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Abstract

Miri city has a dynamic coastal environment, mainly influenced by intensive sedimentation
from the Baram River and excessive trace metal loading by the Miri River, which are significant
environmental concerns. As the mobility, bioavailability, and toxicity of the trace metals in the
sediments are largely controlled by their particulate speciation, the modified BCR sequential
extraction protocol was applied to determine the particulate speciation of trace metals in the
coastal sediments of Miri, to unravel the seasonal geochemical processes responsible for known
observations, and to identify possible sources of these trace metals. The granulometric analysis
results showed that littoral currents aided by the monsoonal winds have influenced the grain size
distribution of the sediments, enabling us to divide the study area into north-east and south-west
segments where the geochemical composition are distinct. The Cu (>84%) and Zn (82%)
concentrations are predominantly associated with the exchangeable fraction, which is readily
bioavailable. Pb and Cd are dominant in non-residual fractions and other metals viz., Fe, Mn, Co,
Ni, and Cr are dominant in the residual fraction. Using Pearson’s correlation and factor analysis,
the major mechanisms controlling the chemistry of the sediments are identified as association of
Cu and Zn with fine fraction sediments, sulphide oxidation in the Ssegment of the study area,
atmospheric fallout of Pb and Cd in the river basins, precipitation of dissolved Fe and Mn
supplied from the rivers and remobilization of Mn from the coastal sediments. Based on various
pollution indices, it is inferred that the coastal sediments of NW Borneo are contaminated with
Cu and Zn, and are largely bioavailable, which can be a threat to the local aquatic organisms,

coral reefs, and coastal mangroves.

Keywords: BCR sequential extraction, contamination factor, geo-accumulation index, Risk

assessment code, Miri coast.
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1. Introduction

Globally the contamination of a coastal ecosystem by trace and heavy metals is a serious
environmental problem. Trace metals such as chromium, cobalt, copper, iron, magnesium, and
zinc are generally occurring at very small levels in the environment. Living organisms need very
lesser quantities of some trace metals, but high levels of the same metals can be toxic. Trace
metals originate from both natural (erosion and mineral weathering) and anthropogenic sources
(industrial and mining activities) and are transferred into the coastal environment via river
runoff, discharge of municipal and industrial effluents through small streams and atmospheric
fallout (Hyun et al., 2007; Li et al., 2013; Liu et al., 2018; Nagarajan et al., 2019). Under
reasonable environmental conditions, where freshwater is well-oxygenated, the concentration of
trace metals is high in the sediments compared to the water column. The partitioning of trace
metals between the water column and sediments results from the adsorption and complexation by
clay minerals and organic matter in the sediments. Trace metal concentration in the sediments
often reflects their lithological source (Govindasamy and Azariah, 1999; Gopinath et al., 2010;
Prabakaran et al., 2020) but sometimes anthropogenic contamination (Barath Kumar et al., 2017;
Lu and Kang, 2018; Sajimol et al., 2021). The physicochemical changes occurring in the
overlying water column and within sediments remobilize the trace metals (Forstner, 1985;
Chakraborty et al., 2015; Tiquio et al., 2017; Xie et al., 2019). After remobilization, various
physicochemical and biological processes recycle the trace metals (Xu et al., 2017), which
undergo bioaccumulation and biomagnification through a complex food web structure that
initiates adverse health effects to aquatic organisms and humans (Gleyzes et al., 2002; Barath

Kumar et al., 2017; Liang et al., 2018; Anandkumar et al., 2020).
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The bioaccumulation and biomagnification depend on the physicochemical availability
(mobility) dictated by the carrier phase with which the trace metals are associated in the
sediments, and the prevailing environmental conditions (Tessier et al., 1979; Salomons and
Forstner, 1980; Rauret et al., 1988; Szefer et al., 1995; Chakraborty et al., 2014; 2019; Tiquio et
al., 2017). The labile form of the trace metals primarily exists in five different phases viz.,
exchangeable, bound to carbonates, adsorbed onto iron and manganese oxides, complexed with
natural organic matter, and as sulphides (Gibbs, 1973). The mobility and bioavailability of the
trace metals differ across these carrier phases. Thus, measuring the total metal concentrations is
inadequate to explore the contamination status of the sediments (Cottenie et al. 1980; Gleyzes et
al. 2002). Thus, earlier researchers have employed different sequential extraction procedures
(Tessier et al., 1979; Ure et al., 1993; Morillo et al., 2004; Nemati et al., 2011; Chakraborty et
al., 2014; Wali et al., 2015; Schintu et al., 2016; Lu and Kang, 2018; Prabakaran et al., 2019;
Dong et al., 2019; Chakraborty et al., 2021; Zhao et al., 2021) of which the Tessier (1979)

protocol is widely adopted.

However, the lack of standardized procedures favored the development of the BCR
method (Ure et al. 1993). The present work utilized the modified BCR procedure of Rauret et al.
(1999). The revised protocol involves the wuse of an increased concentration of
hydroxylammonium chloride and a lower pH. This allows for a more efficient dissolution of the
soil/sediment matrix in the reducible fraction, in particular, metals bound to the iron
oxyhydroxide phase (Mossop and Davidson 2003). Many researchers (Morillo et al., 2004,
Cuong and Obbard, 2006; Nemati et al., 2011; Alshemmari et al., 2012; Chakraborty et al., 2015;

Schintu et al., 2016; Akhbarizadeh et al., 2017) have successfully applied this modified BCR
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sequential extraction protocol to investigate bioavailability, mobility and toxicity of trace metals

in the coastal sediments.

