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Abstract
Radiochemical separation techniques were applied to measure 210Pb radioactivity in the samples to determine
spatial distribution of total 210Pb radionuclide in surface sediments and water column for the main waters on the
Sunda Shelf. The average 210Pb radioactivity level recorded from the Malacca Strait (MS) is signi�cantly higher
than the southern South China Sea (sSCS); this is attributed to the supply of input from the Andaman Sea in its
northern areas, and massive terrestrial processes from bordering land masses. The results reveal that the
decreasing trend of total 210Pb in Peninsular Malaysia’s marine sediment starts with the north maritime zone of
Malacca Strait (64.28 ± 5.97 Bq/kg) > south maritime zone of Malacca Strait (50.88 ± 6.15 Bq/kg) > east
maritime zone of sSCS (41.01 ± 3.07 Bq/kg) > south maritime zone of sSCS (40.78 ± 3.16 Bq/kg). The Kelantan
and Pahang Deltas have been identi�ed as two of the main anthropogenic sources of input for total 210Pb in the
sSCS while atmospheric transboundary mobilization affecting total 210Pb in water column. In the Malacca Strait,
however, the distribution of total 210Pb might be in�uenced mainly by in situ processes of the strait’s sea�oor and
sources origin of sediment.

1 Introduction
Lead-210 (210Pb) is a naturally occurring radioactive element that can be found ubiquitously in the natural
ecosystem. It is one of the members in the Uranium-238 (238U) decay series, originating from the Earth’s crust
through the decay of 226Ra or from the atmosphere through the decay of its inert gas parent 222Rn. According to
(Sabuti and Mohamed 2015), 210Pb, which is produced as the daughter of gaseous 222Rn can spread over large
distances as it has known to be able attached with �ne aerosols in the lower to mid-troposphere which eventually
results in signi�cant contribution to atmospheric fallout as the source of 210Pb in shallow water. In marine
sediments, 210Pb can be categorized into supported, unsupported or excess based on its myriad sources.
Supported 210Pb basically occurs because of its in-situ source from bottom enrichment or decay of 226Ra (Yang
and Appleby 2016) that is mobilized in the water column after natural erosion from rocks. Unsupported or excess
210Pb occurs in the sediment through atmospheric deposition after being produced by the decay of 222Rn (Preiss
et al. 1996). This excess 210Pb will sink and be incorporated into new sediments in the marine ecosystem. Unlike
supported 210Pb, it cannot be replaced and is reproduced by the decay of its parent after being lost by radioactive
decay. As a short-lived particle reactive in 238U series, 210Pb (tl/2 = 22.2 years) has become a powerful application

in marine research over the last few decades. The main application of 210Pb in marine research that is
extensively used until today is age dating for the deposition of layered materials such as for sediment cores to
reveal pollution history and environmental changes in various types of ecosystems.

It has also been recurrently used as a tracer for particle cycling and export processes in ocean surfaces, which
are known to play a critical role as biogeochemical components of the ocean’s carbon balance system (Murray et
al. 2005). This research on particle dynamics is usually done by applying the formula of radioactive de�ciency of
210Pb relative to its parent 226Ra to estimate scavenging rates in the deep sea (Craig et al. 1973) and
subsequently to quantify boundary scavenging at the edges of ocean basins (Nozaki et al. 1997). Recently, as
the main progeny of 222Rn, 210Pb has been extensively used as powerful tracers to understand atmospheric
processes such as for sources of continental dust and transport time scales of air masses (Baskaran 2011).
Despite its recognized importance as geochemical tracers (ex: source, transport, contaminant and removalLoading [MathJax]/jax/output/CommonHTML/jax.js
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tracers) in oceanic processes, knowledge of 210Pb characteristics is still limited by uncertainties concerning their
sources, sinks, internal cycling and chemical speciation within Malaysian and many other Southeast Asian
waters.

The southward extension of mainland Southeast Asia is known as the Sunda Shelf, a stable continental shelf
that is dominated by shallow seas and a number of busy maritime lanes such as the Java Sea, the southern
South China Sea, and the Singapore and Malacca Straits. Most geographical regions on the Sunda Shelf are
commonly dominated by alternating monsoon systems known as the summer and winter monsoons with two
prevailing but different and opposing wind directions, thus having a signi�cant impact on ocean circulation. This
meteorological characteristic and the addition of strong impacts from human activities thus makes the marine
ecosystem of the Sunda Shelf a subject of interest for researchers to study the sensitivity of physical and
biogeochemical processes attributed to environmental and climate changes issues (Liu et al. 2002).

There are only a few studies conducted on or associated with natural radionuclide in this marine region such as
by (Alam et al. 2015; Che Abd Rahim et al. 2006; Johari and Mohamed 2014)]. The latest research relating to
210Pb and its progeny, 210Po by (Sabuti and Mohamed 2015) stated that there is a lack of information on the
transport of these radionuclides from the atmosphere to seawater and eventually to the sediments of the
Malaysian Sea. Most of the studies mentioned above have only covered the atmosphere (atmospheric
deposition) and seawater phases (air-sea interaction) as atmospheric transport is known to act as an important
vector for the transfer of anthropogenic materials from the continents to the open ocean. A further study covering
the sediment–water boundary needs to be done so that this radionuclide behavior such as its transport
pathways, internal cycling and its fate after being introduced into the ocean ecosystem can be fully understood
and further evaluation and veri�cation on its possible origin sources can be done. The main aim of this study is
thus to determine the distribution and sources of 210Pb radionuclide in surface sediments and its upper water
column throughout Peninsular Malaysia’s seas by focusing on the region within the southern South China Sea,
bordered by the Gulf of Thailand and within the northern Malacca Strait.

2 Material And Methods

2.1 Site Description
The Sunda Shelf seas were selected for this research as they involve the southern South China Sea, and are
bordered by the Gulf of Thailand and within the northern Malacca Strait which is classi�ed as the Exclusive
Economic Zone for Peninsular Malaysia (West Malaysia). Due to its geographical coordinates and location near
the equator at latitude of 1˚N to 7˚N and longitude of 100˚E to 116˚E, Malaysia is thus characterized by a tropical
climate with hot weather, uniform temperature and high humidity and precipitation throughout the year. Like
many parts of the Sunda Shelf region, Malaysian seas are quite shallow with an average depth of normally less
than 200 m. Its climate is in�uenced by seasonal winds, with two prevailing winds, but in different directions,
known as the Southwest (summer) Monsoon that starts from May to September and a stronger Northeast
(winter) Monsoon that starts from November to March, bringing on the wet season (Tangang et al. 2011).

