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Abstract

This study reports the concentrations of trace metals in core sediments profile from the coastal and four rivers estuary in
the Kuching Division of Sarawak, Malaysia, and the controlling mechanisms influencing their availability in sediments
of the studied area. The bonding of trace metals with non-mobile fractions was confirmed with the sequential extraction.
Inductively coupled plasma—optical emission spectroscopy (ICP—OES) was used to measure the concentrations of the trace
metals. Granulometric analyses were performed using normalized sieve apertures to determine the textural characteristics
of the sediments. Enrichment factor was used to evaluate the level of metal enrichment. Heavy metals concentrations in
sediment samples varied in the range: Pb (8.9—188.9 mg/kg d.w.), Zn (19.4-431.8 mg/kg d.w.), Cd (0.014-0.061 mg/
kg d.w.), Ni (6.6-33.4 mg/kg d.w.), Mn (2.4-16.8 mg/kg d.w.), Cu (9.4-133.3 mg/kg d.w.), Ba (1.3-9.9 mg/kg d.w.), As
(0.4-7.9 mg/kg d.w.), Co (0.9-5.1 mg/kg d.w.), Cr (1.4-7.8 mg/kg d.w.), Mg (68.8-499.3 mg/kg d.w.), Ca (11.3-64.9 mg/kg
d.w.), Al (24.7-141.7 mg/kg d.w.), Na (8.8-29.4 mg/kg d.w.), and Fe (12,011-35,124.6 mg/kg d.w.). The estimated results
of the enrichment factor suggested enrichments of Pb, Zn, and Cu in all the core sediment samples and depths at all sites.
The other trace metals showed no enrichments in almost all the sampled stations. Continuous accumulation of Pb, Zn, and
Cu metals over a period can be detrimental to living organisms and the ecology. The results obtained from the statistical
analyses suggested that the deposition of trace metals in the studied sites is due to anthropogenic inputs from the adjacent
land-based sources.
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Introduction with heavy industrialization and speedy urbanization, trace

metals are constantly transported to the estuarine and coastal

Some of the most important places for human settlements
are coastal and estuarine areas (Likuku et al. 2013; Weiss-
mannova et al. 2015; Asare et al. 2021a, b); nevertheless,
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sediments from up-stream of the creek (Kara et al. 2015;
Weissmannova and Pavlovsky 2017). The contamination
of trace metals in core sediment could harm water quality
and bioaccumulation of trace elements in aquatic organisms
could result in long-term adverse health effects on humans
(Sekabira et al. 2010; Devesa-Rey et al. 2011; Alexakis
2011; Asare et al. 2019a, b, 2021a; Omorinoye et al. 2020;
Nawrot et al. 2020). The presence of heavy metals in water,
soils, and sediments cannot be regarded as non-aligned to
the ecosystem or humans because of their mutagenicity
and accumulation via the food chain (Ergonul and Altindag
2014; Maanan et al. 2015).

The differences in ecological conditions in and around
storage reservoirs and streams are documented in the sedi-
ment profiles (Wang et al. 2017). Sediments contamina-
tion increases because they are an important indicator of
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environmental variation caused by anthropogenic activities
(Alexakis and Gamvroula 2014; Guo et al. 2019). Trace met-
als gather in sediments in different forms are probable to
be mobilized and become toxic in the environment in the
path of utilization (Wen et al. 2016). Trace metals within the
exchangeable or carbonate-bond portions emitted from sedi-
ments, approximately 1% is regarded safe to the ecosystem,
and more than 50% of the total quantity may constitute an
immense risk and perhaps through the food chain (Nayak
2015).

Quantification of environmental contamination with trace
metals generally includes the various geochemical indices
such as enrichment factor (EF), pollution load index (PLI),
contamination factor (CF), and geoaccumulation index
(Igeo) (Hakanson 1980; Hakanson 1984; Likuku et al. 2013;
Nazeer et al. 2016; Weissmannova and Pavlovsky 2017). The
determination of trace metals distribution in core sediments
and the levels of its enrichment provide the foundation for
the understanding of sediments improvement techniques and
assessment of the possible emission of metals into water and
conveying downstream (Kowalska et al. 2018; Yang et al.
2018; Nawrot et al. 2020).