The Miri coast of the Sarawak consists of scenic geological structures, such as rock cliffs,
arches, caves, stacks, beach rocks, a recreational waterfront area, and coral reefs (Miri-Sibuti
Coral Reef National Park; MSCRNP, which makes them regularly visited hotspot areas for local
and foreign travelers. Apart from the coastal ecosystems, three rivers (Baram River: the 2"
longest River in Sarawak and Miri, and Sibuti Rivers are minor rivers) that originate inland of
Sarawak and confluence in the South China Sea and deliver a vast amount of sediments to the
South China Sea. Compared to these three rivers, the Baram River contributes a much higher
sediment flux to the Miri coast. Research on the alluvial sediments on the Miri coastal belts,
which delineate the source and nature of these sediments is limited (Nagarajan et al., 2013,;

Ismail 1993; Sim et al., 2017; Prabakaran et al., 2018).

An earlier study by Nagarajan et al. (2013) in the tourist beach sediments of Miri
revealed possible anthropogenic influence based on the acid leachable trace metals in the
sediments and not reported the total trace metals in the beach sediment. Later, Nagarajan et al.
(2019) reported the total trace metals including Rare Earth Elements (REEs) and mainly
emphasized the source rock characterization, weathering intensity and the geological processes
controlling the geochemical signature of the sediments. A high rate of erosion in the catchment
area of the Baram River led to enhanced sediment transport to the Miri coast, which resulted in
the formation of the sand bar opposite the Baram River mouth (Nagarajan et al., 2015a, 2019).
Such a sand bar modulates the alongshore transport and distribution of the sediments delivered
by the Baram River to the South China Sea. The enhanced upstream erosion due to changing

land use and land cover modulate sediment delivery, and dictate accretion and erosional features

5
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of the Miri coast (Anandkumar et al., 2019a), and impact the nearshore Miri-Sibuti Coral Reef
National Park (Browne et al., 2019). Studies on trace metal accumulation in biological tissues
were also reported from the Miri Estuary of Sarawak (Billah et al., 2017) and the Miri coastal
area (Anandkumar et al., 2017, 2018, 2019) which observed a higher concentration of Cu and Zn
in different tissue organs of consumable aquatic organisms such as fish, crab, and prawn, etc.
Even though, there have been some studies on the trace and heavy metals in the sediments of
coastal areas of Borneo, a combined method that addresses the nature of the source, the seasonal,
environmental, and biological impact of the trace metals, seasonal variations and mobility of the
trace metals in the sediments of adjacent coastal belts are limited. In addition, geochemical
fingerprinting studies to address the impact on the coral reef ecosystem in the MSCRNP by the
local rivers, as well as the adjacent coastal belts are also limited to evaluate the future threats of
the reef due to high suspended sediment input with a significant amount of pollutants (e.g.
Browne et al., 2019). Thus, the present study mainly focuses on measuring the sequential
extraction of trace metals of various beach sediments of the Miri coast to assess their
bioavailability, toxicity, the association of metals in the different sediment fractions, to identify
possible sources of the contaminants, and the pollution status based on the sediment quality

guidelines (SQGS).

2. Study Area

Miri is the birthplace of the Malaysian oil industries and it is located in the northern part
of Sarawak in Borneo Island. The beaches in this region are exposed to several types of natural
and anthropogenic influences (Nagarajan et al., 2013, 2019; Billah et al., 2016; Anandkumar et
al., 2017, 2018; Prabakaran et al., 2019). The Baram, Miri, and Sibuti rivers deliver freshwater

and sediments to the coastal area of the South China Sea. The sediment input from the Baram

6
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River is much higher compared to the Miri and Sibuti rivers. A heavy rainfall, changes in the
land use/land cover and increased soil erosion in the upper Baram region result in the
transportation of huge quantity of sediments and organic debris through the Baram River are
washed from the deforested agricultural lands, mixed with the Baram River and that is finally
drains delivered to into the Miri coast of South China Sea (Nagarajan et al., 2015a; Anandkumar
et al., 2019a), which harms the nearshore turbid coral reef (MCRNP; Miri-Sibuti Coral Reef
National Park) exists along the north-central coastal section of Sarawak, Borneo (Browne et al.,
2019). The delivered materials are carried away by freshwater influence, suspended solids and
organic debris from the Baram River are diverted towards the southern Miri coast and with the
help of littoral currents, are deposited on this shoreline, which affects seawater and sediment
quality along the Miri coastal region. This region has a tropical climate characterized by
southwest (SW) and northeast (NE) monsoons, with semidiurnal tides and a temperature range of
23 to 32°C. The annual mean rainfall in the study area varied from 2247 to 3499 mm (Source:
Jabatan Meterologi, Malaysia, Miri). The tidal range on the Sarawak coast ranges between 1.2 m

(at Kuala Baram) and 3.6m (at Pulau Lakir) (Sharifah Mastura, 1992).

The study area comprises a stretch of around 75 km from the Kualabaram in the northeast
to Bungai Beach in the southwest. One of the famous dive locations the Miri-Sibuti Coral Reefs
National Park well-known for live corals and rich in marine biodiversity, such as fish, marine
mammals, molluscs, and crustaceans are located in the offshore region of the study area. Timber
processing, ship-building, fiberglass boat companies, concrete curling, tire industries and oil
palm plantation estates are also commonly observed in the coastal area of Miri city. The major

industries are located in the Kualabaram area (north of the city), the Piasau Industrial Estate
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(central part of the city), Krokop suburbs and the Miri River Estuary (Nagarajan et al. 2014). A
major contributor to untreated wastewater comes from the squatter houses on the banks of the
Miri River (Tang and Lee, 2010). The study area (Figure 1) consists of ten beaches, A) Kuala
Baram River mouth/Estuary (KBE), B) Fish Landing Center (FLC), C) Lutong Beach (LB), D)
Piasau Boat Club Beach (PBC), E) Miri River Estuary (MRE), F) Park Everly Beach (PVB), G)
Tanjong Lobang Beach (TB), H) Esplanade Beach (ESP), 1) Kampong Baraya Beach (KPB) and
J) Bungai Beach (BB). Amongst, LB, PBC, MRE, PEB, TB, ESP and BB are important tourist

beaches and related activities are common.