Samples for this study were collected during the Universiti Kebangsaan Malaysia (UKM) Scienti�c Expedition
Cruise conducted in September 2017 (end of the Southwest Monsoon) on the Universiti Malaysia Terengganu
(UMT) Research Vessel, Discovery. A total of 78 sampling stations were selected from Peninsular Malaysia’sLoading [MathJax]/jax/output/CommonHTML/jax.js
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water basin covering all of the possible Exclusive Economic Zone (EEZ) areas around the peninsular. The
stations can be further divided into two areas; offshore stations (South China Sea and Malacca Straits) and
nearshore stations (Kelantan and Pahang Deltas). For statistical analysis, the offshore sampling sites were
further divided into four main zones according to Peninsular Malaysia maritime divisions. All these divisions
were taken into consideration based on differences in geographical positions, possible input sources and current
direction which are in turn in�uenced by seasonal wind movements. This is expected to reveal signi�cant
differences in mean concentration of the distributed radionuclide. These major zones were named the eastern
maritime region of sSCS (sSCS1), the southern maritime region of the sSCS (sSCS2), the northern maritime
region of the Strait of Melaka (SM1), and the southern maritime region of the Strait of Malacca (SM2). SCS1 and
SM1 involved stations located at latitudes above 5°N while LCS2 and SM2 involved stations located at latitudes
below 5°N (Fig. 1). Apart from offshore stations, a few samples were also collected at nearshore stations in the
Kelantan and Pahang Deltas (Fig. 2) in order to determine where there is signi�cant anthropogenic input to the
sSCS from these areas.

 

2.2 Sample Collection
Surface sediments at all of the sampling stations were collected using a Van Veen grab whereas water column
samples were divided into three layers (surface, middle, bottom) with about 10000 mL-20000 mL collected from
each of the seawater layers using a Rosette water sampler at some of the selected stations. In situ parameters
(salinity, conductivity, and temperature) were recorded using Conductivity, Temperature and Depth instrument
(CTD) attached to the Rosette. Sediment samples were stored in a freezer whereas seawater samples were
acidi�ed with HNO3 to pH2 immediately after collection.

2.3 Sample Preparation and Pre-Treatment
Preparation of the sediment samples involved the processes of drying, grinding and sieving with a 63-micron
sieve. About 1 g of �ne sediment sample that had been thoroughly ground and sieved were then digested with 10
mL 8 M HNO3 for 3 hours. The volume of sample solution in the beaker was reduced using a drying technique to
ascertain an appropriate amount before being �ltered through a 0.25 µm �lter paper.

On the other hand, for seawater samples, Pb(NO3)2 carrier and 2.5 mL Fe carrier were spiked into the sample
before the addition of NH3 and Na2CO; this turns the acidic sample to pH10 to form a white precipitate. All
supernatant was siphoned out from the barrel before collecting the white precipitate in smaller 1000 mL beakers.
After that, the precipitate was re-dissolved with HNO3 to pH2-3 and 5 ml HClO4 before undergoing a heating
process for about 2 hours to remove CO2.

NH3 was added to the collected �ltrate of the sediment samples as well as to the completely heated seawater
samples which was then left to cool until orange precipitates were formed. The orange precipitates were then
collected and centrifuged at 4000 rpm for 3 minutes. This step was repeated until 3 precipitate residues were
obtained to get a high recovery yield and �nally they were dissolved with 25 mL 0.5 M HNO3.

2.4 Radiochemical Separation Method (RSM)- electrodeposition
of 210Pb

Loading [MathJax]/jax/output/CommonHTML/jax.js
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Dissolved samples were electrodeposited at 2.3 V-2.5 V for 1 hour (platinum gauze as anode and steel wire as
cathode). Then, a platinum bucket was rinsed with a mixture of 3 M HNO3 and 30 % H2O2. Next, the sample was
heated until fully dried before dissolving it with 30 mL 0.5M HNO3 and 1 mL H2SO4 (then left to stand overnight).
Lastly, these white precipitates of PbSO4 were �ltered and dried before being delicately wrapped on Perspex
discs. Before wrapping, PbSO4 was �rst weighed on the �lter paper for recovery calculation. The counting of
210Pb radioactive emissions from PbSO4 precipitates were performed after 25 days of electrodeposition (after
210Bi ingrowth period) using Gross Alpha-Beta Counters. The e�ciency of this Gross Alpha-Beta Counters was in
range of 41%-44% with its minimum detectable activity (MDA) recorded at 0.01 Bq. The average recovery yield
percentage of Pb2 + from Pb(NO3)2 carrier for both sediment and seawater samples were 84% and 85%
respectively as can be seen from Table B1 and Table B2. The estimation from SRM4357 NIST (ocean sediment)
also showed a convincing recovery yield percentage for this method accuracy, reaching 90.60% (21.74 Bq/kg).
All the data was calculated using a radioactivity formula to gain the real activity concentration of the sample on
the sampling date at each station.

2.5 Data Analysis Tests
Microsoft Excel software was used to build tables and graphs in order to view and analyze the data patterns of
radionuclide activity obtained. In this study, statistical tests were conducted to support and strengthen the
argumentation of the results obtained as well as to identify the relationship between the measured parameters.
For this purpose, Statistical Package for Social Science (IBM SPSS) version 22.0 software was used to conduct
appropriate statistical analysis. From SPSS, one-way ANOVA test was selected to identify the existence of
signi�cant differences in radionuclide activity recorded at sampling site. In ANOVA, Post Hoc test was running
accordingly to determine speci�cally the differences in radionuclide activity between all possible combinations
of group of the sampling zones.

Spatial interpolation analysis has been applied from geographic information systems (ArcGIS) to build a more
solid and comprehensive 210Pb distribution map by allowing for predictions of 210Pb values at un-sampled
locations within the sampled region based on the spatial auto-correlation or spatial dependence. Selection of
Inverse Distance Weighting (IDW), a deterministic type of interpolation, allows for the creation of surface maps
based on the extent of similarity from sampling points which assume each of the sampling points has in�uence
on the interpolated space where this effect will decrease with any increase in distance from the nearest sampling
points.

Furthermore, Bivariate Pearson's product-moment correlation coe�cient (r) was applied to assess the strength
and direction of the linear relationship between in situ parameters and 210Pb radioactivity in all three layers of the
water column and sediment samples. This test analysis was done to see how strongly the in-situ parameters
(temperature, conductivity and salinity) in�uence the variation of 210Pb activity in the marine ecosystem of the
studied area.

3 Results

3.1 210Pb in the sediment of Peninsular Malaysian waters
Loading [MathJax]/jax/output/CommonHTML/jax.js
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210Pb radioactivity in the surface sediment of Peninsular Malaysia waters in September at the end of the
Southwest monsoon is presented in Table 1 and Table 2. The offshore sediment covered the South China Sea
and the Strait of Malacca, whereas nearshore sediment involved deltas that connect large rivers to this region
known as the Kelantan and Pahang Deltas. The results show that 210Pb in the offshore sediments of Peninsular
Malaysia fall within a range of 14.71-109.16 Bq/kg with an average value of 46.69 ± 2.31 Bq/kg. 210Pb recorded
in the sediment of sSCS falls within a range of 14.71–65.52 Bq/kg while SM has a range of 26.86-109.16 Bq/kg.
Overall, the sediment in the Strait of Malacca, located on the west coast of Peninsular has higher 210Pb
radioactivity with an average value of 58.25 ± 4.45 Bq/kg if compared to sediment in the South China Sea that is
located in the east coast, with a recorded value of only 40.91 ± 2.18 Bq/kg.

Loading [MathJax]/jax/output/CommonHTML/jax.js
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Table 1
Concentration of 210Pb, 226Ra, and 210Pbex at southern South China Sea.

