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ABSTRACT 
 
Perai Industrial Area is one of the densest industrial and heavily populated zones in Malaysia. Land 
pollutants from human activities potentially be released into nearby water resources. Of concern 
arsenic concentration levels in sediments were investigated in the nearby Juru River. Using KC™ 
Kajak corer, one sediment core was collected at the river estuary and another one within the river, 
about 2-3 km away from the estuary. Arsenic concentrations were measured using Neutron Activation 
Analysis (NAA) technique; whereas the sediment deposition rates were determined through Lead-210 
dating, performed using a Gamma-ray Spectrometry System. The enrichment factor for arsenic in the 
river was calculated using continental crust values and iron concentration as the normalisation 
metal. The results (9.7 – 25.9 (average 15.7) µg/g, within river; 10.2 – 24.0 (average 14.5) µg/g, 
estuary) indicated significant enrichment of arsenic in the study area, and the sedimentation rates 
(0.94±0.11 cm/y, within river; 2.70±0.68 cm/y, estuary) suggested rapid deposition of contaminants. 
 
Keywords: arsenic, Juru river, Neutron Activation Analysis (NAA), enrichment 
 
 
INTRODUCTION 
 
Nearly 40% of the world’s population lives within 100 km of the coast. The exploitation of coastal 
natural resources during development and the use of coastal areas as receptacles for societal waste 
have promoted sediment contamination and endangered marine resources (Burke et al., 2001; 
Cochran & Masque, 2004; United Nation, 2017). Erosion process at river and coastal bring soils and 
terrestrial chemical and biological wastes into the aquatic environment and combined together as 
sediment. While weathering is a major source of sediments, rapid economic growth and settlement 
development can lead to the release of domestic waste materials into coastal areas, resulting in their 
accumulation in sediments (Joseph et al., 2018). The Perai Industrial Estate is one of the major 
industrial parks in Penang and Malaysia. Due to heavy industrial development and population growth 
in the vicinity of the Perai industrial area, it is suspected that industrial and household discharges are 
being released into the river. The nearby Juru River has been reported as one of the most polluted 
rivers in the country (Zainudin, 2010). 
 
Land pollutants from human activities transported to rivers and end up in marine ecosystem 
continuously. Time deposition of such pollutants can be chronologised by using natural radionuclides 
such as 210Pb. Pb-210 (T1/2 = 22.20±0.22 years), a member of the 238U decay series, is present in the 
sediments through two main routes. Firstly, there is a continuous in-situ production of 210Pb from 
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226Ra (T1/2 = 1600±7 years), and this fraction, known as background or supported 210Pb, is assumed 
to be in radioactive secular equilibrium with 226Ra. On the other hand, 222Rn (T1/2 = 3.8235±0.0003 
days) which is a noble gas, emanates from the Earth’s surface and goes into the atmosphere where it 
decays into 210Pb, which is removed from the atmosphere back to the Earth’s surface (by wet 
precipitation and/or dry fallout) contributing to the unsupported or excess fraction of 210Pb 
(Krishnaswami & Lal, 1978). This atmospheric addition of 210Pb is over of the amount permanently 
supplied by the in-situ decay of 226Ra. As time goes by, the activity of excess 210Pb will decay until 
reaching equilibrium with the supported 210Pb fraction (226Ra). The activity differences between the 
initial excess 210Pb (at the surface of the sediment core) and the subjacent core sections can be used 
to estimate the time when the sediment at this section was deposited (Chakrabarty et al., 2006; 
Likuku, 2006; Aliev et al., 2007; Sanchez-Cabeza & Ruiz-Fernández, 2012; Wan-Mahmood et al., 
2016). Historical deposition of anthropogenic radionuclide such as 137Cs (T1/2 = 30.05±0.08 years) 
can be used to complement the deposition profile. 
 