3. Methodology

3.1. Sample collection and analysis

A total of 57 beach sand samples were collected during monsoon (MON; December
2013; n=26) and post-monsoon seasons (POM; June 2014; n=31) during low tides. Using a clean
plastic scoop, sediment samples were collected from 0-10cm depth, transferred to the
polyethylene bags, labelled, transported to the laboratory and stored under refrigeration at 4°C.
Before sample processing, all the samples were thawed to attain ambient temperature. After
removal of organic debris, the sediments were washed with distilled water to remove sea salt and
then dried in the oven at 60°C to attain complete dryness. Then, the sediments were homogenized
for chemical analyses by cone and quartering and ground to <63 um using an agar mortar and
pestle. The modified BCR sequential extraction of Rauret et al. (1999) was adopted for the
extraction of exchangeable, reducible, and oxidizable fractions of trace metals. Complete
digestion of the samples was achieved using an ODLAB Graphite Block Acid Digestion System

using a mixture of aqua regia and HF (5 ml HNOs + 15 ml HCI + 6 ml HF; Loring and Rantala,
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1992). The detailed methodology of using the modified BCR sequential extraction process has
been provided in the supplementary material. Calcium carbonate and organic carbon in the
sediment samples were determined by using the standard protocol by Gaudette et al. (1974) and
(Muller, 1969) respectively.

The trace metals in the sediment extracts and the seawater were analyzed by Atomic
Absorption Spectrometer (Perkin Elmer, 400 AAanlyst) using an air-acetylene stream at Curtin
University, Malaysia and the operational condition is presented in Table S1. MESS-3 and BCR-
701 reference materials were used for quality control during AAS analysis. The results of the
CRMs are listed in Table S2 and Table S3. Triplicate analysis of all the samples was made to
reduce uncertainty in the results. The quality control (QC) was maintained by bracketing each set
of five samples with an internal standard. Recalibration was done whenever necessary. The
overall mean recovery rates for trace metals ranged between 87% and 105%.

The surface seawater samples (5 L) were collected at all sampling locations from Kuala
Baram to Bungai Beach along with the sediments in acid-cleaned plastic jerry cans and brought
to the laboratory. These samples were filtered through an 11 pm filter on acid-cleaned
polycarbonate filtration assembly, acidified to pH < 2 and stored until further analysis for the
trace metals (Prabakaran et al., 2020). The acidification of the seawater releases the mobile
fraction of the trace metals from the suspended particles, which are bioavailable. From the
analytical results of water and sediments (bulk and sequential extraction analysis), the partition
coefficient (Kd) values for the trace metals were calculated. The Kd values are redefined here as
the ratio of the trace metals in the sediment to that in 11 microns filtered water acidified to pH <
2 (Prabakaran et al., 2020). For the analysis of trace metals, the seawater samples were analyzed

using liquid-liquid extraction (Mentasti et al., 1989). Seawater samples for the analysis of



202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

nutrients (nitrate, ammonium, and phosphate) were collected in separate 500 mL containers and
got analyzed within 48 hours using HACH kits (Methods 8192, 8155, and 8048) with a HACH
DR-2800 spectrophotometer. The pH values were measured using a HACH pH meter. Turbidity
was measured by using a portable turbidity meter (HACH 2100Q). The DO was measured by
using a DO probe (YSI Pro 20). All the portable analyzers were calibrated prior to the field trip.

The HCO3™ and SO4> were measured using standard procedures (APHA, 2005).

3.2. Risk Assessment indices

Several methods are available to calculate the enrichment of metals and to evaluate the
natural and anthropogenic origin of metals in the sediments and have been used in various
studies with different sedimentary environments (Muller, 1969; Hakanson, 1980; Szefer et al.,
1995; Chen and Selvaraj, 2008; Jayaprakash et al., 2012; Islam et al., 2017; Celis-Hernandez et
al., 2018; Nagarajan et al., 2019; Prabakaran et al., 2019; Orani et al., 2019; Dash et al., 2021).
Among them, contamination factor (CF) suggested by Pekey et al. (2004), geo-accumulation
index (lgeo) by Muller (1969) and Pollution Load Index by Tomlinson et al. (1980) were used in
this study to assess the risk associated with the trace metals. The trace metal concentrations of
the Upper Continental Crust (UCC: McLennan, 2001) and Post Archean Australian Shale

(PAAS: Taylor and McLennan, 1985) were considered as the background values.
4. Results and Discussion
4.1 Sediment texture

The Miri beach sediments were mainly composed of fine sand and silt; the coarse fraction

was lesser than 1%. Based on grain size analysis the study area is divided into two segments —
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the northeastern (NE) and the southwestern (SW) segments. The fine sand dominates in the NE
segment while silt is predominant in the SW segment. The Kualabaram River mouth/Estuary
(KBE), Fish Landing Center (FLC), Lutong Beach (LB), Piasau Boat Club Beach (PBC) and,
Miri River estuary (MRE) fall under the NE segment, whereas, Park Everly Beach (PVB),
Tanjong Lobang Beach (TB), Esplanade Beach (ESP), Kampong Baraya Beach (KPB), Hawai
Beach (HWB) and Bungai Beach (BB) belong to the SW segment (Figure 1). During the MON,
the average of fine sand (62%) is lesser compared to that of during the POM season (73%).
However, silt is recorded as more dominant during the MON (38%) than during the POM season
(27%) (Table 1). The silt was dominant near the river discharge areas notably, at the Baram and
Miri river mouths and adjacent areas. Coarse sand was only observed in the SW segment (Table
1).
4.2 Distribution of carrier phases and trace metals in the sediments

The calcium carbonate content ranges from 0.52% to 2.51% (Avg. 1.33%) during the
MON season and 0.49% to 6.33% (avg.1.78%) during the POM season (Table 1). The organic
carbon (OC) content varies from 0.11% to 0.28% during the MON and 0.16% to 0.28% during
the POM season, with an average of 0.24% for both seasons (Table 1). Higher OC content is
observed at the Piasau Boat Club Beach for both seasons. The average concentrations of the trace
metals in decreasing order of their concentration are as follows: Fe > Cu > Zn > Cr > Mn > Ni >
Co > Pb > Cd for the MON season and Fe > Cu > Zn > Cr > Mn > Pb > Ni > Co > Cd for the
POM season. The Co and Ni are recorded higher in the MON season and the rest of the metals

(Cu, Pb, Cd, Zn, Fe, Mn, and Cr) have slight enrichment in the POM season (Table 1).