Area Station Water depth
(m)

210Pb
(Bq/kg)

226Ra Activity
(Bq/kg)

210Pbex
(Bq/kg)

Southern South China Sea
(SSCS)

M1 50 23.72 ± 
16.46

29.17 ± 20.24 -ve

M2 53 24.25 ± 
16.85

30.9 ± 21.47 -ve

M3 59.2 53.17 ± 
16.99

34.48 ± 11.02 18.7 ± 5.98

M4 60.5 56.74 ± 
17.69

35.22 ± 10.99 21.53 ± 6.71

M5 58.5 36.5 ± 
17.38

34.07 ± 16.23 2.44 ± 1.16

M6 25 29.99 ± 
18.55

14.75 ± 9.13 15.25 ± 9.43

M7 53.8 25.79 ± 
16.88

31.36 ± 20.53 -ve

M8 61 45.67 ± 
17.78

35.51 ± 13.83 10.17 ± 3.96

M9 74 18.55 ± 
17.21

43.01 ± 39.9 -ve

M10 66 65.52 ± 
18.89

38.4 ± 11.07 27.13 ± 7.83

M11 60 53.03 ± 
18.24

34.94 ± 12.02 18.1 ± 6.23

M12 25 30.89 ± 
21.2

14.75 ± 10.13 16.15 ± 
11.08

M13 54.4 30.78 ± 
16.09

31.71 ± 16.58 -ve

M14 74 42.5 ± 
16.76

43.01 ± 16.96 -ve

M15 62.7 29.87 ± 
17.53

36.49 ± 21.42 -ve

M16 63.5 62.3 ± 
18.53

36.95 ± 11 25.36 ± 7.54

M17 66.2 65.21 ± 
17.86

38.51 ± 10.55 26.71 ± 7.32

M18 58 43.4 ± 
17.01

33.78 ± 13.24 9.63 ± 3.78
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Area Station Water depth
(m)

210Pb
(Bq/kg)

226Ra Activity
(Bq/kg)

210Pbex
(Bq/kg)

M19 62 25.97 ± 
16.42

36.09 ± 22.82 -ve

M20 75 42.32 ± 
19.67

43.59 ± 20.26 -ve

M21 71 43.56 ± 
18.38

41.28 ± 17.42 2.29 ± 0.97

M22 80 52.62 ± 
19.86

46.47 ± 17.54 6.16 ± 2.33

M23 37 41.36 ± 
19.38

21.67 ± 10.16 19.7 ± 9.23

M24 67.5 23.01 ± 
17.28

39.26 ± 29.49 -ve

M25 73 29.68 ± 
18.98

42.43 ± 27.14 -ve

M26 76.1 20.27 ± 
21.77

44.22 ± 47.49 -ve

M27 26.2 57.5 ± 
19.77

15.44 ± 5.31 42.07 ± 
14.47

M28 54 34.18 ± 
18.04

31.48 ± 16.62 2.71 ± 1.43

M29 69 46.16 ± 
22.52

40.13 ± 19.58 6.04 ± 2.95

M30 22.5 14.71 ± 
22.56

13.31 ± 20.41 1.41 ± 2.16

M31 45 56.75 ± 
17.78

26.29 ± 8.24 30.47 ± 9.55

M32 70.7 33.83 ± 
19.07

41.11 ± 23.17 -ve

M33 16.5 39.13 ± 
18.33

9.85 ± 4.62 29.29 ± 
13.72

M34 41.5 45.98 ± 
17.68

24.27 ± 9.33 21.72 ± 8.36

M35 66 43.54 ± 
18.12

38.4 ± 15.98 5.15 ± 2.15

M36 31.3 54.63 ± 
17.28

18.39 ± 5.82 36.25 ± 
11.47

M37 60.5 48.89 ± 
18.01

35.22 ± 12.98 13.68 ± 5.04
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Area Station Water depth
(m)

210Pb
(Bq/kg)

226Ra Activity
(Bq/kg)

210Pbex
(Bq/kg)

M38 14.2 63.64 ± 
18.03

8.52 ± 2.42 55.13 ± 
15.62

M39 45 35.85 ± 
15.91

26.29 ± 11.67 9.57 ± 4.25

M40 28.5 45.01 ± 
19.54

16.77 ± 7.28 28.25 ± 
12.27
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Table 2
Concentration of 210Pb, 226Ra, and 210Pbex at Malacca Strait, Pahang and Kelantan Delta.

Area Station Water depth (m) 210Pb (Bq/kg) 226Ra Activity (Bq/kg) 210Pbex (Bq/kg)

Malacca Strait M41 63.5 57.91 ± 19.91 36.95 ± 12.71 20.97 ± 7.21

M42 17.3 83.64 ± 31.56 10.31 ± 3.89 73.34 ± 27.68

M43 103 77.87 ± 18.58 59.73 ± 14.26 18.15 ± 4.33

M44 90 46.65 ± 25.55 52.24 ± 28.61 -ve

M45 60.8 66.46 ± 21.24 35.4 ± 11.32 31.07 ± 9.93

M46 59 54.86 ± 18.56 34.36 ± 11.63 20.51 ± 6.94

M47 25.4 54.35 ± 20.38 14.98 ± 5.62 39.38 ± 14.77

M48 90.8 109.16 ± 20.46 52.7 ± 9.88 56.47 ± 10.59

M49 75.5 50.5 ± 21.92 43.88 ± 19.05 6.63 ± 2.88

M50 67.5 66.2 ± 20.06 39.26 ± 11.9 26.95 ± 8.17

M51 14.8 39.53 ± 18.37 8.87 ± 4.12 30.67 ± 14.26

M52 81.5 40.8 ± 18.38 47.34 ± 21.33 -ve

M53 63.3 80.45 ± 18.51 36.84 ± 8.48 43.62 ± 10.04

M54 50.1 53.37 ± 17.59 29.23 ± 9.64 24.15 ± 7.96

M55 72 37.5 ± 26.39 41.86 ± 29.46 -ve

M56 63.5 60.92 ± 18.37 36.95 ± 11.15 23.98 ± 7.23

M57 12 63.5 ± 19.15 7.25 ± 2.19 56.26 ± 16.97

M58 57.3 28.6 ± 21.19 33.38 ± 24.73 -ve

M59 51.4 26.86 ± 16.26 29.98 ± 18.15 -ve

M60 76 65.91 ± 18.21 44.16 ± 12.21 21.76 ± 6.01

Kelantan Delta K2 15 84.47 ± 28.58 8.98 ± 3.04 75.5 ± 25.55

K4 31.4 73.61 ± 22.2 18.44 ± 5.57 55.18 ± 16.64

K6 34.8 43.17 ± 18.88 20.4 ± 8.93 22.78 ± 9.96

K9 22 89.18 ± 27.15 13.02 ± 3.97 76.17 ± 23.19

K11 24.5 17.8 ± 21.22 14.46 ± 17.24 3.35 ± 3.99

K13 28 35.74 ± 18.52 16.48 ± 8.54 19.27 ± 9.99

K16 9.3 68.34 ± 25.79 5.7 ± 2.15 62.65 ± 23.65

K18 16.3 95.75 ± 19.57 9.73 ± 1.99 86.03 ± 17.59
Loading [MathJax]/jax/output/CommonHTML/jax.js
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Area Station Water depth (m) 210Pb (Bq/kg) 226Ra Activity (Bq/kg) 210Pbex (Bq/kg)