Inorganic pollutants such as arsenic, that are released into river water can be accumulated in the 
aquatic food chain and sediments (Islam et al., 2017; Li et al., 2017; Yunus et al., 2020), and promote 
adverse effects on aquatic life (Yi et al., 2011; Elias et al., 2012), and also to humans through fish 
consumption. The major sources of inorganic anthropogenic pollution are from agriculture activities, 
animal waste, domestic, industrial, mining and petroleum activities, as well as industrial emissions 
(Shazili et al., 2006; Zhu et al., 2011; Pandey & Singh, 2017). Arsenic is an odourless, tasteless but 
toxic element that can cause numerous human health effects. Inorganic arsenic is a known carcinogen 
that can cause various cancers in the skin, lungs, liver and bladder (Yunus et al., 2020). Exposure to 
high amounts of arsenic can also bring fatality. 
 
This study is aimed to assess the sediment deposition rates by radionuclides measurement, as well as 
the concentration and enrichment of arsenic in two sediment cores collected from Juru River, Penang, 
that might have been promoted by the economic development and population growth in the Perai 
Industrial area. 
 
 
MATERIALS AND METHODS 
 
Sample collection and preparation 
 
Sediment cores were collected at Juru River during the dry season  in 2017, one within the estuary 
zone and another 2 - 3 km upriver, in river (Fig. 1) to avoid massive mud transportation into the river 
sediment by the heavy downpour during the rainy season and the water turbulence that disturbs the 
sediment surface. The cores were collected using a KC™ Kajak Core Sampler (Fig. 2) with an 8 cm 
diameter PVC tube. Pre-preparation, handling and treatment of samples were according to the same 
procedure as reported earlier by Yii et al. (2020a). 
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Figure 1. Sampling location  
 
 
 

Figure 2. Sampling corer 
 

Table 1. Sampling location details 
 
 
 

 
 
 
 
 
Radionuclides analysis 
 
Pb-210, 226Ra and 137Cs activities were determined by gamma-ray spectrometry (Fig. 3) consisting of 
a high-purity germanium (HPGe) setup and a multichannel analyser (16,384 channels). This 25% 
relative efficiency p-type closed end coaxial well-detector from CANBERRA™ operates at 2,000 
HV bias supply (detector: 62 mm diameter, 49 mm, and 5 mm distance from a window; well: 35.5 
mm depth, 23.5 mm diameter, active volume 8.8 cc), is designed to provide FWHM resolution of 
1.85 keV at 1332 keV gamma-ray line of 60Co and 820 eV at 122 keV gamma-ray line of 57Co. The 
detector is shielded in an 11 cm thick chamber made of lead, cadmium and copper to reduce cosmic 
radiation. It was calibrated with the same procedures as reported earlier by Yii et al. (2009) using a 
customised gamma multi-nuclide standard source (source no. 1290-84 and 1755-30 from Isotope 
Products Laboratories, USA) comprised of 210Pb, 241Am, 109Cd, 57Co, 123mTe, 51Cr, 113Sn, 85Sr, 137Cs, 
88Y and 60Co in the same counting geometry. Fine ground dry sediments from each section of the core 
were sealed in a 6 mL cylindrical HDPE container with thick PVC tape to inhibit radon from escaping 

Two lock arms 
Rubber 

bung 

Weight 

Shaft 

Adapter 

Acrylic corer 
tube 

Date Station Coordinate Core length 
(cm) 

Feb 2017 SP 01, 
Juru River 

5.3464 oN 
100.4189 oE 74 

Feb 2017 SP 02, 
Juru River 

5.3395 oN 
100.4048 oE 78 
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(Yii et al., 2016). The net weight of each sample was recorded and divided by the sample volume to 
obtain sample density. All samples were stored for at least 30 days to establish secular equilibrium 
between 226Ra and their respective progenies before gamma counting (Dowdall & O’dea, 2002; Yang 
et al., 2005). 
 