4.3. Partitioning of the trace metals
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Among the metals analyzed Cu, Cd, Pb and Zn are mainly associated with non-residual
fractions (acid extractable/exchangeable fraction, reducible fraction, and oxidizable fraction)
during both seasons, and the remaining metals (Co, Cr, Fe, Mn, and Ni) are associated with the
residual fraction. The distribution of trace metals in different fractions is presented in Figure 2
(MON) and Figure 3 (POM) and the average values of each metal associated with each fraction

of different beaches are summarized in Table 2.

4.3.1. Acid extractable/exchangeable fraction (F1)

Fraction 1 represents the trace metals in the acid exchangeable, and carbonate bound
fractions (Rauret et al., 1999; Nemati et al., 2011), that are together known as "acid extractable".
A significant part of Cu and Zn are associated with this fraction at 85 % and 83% during MON
and 84 % and 82% during POM, respectively. A higher proportion of Cu and Zn was observed at
Lutong Beach and Fish Landing center during MON and POM seasons respectively and the
lower proportions were noticed near the Miri River Estuary during MON season. The acid-
extractable Pb associated with this fraction varies between 22% and 49.5% during MON and
POM seasons, respectively. A higher proportion of Pb in the F1 fraction was noticed from
Bungai Beach at 37.59% and 63.69% for the MON and POM seasons, respectively. The major
associations of Cu, Zn, and Pb in this fraction imply high mobility and bioavailability. The mean
proportions of Cd, Co, Ni, Fe, Mn and Cr in this fraction were 4.70%, 13.15%, 6.25%, 8.00%,
31.40% and 3.95% during MON and 16.39%, 10.18%, 6.40%, 9.04%, 27.16% and 2.48% during
POM seasons, respectively. Thus the mobility and bioavailability of Cd, Co, Ni, Fe, Mn, and Cr
are comparatively lesser than Cu, Zn, and Pb. The concentration of the trace metals in F1
fraction can be ordered as: Cu > Zn > Pb > Mn > Co > Fe > Ni > Cd > Cr (MON) and Cu > Zn >
Pb > Mn > Cd > Co > Fe > Ni > Cr (POM).
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4.3.2. Reducible fraction (F2)

This fraction consists of trace metals bound to amorphous Fe and Mn oxides and
hydroxides (Rauret et al., 1999; Nemati et al., 2011), which become dissolved under reducing
conditions (Morillo et al., 2004). The concentration of metals in this fraction for both seasons can
be summarized as: Pb > Fe > Mn > Co > Cu > Cr > Zn > Ni > Cd (MON) and Pb > Cd > Fe >
Mn > Cu > Co > Zn > Cr > Ni (POM). Among the metals, Pb associated with this fraction varies
between 27% and 26% during the MON and POM season, respectively. The higher Pb
concentration (32%) in this fraction is recorded from the Miri River estuary area for both
seasons. An increase in the Pb concentration of this fraction was observed at three river mouths
for both seasons (i.e. the Miri River, the Lutong River, and the Baram River) indicating a supply
of Pb from these river basins. A negligible amount of Fe was associated in the reducible form

[16% (MON) and 14% (POM)].

4.3.3. Oxidizable fraction (F3)

The organic- and sulphide-bound fraction of trace metals are extracted in the F3 fraction
(Rauret et al., 1999; Nemati et al., 2011). The association of metals in this fraction for both
seasons can be summarized as follows: Cd > Cr > Co > Ni > Fe > Pb > Mn > Zn > Cu (MON)
and Cd > Cr > Co > Ni > Mn > Pb > Zn > Cu > Fe (POM). Cadmium concentration in this
fraction was higher in many samples and was recorded at 55% during MON and 44% during
POM season. In addition to Cd, Co [19.27% (MON) & 17.06 (POM)], Ni [16.36% (MON) &
15.89% (POM)] and Cr [26.26% (MON) & 16.92% (POM) were also significantly associated in
this phase. Cu (1.55%; MON) and Fe (1.04%; POM) were partially associated with this fraction.

The presence of Fe in the oxidizable fraction is very low for both seasons (< 2%).
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4.3.4. Residual fraction (F4)

The trace metals in the residual fraction are associated with silicate mineral lattices
(Rauret et al., 1999; Nemati et al., 2011) and their average concentration can be summarized as
follows: Fe > Ni > Cr > Co > Mn > Pb > Cd > Zn > Cu (MON) and Fe > Cr > Ni > Co> Mn >
Cd> Pb > Zn > Cu (POM). A major proportion of Co [57.28% (MON) & 64.46% (POM)], Ni
[73.17% (MON) & 73.61% (POM)], Fe [73.83% (MON) & 75.98% (POM), Mn [51.71%
(MON) & 54.60% (POM)] and Cr [63.95% MON & 75.75% (POM)] are associated with this
phase for both seasons. A higher proportion of Fe in the residual fraction was noticed in the
Kuala Baram River mouth area during the MON season and at Piasau Boat Club beach during
the POM season. Heavy inflow at Kuala Baram and intense wave action at Piasau beach might
have enriched the sediments with heavier mafic minerals along the shore. However,

mineralogical investigations are necessary to confirm this proposition.