K20 25 40.48 ± 17.45 14.75 ± 6.36 25.74 ± 11.1

Pahang Delta P1 11.5 67.33 ± 17.59 6.97 ± 1.82 60.37 ± 15.78

P5 25.6 33.05 ± 18.1 15.1 ± 8.27 17.96 ± 9.84

P9 42 24.72 ± 13.48 24.56 ± 13.39 0.17 ± 0.1

P10 19.5 77.78 ± 18.43 11.58 ± 2.75 66.21 ± 15.69

P16 32 35.03 ± 17.24 18.79 ± 9.25 16.25 ± 8

P18 48 33.13 ± 17.17 28.02 ± 14.52 5.12 ± 2.66

P19 12 72.5 ± 17.13 7.25 ± 1.72 65.26 ± 15.42

P25 28.3 53.14 ± 17.42 16.65 ± 5.46 36.5 ± 11.97

P30 31.5 37.72 ± 17.53 18.5 ± 8.6 19.23 ± 8.94

 

Statistically, a one-way ANOVA test analysis showed that the means of 210Pb activity in surface sediments are
signi�cantly different (p < 0.05) between the 6 main zones of Peninsular Malaysia waters. Based on the mean
bar graph in Fig. 3 generated at the end of the test, it can be concluded that 210Pb activity in the offshore
sediment of Peninsular Malaysia followed a decreasing trend starting from the maritime zone of SM1 (64.28 ± 
5.97 Bq/kg) > SM2 (50.88 ± 6.15 Bq/kg) > sSCS1 (41.01 ± 3.07 Bq/kg) > sSCS2 (40.78 ± 3.16 Bq/kg) whereas for
nearshore sediment, Kelantan Delta (60.95 ± 9.14 Bq/kg > Pahang Delta (48.27 ± 6.61 Bq/kg).

Multiple comparisons have been analysed through an ANOVA Post Hoc test to speci�cally identify the presence
of signi�cant differences in each zone with the remaining zones. This test showed that the SM1 zone has a
210Pb level that is signi�cantly different from the SCS1 and SCS2 zones but shows no signi�cant difference with
SM2 with mean differences of 23.23 Bq/kg (p < 0.05), 23.50 Bq/kg (p < 0.05) and 13.41 Bq/kg (p > 0.05)
respectively. This statistical analysis strongly proves that the SM1 zone must be supplied with 210Pb that
de�nitely comes from different sources than sSCS1 and sSCS2. This results in signi�cantly higher radioactivity
levels of 210Pb at SM1. In the other hand, SM2 may receive at least few same sources as SM1 but at a lower rate,
which makes SM2’s 13.41 Bq/kg 210Pb lower than SM1. In examining the phenomena in the southern South
China Sea zones, the statistical test shows that the mean difference of 210Pb is not signi�cant as sSCS1 has
only 0.231 Bq/kg (p > 0.05) more than sSCS2. This result proves that these two zones are clearly receiving 210Pb
input from the same sources and the radionuclides are uniformly well distributed on the surface sediments of
sSCS. As expected, this is because the southern South China Sea of Peninsular Malaysia is a shallow water sea
with a depth range of only 14 m to 80 m. Therefore, the water in this region has a tendency to experience well
mixing processes that can be proven by recorded temperature pro�les that show no signi�cant strati�cation
layers throughout the expedition. Results from the Post Hoc test also proves that the Kelantan and Pahang
Deltas are among the main anthropogenic sources that contribute to the 210Pb input of the surface sediments of
sSCS as the mean of 210Pb for both of the Deltas shows no signi�cant difference (p > 0.05) from the value
recorded at both the sSCS1 and sSCS2. The data from this nearshore sediment is collected in order to study
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210Pb that comes from anthropogenic sources as the two main rivers on the East Coast of Peninsular Malaysia,
the Kelantan and Pahang Rivers, may potentially contribute signi�cant anthropogenic 210Pb inputs to the sSCS.

Based on the results in Table 2, the Kelantan Delta has a higher average value of 210Pb, 60.95 ± 20.80 Bq/kg with
a range of 17.80–95.76 Bq/kg compared to the Pahang Delta which shows an average value of only 48.27 ± 
17.12 Bq/kg with a range of 24.73–77.78 Bq/kg. On every transect, all stations in the Kelantan Delta which are
closer to the river mouth had higher 210Pb readings compared to those further from the river towards the open
sea. Speci�cally, 210Pb at K2, K9 and K16 which are sampling locations closest to the mouth of the Kelantan
River, always recorded higher radioactivity levels compared to stations further away such as K6, K13 and K20 on
Transect 1, Transect 2 and Transect 3 respectively. This trend of decreasing 210Pb radioactivity levels with
increased distance from the river mouth is much clearer in the Pahang Delta. By transect, the nearest stations to
the Pahang River which are P1, P10, P19 on Transect 1, Transect 2 and Transect 3 respectively have the highest
210Pb, followed by subsequent middle stations, P5, P16, P25. The lowest radioactivity readings were recorded at
P9, P18, P30; stations that are furthest from the Pahang River mouth. As shown in Table 2 and in the statistical
analysis above, the spatial analysis in Fig. 4 also clearly illustrates that zone SM1 has a very high 210Pb. It can
be comprehensively seen that the uppermost part of the zone towards the Andaman Sea involving the area
around the M42, M43, M45, M48, and M50 sampling stations are dominated by yellow, orange and red labels
indicating that they possess among the highest radioactivity levels of 210Pb within a range of 50–110 Bq/kg.
Moving downward to SM2, which is in the middle of the Malacca Strait, readings of 210Pb descend from a range
of 50–80 Bq/kg to within a range of 20–50 kg/Bq. This is also recorded in the area close to stations M52, M55,
M58, and M59, before increasing again to a range of 50–60 Bq/kg in the lowest part of the Malacca Strait
towards the Singapore Strait and Karimata based on the interpolation result from a relatively high 210Pb recorded
at station M60 (60–70 Bq/kg).

In the sSCS1 zone, it can be seen on every transect that the outermost offshore areas, towards open sea, such as
the areas in the proximity of M3, M4, M10, M11, M16, M17, and M22 have higher 210Pb. This is marked in yellow
to light orange and is within a range of 50–70 Bq/kg when compared to the other zones which only show
variables in green, possessing a radioactivity range within only 10–50 Bq/kg. Unlike the patterns revealed in the
sSCS1, sSCS2 on the other hand, shows higher 210Pb radioactivity in areas located closer to the Malaysian
mainland compared to the farthest areas located towards the open sea for each of the transects. For example,
M23, M27, M36, and M38 have higher 210Pb (40–70 Bq/kg) compared to subsequent stations at the end of the
transect which are located towards the open sea, such as M25, M26, M29, M32, M35, M37, M39, and M40 (10–
50 Bq/kg).

3.2 Distribution of excess 210Pb in east coast Peninsular
Malaysia
To determine the change and source of 210Pb of coastal of Peninsular Malaysia, the excess 210Pb was used as a
tool to assess the changes occurred within the Peninsular Malaysia sea. In this study, the activities of 226Ra were
estimated using Eq. (1) and Eq. (2) for the values of radium and their standard deviation, respectively (Rahim et
al. 2021).