Samples were counted for 15 hours and corrected for density and sampling date. Background counts 
were determined by counting similar geometry containers filled with inert material over the weekend. 
The counting times were long enough to ensure a 2π counting error of less than 10% (Ahmed & El-
Arabi, 2005; Arogunjo et al., 2005; El-Reefy et al., 2006). The 226Ra were measured through the 
gamma transitions of its progenies; 214Pb (295.21 and 351.92 keV) and 214Bi (609.31 keV, 1120.29 
keV and 1764.49 keV). Meanwhile, 210Pb was measured directly via energy 46.5 keV peak and 137Cs 
was measured directly via energy 661.62 keV peak (Mishra & Sadasivan, 1971; Yang et al., 2005; 
El-Reefy et al., 2006). The sample activities were calculated using the equation reported by Yang et 
al. (2005) and Chen et al. (2005). The minimum detectable activity (MDA) for the radionuclides of 
interest was quantified as follows: 226Ra (1 Bq/kg), 210Pb (5 Bq/kg) and 137Cs (1 Bq/kg). Reference 
materials IAEA-Soil-6 (226Ra, 69.56 – 93.43 Bq/kg; 137Cs, 51.43 – 57.91 Bq/kg at 30th January 1983) 
and IAEA-412 (210Pb, 85.0 – 91.4 Bq/kg at 1st January 2019) were used for quality control evaluation. 
The results of samples were accepted if values obtained for the reference material fell within these 
95% confidence interval as mentioned in the certificate. 
 

       
Figure 3. Radioactivity measurement (from left to right): samples, well detector, gamma 

spectrometry system. 
 
Trace elements analysis 
 
Trace elements present in sediment samples were analysed using the NAA method (Fig. 4). Neutron 
Activation Analysis (NAA) is a non-destructive analytical technique where digestion or extractions, 
are not required, and therefore the integrity of the sample is not changed by the addition of any foreign 
materials for irradiation. Thus, the problem of reagent introduced contamination is completely 
avoided (Elias et al., 2014). The physical phenomenon upon which NAA is based in the properties of 
the nucleus, radioactivity and the interaction of radiation with matter. The neutron source from the 
reactor interacts with the target nucleus (samples – soil, sediment, or plant) by non-elastic collision; 
a compound nucleus is formed in a highly excited state, and a target nucleus (new nucleus) becomes 
radioactive and will further get de-excited by emitting decay gamma rays (IAEA 1990). The 
intensities of the gamma rays which can be quantified using the Gamma Spectrometry system are 
proportional to their concentrations. 
 
For the NAA analysis, approximately 0.1 g powdered duplicate sediment aliquots were stored 
separately in heat-sealed polyethylene vials. Reference material IAEA-Soil-7 (Arsenic ranged 
between 12.5 – 14.2 µg/g at 95% confidence interval) was used as quality control material. All 
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samples were irradiated (up to 6 hours at a rotating rack) with a thermal neutron flux of 4.0×1012 n 
cm−2 s−1 obtained from the TRIGA Mark II research reactor located at the Malaysian Nuclear Agency 
which operated at 750 kW using pneumatic transport facility. Irradiated samples were left aside to 
allow the decay process before gamma-ray spectrometry counting, the cooling duration varied from 
2 to 4 days before performing the first counting, and 3 to 4 weeks for the second counting. The 
radioisotope of the elements counted and their characteristics are shown in Table 2 (Ashraf et al., 
2018; Elias et al., 2018). 
 

Table 2. The elements and radionuclides measured using Neutron Activation Analysis (NAA) 
Elements Radionuclides Half-life γ-ray Energy (keV) 

As 76As 26.4 hours 559 
Fe 59Fe 45.1days 1099,1292 

 
 
The gamma-ray detector used for the NAA analysis was a closed end coaxial 3” x 3” HPGe detector 
connected to a multichannel analyser that was previously calibrated from low to high energies by 
using a mixed standard solution including 241Am (59.5 keV), 109Cd (88.1 keV), 57Co (122.1, 136.5 
keV), 133Ba (81.0, 303.0, 356.0, 384.0 keV), 137Cs (661.7 keV), 60Co (1173.2, 1332.5 keV) and 88Y 
(898.0, 1836.1 keV) (Saion et al. 2007; Alnour et al. 2014). The gamma-ray spectrometry counting 
process of the irradiated samples, mixed standard solution and reference material was performed for 
one hour each. The results of the samples were accepted when the values obtained for the reference 
material fell within the 95% confidence interval as mentioned in the certificate. 