4.4. Statistical analysis

In order to understand the geochemical processes responsible for the observed variations
in the metal concentrations, factor analysis was carried out using Statistical Package for Social
Sciences (SPSS, version 17). Factors were extracted using principal components and varimax
rotation was also employed to determine uncorrelated factors. This is essential for identifying
influencing factors affecting the trace metals concentration within the water (Table 3 and 4 for
MON and POM season respectively) and sediment column. Factors with eigenvalues > 1 were
considered for interpretation. A detailed explanation of the statistical treatment of the data and

the factor analysis is described in the supplementary material.
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4.4.1. Factor analytical results for the MON season sediments: SW Part (Bungai beach to

Esplanade Beach)

Five factors accounted for 91.6% variance in the data (Table 3). Factor 1 is characterized
by positive loadings of Cu, Zn, and silt, indicating these trace metals are mainly associated with
the fine fraction of the sediments. There is also evidence of the formation of extremely fine
particles during the formation of metal sulphides (Lewis, 2010), and this may be one of the
reasons for the observed loading of Cu and Zn with silt fraction. The observed negative loading
of Co and the positive loading of silt on the first factor implies desorption of Co from clay
minerals supplied by the river under the influence of seawater (Turner and Milward, 2002). The
presence of Cu, Zn, and Co in the sediments of the SW segment of the study area was due to
leaching from the hinterland and hence their source was identified to be natural. The factor-2 is
explained by high positive loading of Cr, and water column HCO3 and moderate positive
loadings of SO4*, CaCO3 and Ni. The association of Cr with the water column parameters (i.e.
HCOs- and SO4%) implies sulphide oxidation in the sediments. During sulphide oxidation, Cr
within the anoxic sediments could become oxidized and then diffuses towards a water-sediment
interface and finally be released into the water column (Murray et al., 1983; Gaillard et al., 1986;
Douglas et al., 1986). This Cr mobilization process can be best understood from its longitudinal
profile, where its concentration in the sediments decreased as it moved towards the SW where
sulphide oxidation was found to be a dominant process. Such sulphide oxidation occurring in the
coastal area of Miri would also release sedimentary Ni to the water column as inferred from its
negative loading on the factor-2 (Naylor et al., 2004). The factor-3 is positively loaded with Pb,
Cd and negatively loaded with Ni and silt. The metals Pb and Cd are particle reactive (Tang et

al., 2002; Garcia-Rico et al., 2011) and may be affected by biological processes occurring in the
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water column (James et al., 1993; Tappin et al., 1995; Cotté-Krief et al., 2002). The negative
correlation (-0.64; P<0.05) between the water column PO4 and the oxidizable fraction of Pb in
the sediments did not point to such a biological control on its concentration in the sediments.
Moreover, Cd does not exhibit any correlation with PO4 (Table S4). However, the data shows
water column POg4 levels were less significantly associated with the levels of the residual fraction
of Co (0.43; P<0.15), Fe (0.45; P<0.15) and the reducible fraction of Mn (0.42; P<0.15) in the
sediments (Table S4)and the values of correlation coefficients were not high, thus implying the
leaching of phosphate minerals from the sediments. The variability in the content of Ni and silt
that was accountable for factor-3 as detrital origin, which can be interpreted as a riverine supply
of Ni with silt but the source for Pb and Cd was not of riverine origin as both Ni and silt are
oppositely loaded with Pb and Cd. Therefore, it can be inferred as atmospheric fallout from
forest fires, which is quite common in Borneo and SE Asia and this may be the source for these
metals in the coastal sediments as well as in emergent trees of the tropical forests (Wooster et al.,
2012). The factor-4 was positively loaded with Fe and Mn and negatively loaded with CaCOs3
implying the flocculation of dissolved Fe and Mn as their respective hydrous oxides and further
precipitation to the sediments (Sholkovitz, 1978, 1979; Boyle, et al. 1977; Karbassi et al., 2013).
The factor-5 was positively loaded with Pb and pH, ascribing the effect of water column pH on

the adsorption of Pb to the sediments (Impellitteri et al., 2002; Wang et al., 2009).

4.4.2. Factor analytical results for MON sediments: NE part (Tanjong Beach to Kualabaram

River mouth/estuary)

The factor model explains five factors that accounted for 91.3% variance in the data
(Table 3). The factor-1 was positively loaded with Fe, Mn, silt and negatively loaded with fine

sand, organic carbon, water column HCO3 and Co. This factor is interpreted to be “water
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column energy”. During this season the river water input was greater, which has delivered a
greater amount of sediments to the coastal region. Upon entering the sea, riverine Fe and Mn
adsorbed onto the silt fraction could be deposited near the river mouth whereas, fine sand and
organic debris would be transported from other areas by littoral currents. Thus, riverine Fe, Mn,
Co, organic carbon, fine sand, and silt are differentiated in the sediment and water column. Such
a kind of metal removal from the water column was observed in large and middle-size estuaries
in China (Zhang and Liu 2002). Therefore, it is evident that Fe and Mn distribution in the NE
segment (stations 10-26) was dominated by water column energy, while in the SW segment
(stations 1-9) they are controlled by flocculation. The factor-2 is positively loaded with Cu, Zn,
and Pb, and organic carbon and Co exhibit moderate negative loading in this factor. Water
column chemistry may play a role in the metal distribution. Thus, the correlation of the trace
metals’ partition coefficients (Kd) with water column parameters were calculated (Table S13).
There is a positive correlation between Cu with other metals i.e. Zn (0.93; P<0.01), SO4* (0.52;
P<0.05), NOs- (0.53; P<0.05); and Zn with Mg (0.42; P<0.05), SO+* (0.41; P<0.1) and NOs-
(0.53; P<0.1) (Table S13). From these observations, it is clear that organic complexation is
affected by ionic interactions and competitive binding is responsible for the observed variations
in the concentrations of Cu, Zn, Pb, and Co in the sediments (e.g. Zirino and Yamamoto, 1972;
Tipping, 1981; Davis, 1984; Millward and Liu, 2003; Hatje et al., 2003; Ciffroy et al., 2003;
Garnier et al., 2006). It has been demonstrated by Balistrieri and Murray (1982), that the major
ion chemistry may affect the adsorption of trace metals from seawater. Balls (1989), has shown
in the coastal water, the partition coefficient (Kd) decreases in the order Pb, Hg > Cu, Zn, Ni >
Cd, and this sequence applies within the given area though, the values of partition coefficient

