.23 0.44 0.40 0.23 

10.0 – 15.0 0.49 0.44 0.42 0.21 0.26 0.39 0.23 0.22 

15.0 – 20.0 0.53 0.52 0.46 0.17 0.31 0.37 0.28 0.20 

20.0 – 25.0 0.46 0.37 0.41 0.12 0.15 0.25 0.35 0.16 

25.0 – 30.0 0.43 0.16 0.17 0.10 0.19 0.19 0.29 0.11 

Cr 

0 – 5.0 0.18 0.12 0.13 0.09 0.14 0.14 0.10 0.06 

5.0 – 10.0 0.16 0.14 0.11 0.08 0.14 0.12 0.08 0.06 

10.0 – 15.0 0.15 0.11 0.08 0.05 0.15 0.13 0.09 0.06 

15.0 – 20.0 0.17 0.10 0.07 0.05 0.13 0.09 0.03 0.04 

20.0 – 25.0 0.12 0.13 0.11 0.04 0.11 0.08 0.07 0.04 



226 

 

 

25.0 – 30.0 0.12 0.10 0.15 0.03 0.10 0.07 0.04 0.04 

Mg 

0 – 5.0 0.054 0.074 0.021 0.045 0.055 0.054 0.051 0.029 

5.0 – 10.0 0.061 0.072 0.025 0.041 0.064 0.062 0.051 0.030 

10.0 – 15.0 0.063 0.074 0.017 0.039 0.040 0.047 0.037 0.031 

15.0 – 20.0 0.063 0.069 0.020 0.038 0.044 0.047 0.029 0.030 

20.0 – 25.0 0.048 0.069 0.017 0.038 0.042 0.042 0.028 0.030 

25.0 – 30.0 0.055 0.052 0.018 0.046 0.046 0.046 0.025 0.026 

Ca 

0 – 5.0 0.003 0.006 0.006 0.004 0.010 0.008 0.005 0.006 

5.0 – 10.0 0.004 0.007 0.009 0.004 0.006 0.006 0.004 0.006 

10.0 – 15.0 0.003 0.006 0.005 0.004 0.008 0.006 0.005 0.006 

15.0 – 20.0 0.003 0.004 0.006 0.004 0.009 0.005 0.004 0.006 

20.0 – 25.0 0.004 0.005 0.008 0.004 0.007 0.005 0.003 0.005 

25.0 – 30.0 0.009 0.005 0.008 0.005 0.005 0.0007 0.004 0.005 

Al 

0 – 5.0 0.004 0.004 0.002 0.004 0.002 0.002 0.002 0.002 
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5.0 – 10.0 0.005 0.004 0.002 0.002 0.002 0.002 0.002 0.002 

10.0 – 15.0 0.004 0.003 0.001 0.002 0.001 0.002 0.001 0.002 

15.0 – 20.0 0.004 0.004 0.002 0.002 0.002 0.002 0.001 0.002 

20.0 – 25.0 0.004 0.003 0.001 0.002 0.001 0.002 0.001 0.002 

25.0 – 30.0 0.003 0.003 0.001 0.001 0.001 0.002 0.001 0.001 

Na 

0 – 5.0 0.006 0.006 0.004 0.004 0.005 0.003 0.004 0.003 

5.0 – 10.0 0.016 0.005 0.005 0.004 0.005 0.003 0.004 0.003 

10.0 – 15.0 0.005 0.006 0.005 0.004 0.004 0.003 0.004 0.004 

15.0 – 20.0 0.005 0.005 0.005 0.003 0.004 0.002 0.003 0.003 

20.0 – 25.0 0.004 0.004 0.004 0.003 0.003 0.002 0.002 0.003 

25.0 – 30.0 0.005 0.003 0.004 0.004 0.003 0.003 0.003 0.003 
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Appendix G:  Pearson correlation analyses between analyzed detected average concentrations of heavy metals in surface sediment samples 

of selected study sites 

 Pb Zn Cd Ni Mn Cu Ba As Co Cr Mg Ca Al Na Fe 

Pb 1.00               

Zn 0.112 1.00              

Cd -0.657 -0.368 1.00             

Ni -0.887
*
 -0.063 0.848 1.00            

Mn 0.093 -0.537 0.671 0.196 1.00           

Cu 0.472 -0.661 -0.398 -0.680 0.114 1.00          

Ba -0.648 -0.445 0.256 0.279 -0.126 0.280 1.00         

As -0.166 -0.083 -0.468 -0.086 -0.742 0.214 0.231 1.00        

Co 0.466 -0.394 -0.386 -0.391 -0.043 0.489 -0.375 0.550 1.00       

Cr -0.589 -0.235 0.612 0.790 0.158 -0.466 -0.048 0.250 0.247 1.00      

Mg -0.377 0.653 -0.300 0.248 -0.865 -0.563 -0.005 0.610 -0.090 0.247 1.00     

Ca -0.461 0.198 -0.011 0.102 -0.374 -0.040 0.752 -0.015 -0.765 -0.440 0.241 1.00    

Al 0.503 0.528 -0.285 -0.167 -0.073 -0.400 -0.964
**

 -0.025 0.407 0.193 0.250 -0.727 1.00   
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Na -0.379 0.620 -0.177 0.357 -0.737 -0.663 -0.159 0.566 0.010 0.439 0.968
**

 0.027 0.407 1.00  

Fe -0.262 0.063 -0.496 -0.071 -0.865 0.141 0.373 0.958
*
 0.303 0.102 0.711 0.258 -0.159 0.610 1.00 

*Correlation is significant at the 0.5 level (2 – tailed) 

**Correlation is significant at the 0.1 level (2 – tailed) 
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Appendix H1: Characteristic gas chromatogram of n-alkanes fractions extracted from the 

estuary sediment in locations CZ1 

 

 

Appendix H2: Characteristic gas chromatogram of n-alkanes fractions extracted from the 

coastal sediment in location CZ2 
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Appendix H3: Characteristic gas chromatogram of n-alkanes fractions extracted from the 

coastal sediment in location CZ3 

 

 

Appendix H4: Characteristic gas chromatogram of n-alkanes fractions extracted from the 

estuary sediment in location CZ4 
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Appendix H5: Characteristic gas chromatogram of n-alkanes fractions extracted from the 

coastal sediment in location CZ6 

 

 

Appendix H6: Characteristic gas chromatogram of n-alkanes fractions extracted from the 

coastal sediment in location CZ7 
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Appendix H7: Characteristic gas chromatogram of n-alkanes fractions extracted from the 

estuary sediment in location CZ9. 

 

 

Appendix H8: Characteristic gas chromatogram of n-alkanes fractions extracted from the 

estuary sediment in location CZ10. 
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Appendix I1: Characteristic gas chromatogram PAH fractions extracted from the estuary 

sediment in location CZ1 

 

 

Appendix 12: Characteristic gas chromatogram PAH fractions extracted from the coastal 

sediment in location CZ2 
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Appendix I3: Characteristic gas chromatogram PAH fractions extracted from the coastal 

sediment in location CZ3 

 

Appendix I4: Characteristic gas chromatogram PAH fractions extracted from the estuary 

sediment in location CZ4 
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Appendix I5: Characteristic gas chromatogram PAH fractions extracted from the coastal 

sediment in location CZ6 

 

 

Appendix I6: Characteristic gas chromatogram PAH fractions extracted from the estuary 

sediment in location CZ7 
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Appendix I7: Characteristic gas chromatogram PAH fractions extracted from the coastal 

sediment in location CZ9 

 

 

Appendix I8: Characteristic gas chromatogram PAH fractions extracted from the estuary 

sediment in location CZ10 
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