Figure 4. NAA metal analysis (from left to right): Samples, neutron irradiation, gamma counting 
 
Enrichment factor (EF) 
 
The enrichment factor (EF) was calculated based on Equation (1) to evaluate the potential 
contamination caused by trace elements (Elias et al., 2018): 

𝐸𝐸𝐸𝐸 = (𝑀𝑀 𝑅𝑅)⁄ 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
(𝑀𝑀 𝑅𝑅)𝐶𝐶𝐶𝐶⁄

           (1) 

where (M/R)measure is the concentration ratio of the element of interest (M) to the reference element 
(R) measured in the sample, and (M/R)CC is the concentration ratio in the continental crust 
(Wedepohl, 1995).  
 
Iron (Fe) was used as a reference element to normalise the trace element concentrations to compensate 
for variations in particle size and mineralogy (Loring & Rantala, 1992). Iron was selected as a 
reference element for normalisation in the EF calculation as no significant correlations were observed 
between Fe and the trace element concentrations found. Deely & Fergusson (1994) reported that this 
is due to iron distribution not being related to other elements. The natural concentration of iron is 
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usually relatively high, and therefore the estuarine sediment not expected to be substantially enriched 
by the anthropogenic source (Niencheski et al., 1994; Abrahim & Parker, 2008). The EF value will 
be less than 2.0 if the element found in the sediment originated predominantly from the lithogenous 
materials, whereas EFs are much greater than 2.0 indicating that the element is of anthropogenic 
origin (Szefer et al., 1996). EF values were classified according to Abdullah et al. (2020) as shown in 
Table 3. 
 

Table 3. The indication status of enrichment factor (Abdullah et al., 2020) 
Enrichment factor (EF) value Enrichment status 
< 2 Depletion to minimal enrichment 
between 2 to 5 Moderate enrichment 
between 5 to 20 Significant enrichment 
between 20 to 40 Very high enrichment 
more than 40 Extremely high enrichment 

 
 
RESULTS AND DISCUSSION 
 
Radionuclide activities 
 
The activity concentrations for 137Cs, 210Pb and 226Ra in each core are illustrated in Fig. 5 and 
summarised in Table 4. The 137Cs activities are below the detection limit of 1 Bq/kg for all sediment 
cores. Meanwhile, 226Ra activity ranges (Bq/kg) are highly variable among cores, with the highest 
values observed in the core collected upriver (Table 4). These values are higher than those found in 
sediment cores from previous studies in Asia (e.g. east coastal area of Peninsular Malaysia, 46.2 – 
121.5 Bq/kg (Wan-Mahmood et al., 2005) and Vietnam coast, 23.1 – 40.2 Bq/kg (Nguyen et al., 
2009); the Economic Exclusive Zone of the east coast of Peninsular Malaysia, 16 – 46 Bq/kg (Wan-
Mahmood & Yii, 2012), or elsewhere, e.g. Gulf of Mexico, 11.8 – 97.3 Bq/kg (James et al., 1998); 
Santos - Cubatão drainage basin, 28.2 – 80.0 Bq/kg (Sanders et al., 2010); Estuary of Coatzacoalcos 
River, 15.57±1.4 Bq/kg (Ruiz-Fernandez et al., 2012)), but much lower than values reported for Krka 
River estuary, 45 – 662 Bq/kg (Cuculic et al., 2006)). A single factor ANOVA analysis revealed that 
226Ra activities are significantly different among cores: where SP 01 (97.0±32.8 Bq/kg) > SP 02 
(53.9±9.9 Bq/kg). 
 
Cores SP 01 (the upriver core) shows high variability of 226Ra activities as shown in Fig. 5. This 
variability could potentially be attributed to the influx of radioactivity from the mainland, which is 
likely a result of human activities, such as the use of phosphate fertiliser in agriculture. Transported 
radionuclides eluted from soil and contained in dry and wet atmospheric precipitation (210Pb) are 
deposited together onto sediment (Li et al., 1977). 
 