may vary from place to place. In this series, Pb tends to be in the particulate phase and Cd tends
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to be in the solution phase. Thus, the observed correlation between Cu and Zn (0.93; P<0.01;
Table S13) could be ascribed to their adsorption or, complexation with particulate matter.
Whereas, the positive correlation between Cu and SO4%* (0.52; P<0.05), Cu and NOs-N (0.53;
P<0.05), Zn and Mg?* (0.42; P<0.05) is due to weak ionic interactions (Table S13). The release
of Cu, Zn, Pb, and Co due to sulphide oxidation in the river basin, and their transport and

deposition in the coastal sediment, was the main source for these metals.

The factor-3 was positively loaded with Cd, turbidity, Ni, and Mn and negatively loaded
with Cr. A Significant positive correlation was observed between the partition coefficients of Cd
and Fe (0.86; P<0.01), and, Cd and the water column POs- (0.93; P<0.01), both in the
exchangeable fraction (Table S9). A similar relationship existed between the partition
coefficients of Cd and Ca?* (0.78; P<0.01) in the reducible fraction (Table S10). At the same
time, Cd in the oxidizable fraction exhibited a significant negative correlation with turbidity (-
0.63; P<0.01) (Table S11). A negative correlation was also observed between Cd and Zn (-0.62;
P<0.01) in the exchangeable fraction (Table S9). The CaCOz content of the sediment was
positively correlated with the oxidizable fraction of Cd (r=0.46; P<0.05; Table S5). From these
observations, it can be inferred, the variability of Cd in the sediment was mainly associated with
its interaction with Fe in the carbonate phase and POs-, Ca?" in the water column. The
relationship between Cd and turbidity in the factor model (Table 3) mainly arose from its
oxidizable fraction in the sediments. This can be explained as the formation of ferric hydroxide
layers on silicate and carbonate fragments (Whitney, 1975), over which Mn oxides can become
coated (Hem, 1977), and trace metals could be adsorbed onto these surfaces. Under such a
situation, ionic interactions, competitive binding, and organic complexation may control the

adsorption-desorption processes. The high loading of Cd and turbidity on the factor-3 should
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then be interpreted as resuspension of the sediments, which is quite possible due to the currents
set by the riverine water along the coast (Nagarajan et al., 2015a). Under such a scenario, the
organics brought by the river water deplete oxygen levels in the water column and render Cr in
the sediments immobile. This explains its negative loading on factor-3 (Table 3). The moderate

positive loading of Ni and Mn was due to their remobilization from the sediments along with Cd.

The factor-4 was positively loaded with pH, salinity, Co, HCOs-, and turbidity. Under the
seawater environment, Co mainly exists as a free ion (Wen et al. , 2011; Raymont 1980). The
loading of Co implies its adsorption onto the sediment particles with increasing pH, salinity, and
HCOs-. The loading of turbidity arises from enhanced adsorption of Co under increasing
suspended sediment concentration (Hansen and Leckie, 1998). The loading of bicarbonate and
turbidity can be explained as due to the riverine input. The factor-5 was loaded only with water
column SO4> and moderate negative loading of Pb. This was due to the effect of SO4*> on Pb
adsorption to the sediments. Balistrieri and Murray (1982) demonstrated the adsorption of SO4*
alters the electrostatic conditions on the surface of goethite (a-FEOOH) and increases the
adsorption of trace metals, including Pb, in the seawater. Ferrihydrite and goethite are naturally
occurring iron hydroxide minerals, which are highly reactive and capable of exerting control
over the concentrations of nutrients and trace metals in the natural environment (Van Der Zee et

al., 2003; Marchand and Rancourt, 2009; Bosch et al., 2010; Chesne and Kim, 2014).

4.4.3. Factor analytical results for POM sediments: SW part (Bungai beach to Esplanade

Beach)

The factor model is accounted for 84.6% variance in the data with four factors (Table 4).

The factor-1 is loaded with Cu, Fe, CaCOs3, and silt. The loading of Cu, Fe, and CaCO3 together
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with silt is due to the formation of an iron hydrous oxide coating on calcium carbonate and its
adsorption of Cu (Whitney, 1975; Cravotta Ill, 1994). The factor-2 is explained by the positive
loadings of Pb, pH, and SO4%, which can be explained by the effect of pH on sulphide oxidation
(Steger and Desjardins, 1980; Heidel and Tichomirowa, 2011; Hampton et al., 2011) or, its
formation (Smieja-Krol et al., 2015). The factor-3 is loaded with Mn and Cr; moderate loadings
are observed for Cu and CaCOg. This can be explained as due to the formation of MnCOz during
organic matter oxidation resulting in the conversion of Mn-oxides in the sediment into MnCOa.
This is implied by the fact MnCOs has a very large stability field if a high concentration of
dissolved Mn is present (Hem 1977). As the Baram River supplies large amounts of silt and
humus material, which are buried along the coast (up to 1m thick below the beach sediments and
on the beach), intense organic matter oxidation mediated through Mn-oxide reduction, is possible
and it may have significantly contributed to the high level of dissolved Mn in the sediments. This
is the plausible mechanism for the formation of MnCOs. The association of Cr with Mn indicates
the adsorption of reduced Cr (i.e., Cr (l11)) by Mn-oxides and its oxidation to Cr (VI) (Namie$nik
and Rabajczyk, 2012). Similarly, the adsorption of Cu, though, to a lesser extent, by Mn-oxides
is responsible for its observed loading. On factor-4, Ni and HCO3- are loaded and are interpreted
as desorption of Ni upon contact with the seawater (Edmond et al., 1985; Windom et al., 1991;

Shiller and Boyle, 1991).