Z = [y + 0.571]/1.734
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1

M2/M1 = 1 − e − λt + R ∗ e − λt

2

210Pbex = 210Pb– 226Ra

3
Where y is the water depth and Z is the 226Ra obtained in this study. Foe the error propagation of 226Ra, it was
acquired from past literature (Eq. 2), where M2 and λ are the activity of 210Pb and their decay constant, while M1
is the activity of 226Ra, respectively. The t is time (day) and R* is the initial 210Pb/226Ra activity ratio [42,43]. Eq. 3
was used to calculate excess 210Pb (210Pbex), where 210Pb is the total activity of 210Pb obtained through the

experiment and 226Ra is total 226Ra from the previous equations. For the sSCS stations (Table 1 and Table 2), the
226Ra ranged from 8.52 Bq/kg to 46.47 Bq/kg with an average of 31.43 ± 16.04 Bq/kg while in Malacca strait, the
226Ra ranged from 7.24 Bq/kg to 59.72 Bq/kg with an average of 34.77 ± 13.51 Bq/kg respectively. For delta
regions, the 226Ra in Kelantan Delta ranged from the 5.69 Bq/kg to 20.39 Bq/kg with an average of 13.54 ± 6.41
Bq/kg while in Pahang Delta, the 226Ra ranged acquired was from 6.96 Bq/kg to 28.01 Bq/kg with an average
16.37 ± 7.30 Bq/kg. Overall, the activity level of 226Ra will affect the content of either 210Pb from their parents
(i.e., 226Ra) or through natural ecosystem, causing the gap between 210Pb and 226Ra output. For instance, there
was a difference about 13.1 % between 210Pb and 226Ra in sSCS stations. Meanwhile, in Malacca strait, 25.2 %
difference of concentrations was present between 210Pb and 226Ra. In deltaic region, the Kelantan Delta and
Pahang Delta was having a difference of 63.6 % and 49.3 %, respectively. This early conclusion would result the
domination of 210Pb over 226Ra within both regions as the higher output presents in both coastal areas.

3.3 Radioactivity of 210Pb in water column of Peninsular
Malaysian Sea
To understand the behaviour and vertical transport of 210Pb between seawater and sediment, samples from the
water column at selected stations were also collected during the expedition. The water column was divided into
three layers as surface, middle and bottom layers according to the depth of the sea. Stations M5 and M13, M37,
M41 and M58 represent the sSCS1, sSCS2, SM1 and SM2 zones, respectively. As can be seen in Fig. 5, sSCS1
shows a different 210Pb pattern from the other zones; both M5 and M13 recorded a decrease of 210Pb activity if
going down through the layers of the water column. In other words, stations in the sSCS1 have a higher 210Pb
activity on the surface of the seawater compared to its bottom layer. This pattern is contradictory to that in the
sSCS2, such as at SM1 and SM2 where the recorded 210Pb activity was higher in the bottom layer of the water
and decreases when ascending to the water surface.

The contradictory phenomena are seen in the southern maritime regions of sSCS (sSCS2) and the Straits of
Malacca (both northern and southern maritime areas, SM1 and SM2) where higher 210Pb is recorded at the
bottom layer of the water column and decreases in activity when ascending towards the surface layer.

3.4 Correlations of in situ water parameters with 210Pb in
surface sediment and seawater column
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Table 3 shows in situ parameters collected from the studied area. Based on test performed in Bivariate Pearson's
product-moment correlation coe�cient (r), only the surface and middle layers of seawater show acceptably
strong correlations between some of its in-situ parameters and 210Pb radioactivity levels whereas there is no
signi�cant correlation detected between the two variables in the sediment and the bottom layer of the water
column.

Table 3
Selected in situ parameters in the water column of the study area.

Sea Zonation Station Layer/

water depth [m]

Temperature [°C] Conductivity [S/m] Salinity [PSU]

sSCS1 M5 Surface (0–20) 29.5498 5.4113 32.44815

Middle (21–39) 29.5300 5.4380 32.63517

Bottom (40–54) 29.5321 5.4633 32.79975

M13 Surface (0–18) 29.3739 5.3832 32.37771

Middle (19–36) 29.3297 5.4399 32.78464

Bottom (37–52) 28.4743 5.4094 33.16293

sSCS2 M37 Surface (0–20) 29.3307 5.3596 32.24656

Middle (21–49) 29.0024 5.3973 32.71724

Bottom (50–60) 26.4939 5.2910 33.74342

SM1 M41 Surface (0–20) 29.2348 5.1989 31.22721

Middle (21–40) 29.2125 5.3569 32.30121

Bottom (41–63) 28.8303 5.4523 33.20704

SM2 M58 Surface (0–19) 29.8147 5.1952 30.82882

Middle (20–38) 29.7700 5.3750 32.05108

Bottom (39–57) 29.7154 5.3996 32.2473

Table 3. Selected in situ parameters in the water column of the study area.

Table 4. Linear correlation coe�cients between 210Pb in sediment, 210Pb in layers of the water column and water
parameter.
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Table 4
Linear correlation coe�cients between 210Pb in sediment, 210Pb in layers of the water column and water

parameter.
Correlations

Water column Surface layer Middle layer Bottom layer

water parameter Temp Con Sal Temp Con Sal Temp Con Sal

210Pb in
surface
seawater

Pearson
Correlation

− .200 .917* .901* − .117 .889* .789 − .014 .247 .226

Sig. (2-
tailed)

.747 .029 .037 .851 .044 .113 .982 .689 .714

210Pb in
middle
seawater

Pearson
Correlation

− .863 − .065 .109 − .639 − .257 .197 − .212 .285 .573

Sig. (2-
tailed)

.060 .917 .862 .246 .676 .751 .732 .642 .312

210Pb in
bottom
seawater

Pearson
Correlation

− .373 − .464 − .364 − .435 − .748 − .327 − .281 − .138 .339

Sig. (2-
tailed)

.536 .431 .547 .464 .146 .591 .647 .825 .577

210Pb in
sediment

Pearson
Correlation

− .766 − .243 − .077 − .735 − .547 .025 − .457 − .101 .651

Sig. (2-
tailed)

.131 .694 .902 .157 .340 .968 .439 .872 .234

Surface
Temp

Pearson
Correlation

1 − .202 − .389 .902* .034 − .545 .605 .113 − .874

Sig. (2-
tailed)

  .744 .518 .036 .957 .342 .280 .857 .052

Surface
Con

Pearson
Correlation

  1 .981** − .271 .922* .915* − .322 − .143 .398

Sig. (2-
tailed)

    .003 .659 .026 .029 .597 .819 .507

*. Correlation is signi�cant at the 0.05 level (2-tailed).