Activities of 210Pb are also found higher than those previously reported in the region such as in Kuala 
Muda area (north west Peninsular Malaysia), 11.9 – 78.8 Bq/kg (Yii et al., 2010), Linggi River 
Estuary (south west Peninsular Malaysia), 37.9 – 176.2 Bq/kg (Wan-Mahmood et al., 2016), and 
Brunei Bay, 2.6 – 32.3 Bq/kg (Joseph et al., 2018). Again, the single factor ANOVA analysis revealed 
that there are significant differences between cores for the 210Pb activities where SP01 (154.7±51.5 
Bq/kg) > SP02 (100.2±20.0 Bq/kg). 
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Figure 5. Activity concentrations of 137Cs, 210Pb and 226Ra in the sediment core at  Juru River 
 
Figure 5 above clearly shows that the activities of 210Pb are mostly found higher than 226Ra along both 
cores, and the equilibrium between both radionuclides is only achieved at cores SP01(after 50 cm). 
The excess 210Pb (210Pbex) activities were estimated from the difference between 210Pb and 226Ra 
activities (Table 4). It has been shown that 210Pb may be associated with biogenic particles and high 
210Pb activities may be derived from the lithogenic inclusion (Bralower & Thierstein, 1987). Lead-
210 is highly particle reactive and is readily scavenged by organic matter and clay size particles 
(Ontiveros-Cuadras et al., 2012), although under anoxic conditions, 210Pb can be released back to the 
water column (Benoit, 1988). 
 
Table 4. Radioactivity concentrations of 226Ra, 210Pb, their ratios and sedimentation rate at Juru River 

Sampling 
Station 

Activity concentration (Bq/kg dw.) 210Pb excess 
(Bq/kg dw.) 

Sedimentation 
accumulation rate 

(cm/y) 
137Cs 226Ra 210Pb 

SP 01 < MDA 54.0 – 209.9 78.8 – 241.0 5.9 – 142.0 0.94±0.11 
SP 02 < MDA 36.0 – 74.3 56.5 – 129.9 8.4 – 79.3 2.70±0.68 

 
The logarithmic values of 210Pbex activity depth profiles in both cores show significant departures 
from linearity (Fig. 6), characteristic of a profile resulting only from radioactive decay, in aquatic 
environments where a steady state sedimentation process occurs. In most cases, such divergences 
could be the result of strong variations in the sediment accumulation process, sediment sources and 
mixing (UNESCO, 1978). As described in Yii et al. (in press), 210Pbex activities in the cores of this 
study are strongly influenced by the variations in grain size, and organic matter content. 
 
Despite all the complex features observed in the 210Pbex activity depth profiles, both of them showed 
significant (p<0.05) decreasing trends with depth, with high slope values, which would account for 
high accumulation rates (Alongi et al., 2005); although, owing to the non-monotic 210Pbex depth 
profiles, it is very difficult to derive an age model from them. However, attempts are made to 
approximate a preliminary mean sedimentation rate for each core, by using the constant flux-constant 
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sedimentation (CF:CS) model (Krishnaswamy et al., 1971), which assumes a constant 210Pbex flux to 
the sediment surface and a sediment accumulation rate (Sanchez-Cabeza & Ruiz-Fernandez, 2012). 
Thus, the logarithm of excess 210Pb (ln 210Pbex) data obtained in this study was plotted against the 
depth of the sediment core; and the slope of the regression between both variables was used to 
estimate the mean sediment accumulation rate (SAR, in cm/y). The mean SAR values obtained (Table 
4) ranged from 0.94±0.11 cm/y in SP01 to 2.70±0.68 cm/y in SP02. The highest value recorded at 
station SP 02 corresponds to the estuarine area of Juru River, where reportedly affected by heavy 
loads of waste water discharges (Zainudin, 2010). 
 
The mean sedimentation rate interval found in this study of 0.94 – 2.70 cm/y is comparable to those 
reported by Joseph et al. (2018) for Brunei Bay where the sedimentation rates reported range between 
0.47 – 2.13 cm/y and higher sedimentation was attributed to rapid urban and industrial development. 
The study results are also comparable to the sedimentation rates found at the Linggi River estuary 
between 0.70 – 1.97 cm/y (Wan-Mahmood & Yii, 2013). However, the sedimentation rate found in 
this study is much higher than in some other areas as reported by Cheevaporn et al. (1994) at Bang 
Pakong River, Thailand (0.47 – 0.72 cm/y), and by Xu et al. (2008) at Nile River Delta, Egypt (0.42 
– 0.56 cm/y). 
 