The Kuching Division of Sarawak, Malaysia underlines
the South China Sea which forms part of the Pacific Ocean,
surrounding an area from Kalimantan and Malacca Straits
to the Taiwan Straits with about 3,500, 000 km? (Chen et al.
2015). The nature of the estuarine and coastal sediments in
Kuching is dependent on the complex interaction of sev-
eral factors that control sediment composition, transporta-
tion, deposition, and postdeposition of sediment (Morni
et al. 2017). Furthermore, it is all based on the origin of
material such as biological or geological sources or both to
ascertain the constituents (Bale and Kenny 2008). Gener-
ally, the continental shelf content of sediments in Sarawak
particularly the Kuching Division is biogenic, volcanic, and
terrigenous substance (Liu et al. 2013) which is comprised
of kaolinite, illite, smectite, chlorite, and a mixture of clay
minerals (Chen et al. 2015). If interaction remains stable, the
sedimentary environment will continue unchanged unless
any of the factors change in the period to cause alteration
of sediment (Holme and Mclntyre 1984). Transportation of
sediment is a factor influenced by the mobility of particles
and water current which is dependent on water velocity,
roughness velocity, settling velocity, and threshold velocity
(Gray 1981). Approximately 80% of the organic matter bur-
ied on the continental shelf was obtained from the rigorous
sedimentary accumulation and high biological production
(Kao et al. 2007).

The Kuching Division of Sarawak has experienced pop-
ulation growth and increased in development in the past
20 years, which is probably contributing to environmental
contamination (Sim 2007). Sarawak’s urbanization rate
stood at 53.80% in 2010, compared with 36.00% in 1991

and 15.50% in 1970 as reported by the Department of Statis-
tics Malaysia. In 2020, population and housing census con-
ducted by the Department of Statistics Malaysia showed an
increase in the human population in Kuching from the year
2010 with 617,877 inhabitants to 711,500 residents in the
year 2020. The effect of urbanization on water quality and
the macrobenthos community structure in the Fenhe River,
Shanxi Provine, China reported by Wang et al. (2020) indi-
cate that intensification of urbanization has strongly affected
the water, sediment, and macrobenthos in the Fenhe River
watershed. In addition, Sarawakians depend on gas fuels for
heating and burning which produces numerous air contami-
nants such as PAHs, heavy metals, carbon (II) oxide, sulfide,
and particulate matter into the environment. Floods gathered
sediments within the nearby communities could be relocated
inside the estuarine and finally transport to the coast of the
South China Sea. The last major flood incident that occurred
on January 17, 2015 has a massive influence on the quality
of underneath sediments and transport trace metals down-
stream. Contaminants such as heavy metals trapped in the
sediments can create environmental or human health risks
which can be a problem of the greatest consequence in par-
tially crowded areas like nearby towns of the study sites
(Nawrot et al. 2020, 2018). However, pollutants deposition
prevents their movement further downstream and accumula-
tion in the ocean (Nawrot et al. 2020).