**. Correlation is signi�cant at the 0.01 level (2-tailed).

Temp = temperature Con = conductivity Sal = salinity

As shown in Table 3, the conductivity of the surface and middle layers of the water column has a signi�cantly
positive correlations with 210Pb in the surface layer of seawater with r = 0.917 (p < 0.05) and r = 0.889 (p < 0.05)
respectively. Salinity at surface layers was also found to have a signi�cantly positive correlation r = 0.901 (p < 
0.05) with 210Pb in the surface layer of seawater. On the other hand, sea surface temperatures show insigni�cant
negative correlation, r = -0.200 (p > 0.05) with 210Pb radioactivity on the seawater surface layer. Result from
Table 3 also shows a very strong Pearson correlation between conductivity and salinity at the surface of
seawater with a value of r = 0.981 (p < 0.01).
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4 Discussion
4.1 Radioactivity level variations of 210Pb in the sediment between Sunda Shelf seas (sSCS and Malacca Strait)

210Pb radioactivity levels in the sediment of the sSCS recorded from this study is comparably close, with
previous studies conducted by (Bakar et al. 2010). A few other shallow water regions around the world have also
recorded values that are comparably close to Malaysian waters for 210Pb in their surface sediments such as in
the Ghazaouet bay in Algeria, Izmir Bay and Aegean Sea in Turkey (Noureddine and Baggoura 1996; Saçan et al.
2010) as listed in Table 5.

Table 5
Comparison of 210Pb radioactivity in surface marine sediments with data from previous studies and other

regions of the world (Bq/kg).
Location 210Pb (range) 210Pb (average) References

Present study, Malaysia

offshore Malaysian Peninsular 14.71–109.16 46.69 ± 2.31 This study

sSCS, Malaysian Peninsular 14.71–65.52 40.91 ± 2.18 This study

Malacca Strait, Malaysia 26.86-109.16 58.25 ± 4.45 This study

Previous study, Malaysia

sSCS, Malaysian Peninsular 18.3-123.1 54.38 Ahmad et al. (2010)/ [16]

Global comparison

Ghazaouet bay, Algeria 60–131 - Noureddine & Baggoura (1997)/ [18]

Izmir Bay, Turki - 44 Sacan et al. (2010)/ [19]

wSCS, China

(eastern Hainan island)

37.4–199 110 Huang et al. (2013)/ [21]

The nearest study was conducted by (Huang et al. 2013) of the sediments off eastern Hainan Island, China
located in the western SCS (wSCS). Result from the study recorded a range that is comparable to this study,
which was conducted in the sSCS where 210Pb (excess) in surface sediment of wSCS falls within a range of
37.4–199 Bq/kg. However, the average value of 210Pb for this region’s water is much higher; recording 110 Bq/kg
compared to the average value obtained in this study in the sSCS, which only recorded a value of 47 Bq/kg.
(Huang et al. 2013) explained that the low sedimentation rate in the study area were among the causes that lead
to the result of a higher reading of 210Pb compared to other shallow water areas as reported by other studies
(Allison et al. 2000; Dai et al. 2011; Du et al. 2010).

In addition, geographical factors and latitude differences might also play a signi�cant role and cause lower
radioactivity of 210Pb in the sSCS if compared to wSCS. This is supported by a study conducted by (Preiss et al.
1996) showing that 210Pb radioactivity in the atmosphere is generally higher in northern latitudes than southern
due to high asymmetry between continent/ocean ratios which consequently affects the sources of 210Pb
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between the two hemispheres. The study found increasing values of 210Pb from latitude of 0°N to 30°N while the
recorded result in the southern hemisphere is lower and drops dramatically when it reaches latitudes of 40°S
which is known to have zero continental sources [4]. The lack of continental sources in the southern 45°S, wSCS
with strong circumpolar circulation, contributes to very low 210Pb content in Antarctica (Preiss et al. 1996). This
phenomenon can reasonably explain the differences in 210Pb concentration recorded between the wSCS and the
sSCS found in this study. The sampling site studied by (Huang et al. 2013) in wSCS is located in higher latitudes
(18°N-20°N) of the northern hemisphere while the sSCS area in this study is located at 1°N-7°N. Thus, it can be
concluded that the higher 210Pb radioactivity recorded in the wSCS is because this region’s water is more directly
exposed to the larger continental source from the Asian mainland if compared to sSCS which only has direct
exposure to continental sources in Southeast Asia.

Table 5. Comparison of 210Pb radioactivity in surface marine sediments with data from previous studies and
other regions of the world (Bq/kg).

The signi�cantly higher activity in the Kelantan Delta compared to the Pahang Delta as can be seen from the
result indicates that the former received higher anthropogenic inputs than the latter. The Kelantan River is known
to have become more turbid since the early 1990s because of high TSS due to upstream logging and sand
mining activities (Yen and Rohasliney 2013). Additionally, pollution from agriculture, which has become the main
activity on the East Coast of Peninsular Malaysia and Thailand is also a major contributing factor to higher
210Pb activity as recorded in this Delta.

Both Kelantan and Pahang Delta show same pattern of 210Pb distribution at which the stations that located
closer to the river mouth have higher 210Pb readings compared to those further from the river towards the open
sea. This phenomenon shows signi�cant �uvial roles in the contribution of anthropogenic inputs of 210Pb to the
marginal sea that originally come from the nearest mainland and major rivers affected by intense human
activities.

Apart from frequently being identi�ed as being closely associated with pollution activities, the content of organic
matter in sediment is also known to be a factor that can affect radionuclide behaviour in sediment (Koch-Steindl
and Pröhl 2001). Results from a study on the distribution of organic matter in the Kelantan Delta by (Naam et al.
2018) showed the same distribution pattern as 210Pb in this study. The percentage of organic matter and organic
carbon in Kelantan Delta sediments have the highest reading of all the stations nearest to downstream and
coastal areas when compared to outermost stations that record much lower readings. This indicates that
offshore stations in close proximity to deltas have a high potential to receive 210Pb in�uenced by anthropogenic
sources such as mining, agriculture, municipalities and industrial areas that are continuously developed on the
East Coast of Peninsular Malaysia

There are a number of possible sources that could cause the high 210Pb radioactivity level found in surface
sediments of the studied area as can be concluded from Fig. 4. The �rst is due to the high input of sources from
continental areas such as from Sumatra Island, from Peninsular Malaysia itself, and the countries in Indo-China
through atmospheric transport contributing to the high input of airborne 210Pb or their parent, 222Rn gas in the
study area. Huge resource transportation in the atmosphere will eventually cause 210Pb excess (unsupported) to
be highly accumulated in surface sediments on the sea�oor.
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The second possibility is closely related to the highly dynamic sediment deposition environment of the Straits of
Malacca attributed to its complex physiography, oceanographic and climate system (Keller and Richards 1967)
with the addition of myriad sediment sources contributed by the bordering mainland of Sumatra and Peninsular
Malaysia. In fact as was mention in (Keller and Richards 1967), the depositional environment for the Strait of
Malacca can be divided into four areas based on sedimentary texture parameters: North (north of Penang
Island), Central (Penang Island to Klang), "Narrow" (Klang to Malacca) and South (Malacca to Singapore). Each
of these areas show differences in oceanography and the in�uence of the river onto its ecosystem that
eventually leads to the conclusion that sediment distribution in the north of the Strait of Malacca is almost
dominantly controlled by the current; while in the south, both currents and streams are taken into account. This
simply means that the Strait of Malacca always has huge and varied sources of material input into its marine
ecosystem which also involves radionuclide sources. A lot of factors in�uence their fate and distribution after
entering the strait’s ecosystem due to its highly dynamic environment. These factors involve all physical,
chemical and biological processes such as sediment resuspension, ion-exchange, sorption-desorption,
bioturbation and many more.