4.4.4. Factor analytical results for POM sediments: NE part (Tanjong Beach to Kualabaram

River mouth/estuary)

The factor model explains 3 factors that accounted for 74.2% variance in the data (Table
4). The first factor was loaded with Ni, Fe, and silt and can be explained as riverine input of Ni

was adsorbed onto an iron oxide coating on clay minerals (Xu and Axe, 2005). The second factor
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was loaded with Cu and Zn. These trace metals belong to the group of chalcophile elements and
their association on the factor-2 indicates that they are leached out during sulphide oxidation in
the river basin and delivered to the sea. The third factor was loaded with Co, Mn and HCOs- and
implied desorption of riverine particulate Co and Mn upon mixing with the seawater (Ackroyd et

al., 1986; Takata et al., 2010).

4.5. Sediment quality assessment

The contamination factor (CF) was calculated for all the metals analyzed in sediments for
both seasons (Figure 4A and 4B). The range and average CF values vary from 0.04 to 8.69 for
the MON season and 0.07 to 12.55 for the POM season respectively. The CF values of the trace
metals can be ranked in the decreasing order as Cu>Zn>Co>Pb>Cr>Ni>Fe>Mn for the MON
season and Cu>Zn>Pb>Cr>Ni>Co>Fe>Mn during the POM season. The beach sediments from
the Miri coast are highly contaminated by Cu during both seasons (CF=8.69 in the MON and
CF=12.55 during the POM season). The Lutong Beach (MON) and Fish Landing Center (POM)
is recorded the highest CF values for Cu. In addition to Cu, the beach sediments are moderately
contaminated by Zn and Pb at selected locations. The CF values for remaining trace metals such
as Cr, Co, Fe, Mn, and Ni are < 1 for both seasons and are considered as less/no contamination

by these metals.

The calculated geo-accumulation Index (lgeo) values for the beach sediments are
presented in Figures 5A and 5B for the MON season and the POM season respectively. The lgeo
values suggest that the sediments of the Miri coast remain uncontaminated by Fe, Mn, Cr, Pb,
Zn, Co, and Ni for both seasons. The lgeo values for all the trace metals fall under classes 1- 4

(Table S20). In contrast, Cu in both (1.85 to 3.12 during the MON season and 1.55 to 4.04
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during the POM season) seasons and Zn (-0.38 to 1.28) in the POM season shows positive lgeo
values. Overall, ~ 78.85% of metals (Fe, Mn, Cr, Pb, Co, and Ni) during the MON and 73.39%
metals during the POM season are recorded the lgeo Values < 0. Zn alone at nearly 8.65% during
the MON and 11.69% during the POM season shows the lgeo values between 0 and 1 and is
classified under Class 2 (uncontaminated to moderately contaminated). The remaining 12.50% of
Cu during the MON and 14.92% during the POM season show the Iqeo Values in the range of 2 -
4 (Class 3 and 4) indicate that the sediments are moderate to strongly contaminated by this metal.
Also, the average lgeo Value of Cu, (lgeo values = 4 - 5; class 6) 0.48% during the MON and
4.84% during the POM season indicates that the sediments are strong to extremely contaminated

by Cu.

The calculated PLI values range from 0.62 to 0.74 (avg. 0.69) for the MON season, and
0.63 to 0.97 (avg. 0.76) for the POM season respectively. All the samples show PLI values <1,
which implies no contamination. Nevertheless, Cu (most of the locations) and Zn (selected
locations) show higher contamination factors and Igeo values. These observations are further
confirmed by ERL-ERM values of Cu. Prabakaran et al. (2019) observed the PLI values > 1 for
Cu and it is the only metal that exhibits enrichment in the Lower Baram River sediments
followed by Zn. Cu and Zn are also highly bioavailable as major fractions of them associated
with exchangeable fractions, which has been led to accumulating more Zn and Cu in the fish,

shrimps and bivalves in the study area (Anandkumar et al., 2017, 2018, 2019).

4.6. Ecotoxicological effects of total trace metals

The level of ecotoxicological effects for the trace metals along the Miri coast for both

seasons is presented in Table S21. Trace metal concentrations of less than ERL values are
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considered to have little or no adverse effects on sediment-dwelling fauna. In contrast, metals
exceeding ERM values can cause adverse health effects to aquatic organisms (Long et al., 1995).
Among the analyzed metals, only Cu exceeded the SQGs values, whereas all the remaining
metals; Cd, Cr, Ni, and Zn, were less than ERL values or between ERL and ERM values (Figure
6a and b). Lead and Cr concentrations were less than ERL values in all samples during the
MON season. Most of the samples recorded concentrations below the ERL values for Cd (96%),
Ni (77%) and Zn (88%). During the MON season, samples were recorded Cu, Cd, Ni and Zn
concentrations between ERL and ERM values (92% for Cu, 4% for Cd, 23% for Ni, and 13% for
Zn). In the case of Cu, 8% of samples exceeded the ERM value and may cause adverse

biological effects.

During the POM season, a similar trend was maintained as MON season, however, 55%
of the samples showed Cu concentrations between ERL and ERM values and 45% of the
samples were enriched with Cu (i.e. > ERM values) indicating possible adverse biological
effects. This is further confirmed by the recent studies on aquatic organisms, which have
accumulated more Zn followed by Cu (Anandkumar et al., 2017, 2018, 2019). The average
concentrations of metals in the individual beaches of the Miri coast were compared with other
SQGs such as the Threshold Effect Low (TEL), Lowest Effect Level (LEL) and Severe Effects
Level (SEL) values (Table 5). Amongst all the analyzed metals, Cu concentration in all beach
samples exceeded the maximum permissible value of SEL (110 pg/g), while all other metals

were under the acceptable limits of SQGs values for both seasons.