Most of the studies on heavy metals distribution in sedi-
ments within the estuarine and coastal sites of this region
were mostly concentrated on quantitative data only without
dealing with the anthropogenic activities affecting trace met-
als availability and implications of metals on the environ-
ment (Sim 2007; Sim et al. 2016; Omorinoye et al. 2019).
Furthermore, information regarding sediment fractions and
water flow velocity influence on heavy metals availability in
the sediment of the estuarine and coastal sites of this region
is lacking. Even if they exist, they have not been documented
for easy retrieval. Hence, this study is a trend analysis of
anthropogenic activities influencing trace metals deposition
in core sediments from the coastal and four rivers estuary of
Sarawak. This study is important because the results of the
investigation would be of great importance to policymak-
ers to identify the vulnerability site and take appropriate
remedial effort to protect the studied coastal ecosystem. It
can be deduced that there has been trace metals deposition
in the core sediments of the coastal and four rivers estuary
due to both natural and anthropogenic activities. Hence, the
research is driven by the hypotheses that (a) there are sig-
nificant strong relationships between trace metals concentra-
tions and particle size fractions in core sediments collected
from the coastal region and four rivers estuary, (b) there
is a significant difference in trace metals concentrations in
surface and bottom bed sediments between the coastal sites
and the selected estuaries, (c) there is an enrichment of trace
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metals from the top layers to the bottom layers of the core
sediments from the study area, and (d) the sources of trace
metals deposition in the core sediment are greatly influenced
by anthropogenic inputs. To test these hypotheses, core sedi-
ments were collected from the coastal and four rivers estuary
in the Kuching Division of Sarawak, Malaysia to evaluate
trace metals concentrations and predict the mechanisms
influencing their availability. Also, multivariate analyses
were used to predict the likely sources of trace metals con-
tamination using the surface layer of the core sediments.

Materials and methods
Study area and sample collection

The study was carried out in the coastal territory and four
estuaries of Rambungan River, Sibu River, Salak River, and
Santubong River in the Kuching Division of Sarawak state,
Malaysia (Fig. 1). The collection of core sediment samples
were carried out from 8 sampling points from September
to October 2020. The sampling stations were located by
employing geographical positioning system (GPS). The
coordinates of the locations are shown in Table 1. The sam-
ple collection procedure was conducted according to Gao
(2019). The core sediments were collected with the help
of gravity corer. Approximately 30-cm-long core sediments
were obtained from each site of the coastal and the four riv-
ers estuary.

The sediment core samples were sliced at an interval of
5 cm. To avoid the samples undergoing oxidization due to
the presence of air, the open ends of the pipes containing the
samples were closed using corks (USEPA 2009). The sliced
samples were placed in clean plastic bags and transported
to the laboratory within 5 h.

Extraction of trace metals

The protocol used for sample treatment before the measure-
ment was adapted by Asare et al. (2019b). Sediment samples
were placed in crucibles and oven-drying at a temperature
of 107 °C for 24 h. After oven-drying, the sediment samples
were ground using mortar and pestle and passed through
2.0-mm sieves. To exclude external contamination, contact
between the core sediment samples and metal materials was
prevented throughout the process of preparation.

Total trace metal concentration: subsample of 1.0 g
(0.001 g accuracy) from each sediment core sample was
measured and placed into crucibles. HCI, HF, and HCIO,
(1:2:3; Suprapur) were added. The weighted samples in cru-
cibles were placed in a muffle furnace for 6 h at a tempera-
ture of 250 °C. Subsequently, 10 mL of concentrated HNO,
(Suprapur) was added after the solution was evaporated to
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dryness. The dried residue was dissolved in 15 mL of 0.1 M
HNO; (Suprapur) and transferred into 50-mL test tubes.