Because of the monsoonal effects on its neighboring seas, the Strait of Malacca generally has currents that �ow
in the northwestern direction throughout the year (Keller and Richards 1967). However, during the southwest
monsoon, this current will become weak and often results in southeastern �ow intrusion that comes from the
Indian Ocean current pattern, consequently causing a pile up of water masses in the Andaman Sea (Keller and
Richards 1967). A lot of recent studies such as work by (Rizal et al. 2010) are in agreement with an earlier study
that derived a simulation model of the northwest current pattern dominating the strait. Other studies also
revealed the intrusion of water masses from the Indian Ocean and the Andaman Sea in the northern part of the
Strait of Malacca resulting from southwesterly winds (Mayer et al. 2015; Muhaimin et al. 2011). This theory is
more convincing; there is a record of high percentage of organic matter from �ne sediments deposited in the
Andaman Sea and the in�ux of these sediments into the Malacca Strait are reported to consist mainly of
planktonic foraminifera transported by the bottom current from the southeast current circulation (Keller and
Richards 1967).

The Andaman Sea is thus seen as a capable source that supplies and contributes to signi�cantly high 210Pb
radioactivity in SM1 waters, especially in September. The statistical results of this study show that the northern
part of the Strait of Malacca (SM1) is signi�cantly different from 210Pb in both sSCS zones (sSCS1 & sSCS2).
This strongly proves that the Andaman Sea is the most possible source of high radioactivity levels in SM1 as the
sources cannot otherwise signi�cantly reach the sSCS region. As mentioned earlier, in the southern part of the
Strait of Malacca, sediment distribution is controlled by both currents and river runoff. Thus, the comparatively
high 210Pb in SM2 most probably comes from both current and river sources that �ow from the bordering land
masses as there are 14 rivers in Sumatra and 12 rivers on the west coast of Peninsular Malaysia (Muhaimin et
al. 2011). These rivers are known to produce comparatively signi�cant amounts of annual discharge into the
Strait of Malacca (Muhaimin et al. 2011).

Looking at this phenomenon in the eastern maritime region of sSCS (SCS1), the farthest areas from shore
towards the open ocean have recorded a reading of 210Pb radioactivity, which is comparatively higher than
stations located near the east coast of Peninsular Malaysia. The results of this study are in agreement with an
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earlier study by (Bakar et al. 2010) which report that terrestrial inputs from natural processes cannot explain such
high radioactivity; the study speculate that the phenomena is likely derived from lithogenic sources in the area.

Higher 210Pb activity recorded in areas closer to shore in the southern maritime zone of sSCS (sSCS2) shows the
possibility of a strong upwelling phenomenon in the area. Many studies conducted along the east coast of
Peninsular Malaysia have shown that the Ekman dynamic formation from southerly-southwesterly wind has
resulted in the existence of upwelling systems in this region such as a recent research by (Kok et al. 2017)
reveals that the Ekman pump plays a major role in the upwelling formation in any month in the southwest
monsoon season along the east coast of Peninsular Malaysia if compared to Ekman transport. However, the
study found that both Ekman transport and Ekman pump were similarly common in southern coastal areas and
thus might cause stronger upwelling activities in the region. In previous studies, suspended particle �ux was
found to be high in proximity to the upwelling region (Hong et al. 1999; Lutz et al. 2002; Thunell 1998). The
behaviour of 210Pb that can be scavenged and removed from the water column to the bottom of the sea�oor by
the sinking and settling of suspended particles consequently revealed the relationship between the upwelling
process and high radioactivity levels in that particular region.

The three stations showing low radioactivity level of 210Pb in the Straits of Malacca, M55, M58 and M59 is likely
due to its sediment particle size which classi�ed as coarse sandy sediments. It can be clearly proven with their
lower porosity compared to the average porosity of all the sediments sample at Straits of Melaka which
calculated as 63%. Porosity is known to have an inversely proportional relationship with particle size. Analysis of
Pearson (r) bivariate product moment correlation coe�cient was conducted and the results found that sediment
porosity showed weak positive correlation r = 0.197 (p > 0.05) with the activity of 210Pb in the sediment. Thus, we
can conclude here that the radioactivity of 210Pb in the sediment will also in�uenced by the sediment particle size
or its porosity. This is in agreement with study by (Huang et al. 2013) which shows sediments of silt and clay are
always recorded to have high radionuclide readings compared to sandy type sediments.

4.2 Different input sources of 210Pb and the roles of insitu
parameter in water column
The eastern maritime region of sSCS (sSCS1) which shows different 210Pb pattern from the other zones by
having a higher 210Pb activity on the surface of the seawater compared to its bottom layer strongly shows that
the region is mainly receive 210Pb input from the atmosphere and therefore proves that seawater in this region is
more in�uenced by wind-borne sources from airborne 210Pb or gaseous 222Rn in the atmosphere. Depleting
activity when going down through the water column indicates that scavenging may occur between the water-
sediment medium.

In the other hand, the higher 210Pb at the bottom layer of the water column at the southern maritime regions of
sSCS (sSCS2) and the Straits of Malacca is said to occur in the event of a resuspension on surface sediment or
the occurrence of lead dissolution from the bottom sea�oor (Tanaka et al. 1983). These increasing trends of
vertical 210Pb towards the bottom layer of water column strongly support the discussion in Sect. 4.1; the
in�uence of in situ sea�oor sediment processes in the distribution of 210Pb is attributed to the dynamic
deposition environment, involving hydrodynamics that might increase sediment resuspension rates or
complicated geologic compositions of the sediment because of complex origin sources. These complex originsLoading [MathJax]/jax/output/CommonHTML/jax.js
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include the fact that numerous rivers provide input from bordering land masses in both Sumatra and Peninsular
Malaysia. The result that shows highest 210Pb values in the bottom layer of the water column compared to its
surface at the sSCS2 stations might also support upwelling transport of radionuclides in this region during the
southwest monsoon. This is because the upwelling current can also trigger sediment transport at the sea�oor
and might lead to the high rate of sediment resuspension in the area.

The result from this study further demonstrates the great potential of the SCS especially in the area of the
eastern maritime zone of sSCS to be selected as a better station for sedimentology research focusing on the
impact of monsoonal changes as it is proven to be dominated by wind-driven radionuclides compared to the
Malacca Strait. The unique geological characteristic of Malacca Strait that has a very high 210Pb radioactivity
level which in�uenced by various input sources will eventually complicates the process of source identi�cation.
Based on (Keller and Richards 1967), wind-driven sediments actually exist in the Malacca Strait in the form of
volcanic ash and pumice stone, but it is very small and does not indicate signi�cant existence when compared to
the quantity of river-borne materials deposited on the sea�oor. Consequently, most of the ash found in the
Malacca Strait is considered detrital rather than wind-borne (Keller and Richards 1967). Therefore, although the
Malacca Strait is a part of the geographical area where the monsoon affects climatic and oceanology conditions,
the direct impact of the seasonal wind is very di�cult to see in this region because it is protected by archipelago
land masses that overshadow the monsoonal effect with their massive terrestrial processes.