4.7. Risk Assessment Code (RAC)
The risk assessment code is defined as the concentration of metals associated with

carbonates and exchangeable fractions in the sequential extraction process (% F1 of BCR). The
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RAC was determined for the analyzed nine metals and the values were interpreted in agreement
with the RAC classifications (Table S22) described by Perin et al. (1985).

In general, a low or no risk is indicated by Cd, Ni, Fe, and Cr (except some locations)
during the MON and Ni, Fe, Cr during the POM season (Table S23), which were confirmed by
their RAC values. A medium-risk is associated with Pb, Co during the MON season and Cd, Co,
and Mn during the POM season. A high to very high risk is associated with Mn, Cu, and Zn
during the MON season and Cu, Zn, Pb, and Mn during the POM season. Though these metals
show a high risk in the beach sediments, which were naturally derived from the hinterland of the
study area as the river basins predominantly consist of sedimentary to meta-sedimentary (low-
grade metamorphism) rocks, deposited in shallow and deep water conditions (i.e. turbidites of
the Rajang Group and Miocene sedimentary rocks of sandstone, shale with minor coal and mud

laminations) respectively.

4.8. Comparison with background values

The average total concentrations of the present study (both seasons), were compared with
the background values of different sedimentary rocks exposed along the coastal region of Miri,
river sediments, UCC and PAAS values (Table 6). The concentrations of Cu, Cd, and Zn in both
seasons and Pb in the POM season were comparatively higher than UCC values, whereas Ni, Cr,
Co, Fe and Mn concentrations in the surface sediments for both seasons were lower than the
UCC. Similarly, except Cu and Zn all other metals in the Miri beach sediments recorded lesser
compared to PAAS values. Also, these metals are recorded higher than the Cu and Zn values

recorded in source area and coastal area geological formations (Table 6).
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The observed Cu concentration in the present study for both seasons was several folds
higher than those Cu values reported for sedimentary rocks from the coastal region, such as the
deep water turbidities (29.5 pg/g and 28 pg/g in the Kelalan Formation and the Belaga
Formation respectively), Sibuti Formation (65.30 ug/g), the Tukau Formation (43.0 pg/g), the
Lambir Formation (77 ug/g;) and the Miri Formation (16.3 pg/g) (Table 6). The average Cu
concentration was eight and four times higher in the MON season and 12 and 6 times higher
during the POM season compared to the UCC and PAAS values respectively (UCC - 25 ug/g;
McLennan, 2001; PAAS: 50 pg/g; Taylor and McLennan, 1985) and background metal
concentration of the Upper Baram River sediments (25.71 pg/g during the MON season and
36.72 pg/g during the POM season in <2mm fraction; 19.52 pg/g during the POM season in
<63um fraction; Prabakaran et al., 2019) and other geological formations exposed in the source
region and adjacent to the coastal area. The association of Cu and Zn indicates both natural and
anthropogenic sources have contributed to the concentrations of these metals on the Miri coast.
A similar observation has been reported from the Lower Baram River as estuarine processes are
also controlling the distribution of these metals. In addition, the Miri River is also contributing to
their source as this river crisscrosses the Miri city and industrial areas and finally discharges into
the SCS within the NE section of the study area. Thus, the Cu values recorded in the present
study are influenced mainly by the natural lithogenic source, however, additional input from the
Miri River through the anthropogenic activities that take place in the urban area. Also, based on
the BCR sequential analysis, it is clearly indicated that Cu and Zn are readily bioavailable and

may lead to high bioaccumulation in the aquatic organisms and coral reef system of this region.

5. Conclusion

25



562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

The modified BCR sequential extraction method was adopted for the first time in the
study area to analyze the potential mobility of trace metals and their seasonal variations in the
sediment samples collected from the different beaches of the Miri coast. The sediments are
predominantly composed of fine sand (SW segment) and are followed by silt (NE segment). The
association of trace metals in the exchangeable fraction (the most mobile and bioavailable) can
be ranked as Cu > Zn > Mn > Pb > Co > Fe > Ni > Cd > Cr (MON) and Cu > Zn > Pb > Mn >
Cd > Co > Fe > Ni > Cr (POM). Cu and Zn were dominant in the exchangeable fraction for both
seasons. Pb and Cd were also dominant in the non-residual fraction (F1+F2+F3) for both
seasons. Cadmium was the only metal showing a high proportion in the oxidizable fraction for
both seasons. Mn showed intermediate mobility and was mainly associated with residual
fraction. Iron, Co, Ni, and Cr were mainly associated with the residual fraction for both seasons
and will not involve in the remobilization process under normal environmental conditions.

Amongst the metals analyzed, Fe, Mn, Co, Cr, and Ni were influenced by natural sources,
such as weathering of the parental rocks, and sediments were mainly derived from the Baram
River, Miri River and Sibuti River into the SCS along the Miri coast. Copper, Cd, Pb, and Zn
were derived from both natural sources as well as man-made activities in the study area. These
metals have a higher chance to leach from sedimentary rocks such as sandstone, shale, siltstone
with clay seams, coal laminae, pyrite concretions and then enrich their concentration in the
adjacent coastal regions in the SW segment of the study area. Pb and Cd were also found derived
from atmospheric fallout, particularly during the wildfire/haze episodes in the Borneo/Miri
region.

Based on the geochemical indices, the beach sediments were contaminated with Cu,

followed by Zn and both may pose some biological threats to the aquatic organism in the near
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future, which was confirmed by the RAC values. In this study, Cu in 8% and 45% of the samples
during the MON and the POM season respectively exceeded the ERM values and hence, may
cause biological adverse effects. Finally, the concentration of analyzed trace metals was
comparable to the UCC values, except for Cu and Zn in all locations for both seasons and Pb in
certain sampling locations during the POM season. All the remaining trace metals were below

the UCC and PAAS values.
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