Extractions of trace metals from sediments were done
according to BCR sequential extraction procedure (Bodog
et al. 1996). About 1.0 g (0.002 g accuracy) of a sediment
subsample was subjected to Community of Bureau of Ref-
erence (BCR) sequential extraction with dilute 0.11 M
CH;COOH, an oxidizing agent (8.8 mol/L hydrogen per-
oxide), and 0.05 M hydroxyl ammonium chloride, pH =2
as a reducing agent. The solutions used were the ones pre-
viously prepared except NH,OH.HCI solution. The next
extraction phase was started immediately after stage one
was completed. Room temperature condition was applied
during the extraction of sediment core samples to obtain
individual fractions and it was done for 20 h. The extracts
obtained were transferred to 50-mL plastic tubes, then acidi-
fied with concentrated trioxonitrate (v) acid, and kept in a
refrigerator before analysis. The following dilutions were
prepared; x 10.0, x 100.0, and x 100.0, and the extracts were
analyzed for Pb, Zn, Cd, Ni, Mn, Cu, Ba, As, Co, Cr, Mg,
Ca, Al, Na, and Fe with inductively coupled plasma—optical
emission spectroscopy (ICP-OES). The quantified results
were expressed in mg/kg d.w. The quantifications were per-
formed in four replications. The assurance of quality control
was carried out by analyzing a prepared 0.5 mg/L, 1.0 mg/L,
3.0 mg/L, and “blanks” from 1000-mg/L-certified stock
standard solutions. The certified stock standard solutions
were purchased from Merck in Germany. Excellent agree-
ment between analyzed and certified values were established
because the correlation coefficient between the certificated
and analyzed values was approximately 0.999984; recoveries
were in the range of 98-101%, based on individual metals.
Regarding precision, the relative standard deviation was in
the range of 0.19-2.77%. The limit of detection (LOD) of
every individual metal was computed as (3 X SD) + blank,
where; SD stands for standard deviations of the blank (n=5)
(Asare et al. 2019a, b). The limit of detection were as fol-
lows: Pb=0.009 mg/g, Zn=0.020 mg/g, Cd=0.044 mg/g,
Ni=0.038 mg/g, Mn=0.013 mg/g, Cu=0.031 mg/g,
Ba=0.007 mg/g, As=0.003 mg/g, Co=0.035 mg/g,
Cr=0.026 mg/g, Mg=0.015 mg/g, Ca=0.068 mg/g,
Al=0.099 mg/g, Na=0.042 mg/g, and 0.051 mg/g.

The accuracy performance of quantifications depicts how
close a value or an outcome appears to the certified value.
The test of accuracy was assessed by using certified refer-
ence material (CRM), sewage sludge amended soil, stand-
ardized by the Community Bureau of Reference (BCR), the
reason is that the results obtained from the certified refer-
ence material analysis are mostly suitable for the assess-
ments of the accuracy of performance of any analytical
technique because it is easy to compare measured values
to certified values and draw a conclusion. The regression
line was used to detect the values using SPSS statistics.



Environmental Science and Pollution Research (2022) 29:16294-16310 16297

P

g} U8 oanem
THAILAND ¢ P

PERE)
e Vi NAM
oBanghok T
L camsopia | .),

y o L »
e HochiMon cly

.......

e

E,i\l o Medan lAg.jn‘su
- Byl oo ",
o't'q \“\\) )‘:’./ ’Ua;::n :
M P o Bonjarmasin D‘??" ) v
y EeS
2t
i Banda
Jakara INDONESIA See
NI susbeye
Prea
— . 2 ,"“»'f % ~il TIMOR-LESTE —
Y "
215
km N
| | I |
0 100 200
LEGEND

? East Malaysia

I Border of Sarawak

[l Border of the study area
" Kuching Division

I National park and wetlands

n [ |]Sampling stations

110°E |

Fig. 1 Map of study area showing sampled sites ( adapted from Asare et al. 2021a)

The certified values were plotted as the vertical axis and  derived are grouped around the perfect correlation line; this
the measured values as the horizontal axis. It was observed =~ means that the measured values were in good association
that reference values at which the experimental values were ~ with the reference values. Also, the accuracy was evaluated
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Tablg 1 Coordinates of sampled Sample ID Locality Coordinates
locations
CZ1 Rambungan River Estuary 01°41'37.7" N 110° 08’ 24.5" E
Cz2 Offshore of Rambungan River opposite to 01°44'46.8" N 110° 08' 45.4"E
small Satang Island
Cz4 Sibu River Estuary 01°44'46.8" N 110° 08" 454" E
CZ5 Offshore of Telega Air opposite to small 01°45'50.4" N 110° 11" 30.2" E
Satang Island
Ccz7 Salak River Estuary 01°40'41.1" N 110° 16’ 59.2" E
CZ8 Santubong Bay 01°42'45.7" N 110° 27" 63.1"E
CZ10 Santubong River Estuary 01°42'32.6" N 110° 19" 02.3" E
CZ11 Offshore of Santubong Resort 01°44'49.6" N 110° 29" 72.3" E

from the Z-score value (Misa et al. 2014; Asare et al. 2019a).
The Z-score is also known as a standard score, it is a score
that generates an idea of how far from the mean a data point
is. Scientifically, it’s a measure of how many standard devia-
tions below or above the variable mean a raw score is. The
standard score (Z-score) of each metal was computed using
Eq. 1.
RLab - Ry