Results from Table 3 prove that the variation of surface sea conductivity and salinity can signi�cantly affect the
behaviour and distribution of 210Pb radioactivity on the surface layer of the ocean. It is widely recognised that
salinity and conductivity are interconnected. Often, conductivity will increase with increasing salinity due to an
increase in soluble ions in the seawater. This can be proven from the correlation test in this study which shows a
very strong Pearson correlation between conductivity and salinity at the surface of seawater.

A study by (Zinabu et al. 2002) also shows a good correlation between conductivity and cations such as Na+, K+,
Ca2, Mg2+. According to (Beneš and Černík 1992), kinetic behavior of the radionuclides in the environmental
medium is controlled by important parameters such as pH value. (Carvalho 1995) has shown that adsorb-
desorption behavior of radionuclide like 210Pb on the environmental medium can be affected with the
precipitation of iron-manganese hydroxides which is known to have the ability to affect the pH parameter in the
water system. (Carvalho 1995) has proven that the increased concentration of both 210Pb and 210Po in
particulate matter in the studied area is possibly because of this mechanism of unselective co-precipitation.
Therefore, it can be summarized that the increase in conductivity and salinity will potentially contribute to high
210Pb radioactivity levels at the surface of the seawater especially in shallow water regions such as the waters of
Peninsular Malaysia.

4.3 Impact of excess 210Pb in coastal surrounding Peninsular
Malaysia
In Table 1 and Table 2, the excess 210Pb is much higher compared to 226Ra in the deltaic region, where there was
a difference of 55.5 % and 32.1 % in Kelantan and Pahang River respectively. Meanwhile, the higher value of
226Ra exhibits in both coastal waters of Malacca Straits and sSCS, where there was a difference of 53.6 %
present in the sSCS while about 19.4 % difference in Malacca Straits comparing to the excess 210Pb within same
coastal waters. This illustrates the high concentration occurred within the river mouth before being diluted andLoading [MathJax]/jax/output/CommonHTML/jax.js
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mobilized towards the coastal region in sSCS. On the other hand, the shallow depth of Malacca Straits may lead
to the continuous physical activities (i.e., resuspension, absorption, desorption, diffusion), which lead to higher
removal between water-sediment interface (von Brömssen et al. 2008). Earlier hypothesis would suggest the
continuous supply of the Kelantan and Pahang Rivers may affecting the total load present in the sSCS (Rahim et
al. 2021), while the Malacca straits may affect to the external inputs such as Andaman Sea and Martaban Bay
in�uencing the total �ux present in the Malacca Straits (Ramaswamy et al. 2004). For the deltaic region, the
higher concentration of excess 210Pb was contributed by the wet and dry atmospheric deposition where
monsoonal seasons was responsible to the periodic precipitation occurred in both Kelantan and Pahang deltaic
region (Rahim et al. 2021). Eventually, this would lead to the erosion within the riverbanks, thus increasing the
excess 210Pb in the river channel. Furthermore, the terrestrial input contributed by the anthropogenic inputs (i.e.,
municipal wastewater, husbandry operation and sand mining) may lead to the increase excess 210Pb compared
to the 226Ra (San Miguel et al. 2004). On top of that, the in-situ decay within terrestrial and mobilized via runoff
may increasing the total concentration of excess 210Pb present in the deltaic region.

Low concentration of 226Ra present in the deltaic region would suggest the present of mobilization and dilution
of suspended particulate phase. Basically, the runoff present in both Kelantan and Pahang Rivers was originated
from multiple terrestrial sources, thus releasing a large amount of suspended particulate matter (SPM) towards
the deltaic region. On top of that, the effect of desorption and absorption while co-existed with oxyhydroxides
such as Fe, Al, and Mn under the co-precipitation reaction in the sediment -water interface (Nirdosh et al. 1990).
As mobilization occurred, the 226Ra which having a high a�nity towards the SPM was decaying to 210Pb, thus
leading to the freshly-deposited 210Pb within the sSCS region. Furthermore, (Zakaria 1975) stated that the high
discharge rates on both Kelantan and Pahang Rivers contributed to the excess radium, as the mobilization of
radium was being carried out as active dilution, thus leading to higher volume of radium towards the sSCS.

On the other hand, similar occurrence of sSCS occurred where higher value of 226Ra present within the Malacca
straits. This may suggest the geologic existence of surrounding island and archipelago which contributed to the
higher 226Ra concentration. Similarly, the presence of natural 238U was found by (Khandaker et al. 2018) where
presence of black sands along the Langkawi Island contributing the 238U increment towards the straits. Several
known content of black sand such as ilmenite, zircon, monazite, magnetite, garnet, rutile and allanite, leading to
the elevated 238U and its daughters. Furthermore, the presence of granitic rocks also contributed to the increment
of 226Ra in the Malacca Straits. This can be obtained through Langkawi Island and its surrounding cluster of
islands where the granitic rock become a viable source for the Malacca Straits (Leman 2010). The main
composition of granite consists of SiO2, as it’s displaying a uranium a�nity within the igneous rocks and
exhaling radon onto surface horizon from weathered source (Przylibski 2004). Furthermore, the oversaturation of
the 226Ra within the straits suggesting the boundary scavenging process contributed to the elevated
concentration of 226Ra. Mobilization of weathered product occurred within the Irrawaddy River, leading to the
longshore transport along the Martaban Bay towards the southern Thailand (Ramaswamy et al. 2004). This
eventually leads to excess amount of 226Ra through lateral transport via wave current and Ekman transport
which carry high load of nuclides from other source towards the Malacca Straits (Bruland et al. 1974).

5 Conclusions
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In conclusion, the co-existence of deltaic region and coastal along the Peninsular Malaysia leads to �uctuated
level of 210Pb, along with the excess 226Ra as deltaic region become a source for the sSCS, while neighboring
region becoming a dominant factor for supplying excess 226Ra and 210Pb towards the Malacca Straits.
Continuous input of 210Pb and 222Rn via transboundary mobilization through variation of hydrological and
atmospheric factor resulting an increment in 210Pb in sSCS. On the other hand, in-situ process within seabed
sediment in Malacca Strait is known for highly dynamic and complex deposition process, leading to difference of
210Pb concentration in both water mass surrounding Peninsular Malaysia. Further studies also reveal the
presence of monsoonal and temporal variation would affect the distribution patterns in both coastal regions.
This study might provide baseline data for long-term monitoring of radiation resources and further investigation
associated with the dynamic biogeochemical processes in the waters of Peninsular Malaysia and other similar
maritime regions that have almost similar climatological and oceanography characteristics.
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Figure 1

Offshore sampling stations with 4 major zones: eastern maritime region of sSCS (sSCS1), southern maritime
region of sSCS (sSCS2), northern maritime region of Strait of Melaka (SM1), and southern maritime region of the
Strait of Malacca (SM2).
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Figure 2

Nearshore sampling stations: (a) Kelantan Delta; (b) Pahang Delta.
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Figure 3

Mean values of 210Pb in surface sediments of Peninsular Malaysian waters.
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Figure 4

Interpolation map of 210Pb radioactivity in surface marine sediments of the Malacca Strait and the sSCS,
Peninsular Malaysia at the end of Southwest Monsoon.
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Figure 5

210Pb radioactivity in seawater column of Malaysia in September.
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