Figure 6. Sedimentation rates in core SP01 and SP02 
 
Trace elemental concentrations 
 
Table 5 below summarises the concentration of arsenic and iron found in the study area. Arsenic (As) 
concentrations in both cores are less than 30 µg/g with a mean of around 15 µg/g. Overall, the 
concentration ranges for arsenic in this study are comparable to most of the studies reported by other 
researchers in the same area/region. For instance, studies at Juru River conducted earlier by Wood et 
al. (1993) reported a range from 0.90 – 12.3 µg/g (As), while Abdullah et al. (2020) reported a range 
between 1.07 – 12.16 µg/g (As) for surface sediment of Bukit Merah Reservoir, which are half of the 
current study. A review made by Yunus et al. (2020) reported that most researchers found arsenic 
concentration level in the sediments at several locations in Peninsular Malaysia ranged between 6.13 
– 42.30 µg/g, with an exceptional case where a study in Port Klang’s sediment found the arsenic 
concentration reaching 475.26 µg/g. The study by Yii et al. (2020b) regarding the metal concentration 
in surface sediment collected along the Juru River indicated that contaminants were released from a 
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diffuse source upstream at the sampling site. 
 

Table 5. Concentrations and enrichment factor (EF) ranges of arsenic and iron (µg/g) in sediment 
cores from Juru river 

Element CC1 Location Concentration Range2 EF range 

As 1.7 
SP 01 9.7 – 25.9 (15.7) 5.7 – 14.7 (11.3) 
SP 02 10.2 – 24.0 (14.5) 6.8 – 17.5 (10.0) 

Fe 43200 
SP 01 25250 – 52560 (36366) - 
SP 02 33900 – 42100 (37062) - 

1CC = Continental crust values as published by Wedepohl in 1995. 
2Determined by Neutron Activation Analysis (NAA) 
Note: Values given in the parenthesis are the average values 

 
Enrichment factors 
 
The enrichment factors obtained in this study (Table 5 and Fig. 7) indicated that sediments are 
enriched by arsenic in the entire cores collected from SP01 and SP02 with significant enrichment. 
For core SP 01, the EFs of arsenic showed enrichment throughout the sediment core, especially at the 
bottom part of the core. Meanwhile, for core SP 02, arsenic also showing significant enrichment 
especially when reaching the peak at the middle part of the core, while the top and bottom portions 
of the core are less enriched. Both cores having enrichment with an average EF value of about 10.0. 
 
In summary, the EFs obtained for the arsenic in the sediments from the Juru River are quite 
significant. The Perai Industrial area is densely populated and is comprised of many heavy industries, 
and the most probable sources of pollution might be from the manufacturing industries, agriculture 
and sewage emissions. Other human activities such as the use of arsenical herbicides mining, 
metallurgy and wood preservation can also introduce arsenic into the water bodies eventually 
deposited into sediment (Sarmani, 1989; Shazili et al., 2006; Yunus et al., 2020). 
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Figure 7. Elemental Enrichment Factor versus depth for core SP01 and SP02 
 
 
CONCLUSION 
 
Two sediment cores were collected at the Juru River located in Penang’s Perai Industrial Area in 
February 2017 and analysed using nuclear techniques, with the purpose to evaluate the sediment 
accumulation rates and to assess the enrichments by arsenic at the study area. Concentrations of 
arsenic were quantified using Neutron Activation Analysis (NAA) technique. Using gamma 
spectrometry, 210Pb and 226Ra activity profiles were established for each core; however, owing to the 
complexity of the excess 210Pb activity profiles obtained, it was not possible to obtain an accurate age 
model from them. Nonetheless, preliminary apparent sediment accumulation rates were estimated, 
and were found to range between 0.94 – 2.70 cm/y, with the highest sedimentation rate recorded in 
the core collected at the estuary of Juru River (SP02). Arsenic was found significantly enriched in the 
study area but the results are still comparable to other studies, therefore further monitoring and 
mitigation strategies for the pollutant are strongly recommended to improve environmental 
sustainability. 
 
 
FUTURE WORKS 
 
To have a better understanding of the elemental deposition history at the study area, for future 
analysis, thin slide of sediment (0.5 cm – 1.0 cm instead of 2 cm that is being practiced now) can be 
performed to get a better estimation of sediment accumulation rate. Various analytical techniques can 
be applied as a comparison as well. 
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