Z=—p— .
where Ry, signifies measured or laboratory value, R, denotes
certified value accepted as the true one, and U denotes the
uncertainty of the certified value. Assessment of uncertainty
of the certified values was quantified at the 95% confidence
level by Eq. 2 (Eurachem, Middlesex 1998),

U =kxRSD )

where U denotes the uncertainty of the reference value and
k represents the coverage factor (k=1.740, for 95% and
18 points). If Z-score 2 then laboratory performance is
reported as satisfactory and acceptable but if Z-score > 2 but
3 then the performance is questionable. The laboratory
performance becomes unsatisfactory if the Z-score > 3 (Funk
et al. 2007; Misa et al. 2014; Asare et al. 2019b). Table 2
highlights the measured values, the calculated Z-score val-
ues, and the ratio of difference relative to the certified values
expressed in percentage. The accuracy test demonstrated that
all the trace metals investigated their Z-score values were
less than 2, indicating that laboratory performance is satis-
factory and acceptable.

Granulometric evaluation

To evaluate the distribution of particle size in core sediment
samples, granulometric analysis was carried out by using
six normalizing sieve apertures (2.0 mm, 1.0 mm, 0.50 mm,
0.125, and < 0.0625 mm) according to the procedure estab-
lished by USEPA (2007). Approximately 300 g of dried
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surface layer sediment samples were sieved in 20 min with
the help of a mechanical shaker. The residue of each sieve
was measured (0.01 g accuracy). The fractions of each sedi-
ment texture for each sampled station in percentage content:
gravel (> 2.0 mm), sand (0.5-2.00 mm), silt (0.125-0.0625),
and clay (*0.0625 mm) were evaluated.

Enrichment factor

To evaluate the enrichment of trace metals in core sediment,
the enrichment factor formula developed by Muller (1979)
is used. The enrichment factor allows removing the possible
influence of variations in grain size of the sediments of a
geochemical background (Muller 1969; Buat-Menard and
Chesselet 1979; Hakanson 1980; Hakanson 1984; Likuku
et al. 2013; Weissmannova and Pavlovsky 2017; Kowal-
ska et al. 2018; Yang et al. 2018; Nawrot et al. 2020). The
enrichment of metal was quantified based on the formula
in Eq. 3;

EF = (Concn/Concrqf) + (Mn/Mref) 3)

Conc., stands for the concentration of trace metals in the
environment under study, Conc. . denotes the concentration
of trace metals in the reference environment, M, represents
the concentration of trace metals in the reference environ-
ment, and M_; represents the reference element in the refer-
ence environment. The average continental shale abundance
metal contents (Turekian and Wedepohl 1961) were used as
the background metal concentrations. In this study, iron was
used as a normalizing reference element owing to its con-
servative behavior (de Mora et al. 2004). Besides, the major
constituent of clay minerals is aluminum and iron (Alkarkhi
et al. 2009) and also, Fe has been used as a reference metal
to determine the level of trace metals contamination for
some areas in Malaysia because of its abundance in sedi-
ment (Lim and Kiu 1995; Sim et al. 2016). Table 3 shows
the enrichment factor value and its classification.
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Table 3 Enrichment factor and their environmental intensity (Muller
g 3 1979)
+ +
g 8 ° The value of the enrichment factor Environmental risk grades
2|5 5 #3847
S EF less than 1 No enrichment
& ﬁ EF less than 3 but greater than 1 Minor enrichment
g+§| é‘ o ow g EF3to5 Moderate enrichment
z|® & dacd EF 510 10 Moderately severe enrichment
s 2 EF 10 to 25 Severe enrichment
+ H .
g 2 s .. EF 25 to 50 Very severe enrichment
z|2 & =32 EF greater than 50 Extremely severe enrichment
8 I
2y,
slg 8 2338 Statistical analysis
s 8
59 The comparison between average concentrations of heavy
8 2 -8 g metals and standard deviations were tested for significance
=) =) - a2
S I (P <£0.05) applying ANOVA analysis. Pearson’s correlation
e 5 analysis was used to quantify the relationships of different
é' %‘ - metals in the top layers of core sediments. The correlations
s|% 5 2233 between trace metals and between a given trace metal and
0 s = the percentage portion of granulometric fractions were
8 E E\ examined. Cluster analysis (CA) and principal component
o e} o> = O . .
E sla 3 8%:33 analysis (PCA) for weighted trace metals were performed
o s = to examine the sources of the heavy metals. All statistical
g oS analyses were performed using the computer program STA-
Zlz|ld § g8zt TISTICA software (StatSoft 1999).
)
‘g 2
= <
g RS
Elzls % szac -4 Results
o s 8
™ s e E
Q 3 2 2 Relationships between sediment size fractions
z 2 2 %8s g and trace metals
S (3]s =& 2223 2 3
g B
B g 9 2 Sediment samples deposited in the coastal sites and four
< al 3 2 3 . .
E . = g rivers estuary of Sarawak consisted of sand (53-71%), a rea-
2lsleg g §852¢2 T‘L“; o sonable amount of clay fraction (11-33%), and 9-21% silt
B - 2 g fraction (Table 4).
3 a . g ; Core sediment collected from the Salak River estuary
g . € % gs8g5-¢2 . Q 6 with sample ID CZ7 had the highest content of sand fraction
s - £ 5 5 (71%), 41% of the sand fraction in CZ7 sediment was finer,
=1 =< ERER- 23% was coarse sand, and the remained 7% was very coarse
f -8 & =zgaq % 2 2 sand. The textural characteristics showed that sediment from
@] ~ ~ - a S o~ R~ = A . . .
§D g8 g8 the Salak River estuary (CZ7) is sandy. Sediments collected
2 g = s ] é’ _ug) from the estuary of Rambungan River (CZ1) had the second-
< o~ o = . . . .
E g 4 s g b ;ﬁ z highest quantity of sand fraction (68%), 21% clay fraction;
Cl.lg 2 =285 s E £ 83 ki and 11% silt. It was observed that the percentage of fine sand
o N = = a n S S = .
P g f s S § (25%) is lower as compared to the percentage of coarse sand
b1 o ) = . .
z ‘Ofu % o ﬁ B %ﬁ 5 (i.e., 39%). The other percentage constitutes very coarse
= = £ = .. . . .
e S %2 _3.-|3% 8 z 8 e% sand. The textural characteristics indicated that sediment
: £l= = =2<5< g g g & 8 collected from the Rambungan River estuary with sample
= - - o - = 0 . .
2| g E ET B § ;‘3 § £ 3 code CZ1 is sandy loam. The percentage textural composi-
£:8 ¢ gz A . . .. .
S 2l 57 dods5l05287 tions of sediments collected from the remaining 2 estuaries
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Table 4 Textural classification

: Sample ID Locality % Sand % Silt % Clay Textural classification
of core sediment at sampled
stations CZ1 Rambungan River Estuary 68 21 11 Sandy loam
CZz2 Offshore of Rambungan River 53 18 29 Sandy clay loam
opposite to small Satang Island
Cz4 Sibu River Estuary 64 25 11 Sandy loam
CZ5 Offshore of Telega Air opposite 56 13 31 Sandy clay loam
to small Satang Island
CzZ7 Salak River Estuary 71 09 20 Sandy
CZ8 Santubong Bay 58 16 26 Sandy clay loam
CZ10 Santubong River Estuary 61 28 10 Sandy loam
CZ11 Offshore of Santubong Resort 54 13 33 Sandy clay loam

(i-e., Sibu River estuary (CZ4) and Santubong River estuary
(CZ10)) were similar to that of the Rambungan River estuary
(CZ1), thus, they were also found to be sandy loam. Based
on the percentages of textural compositions, it was observed
that all the sediments collected from coastal sites were sandy
clay loam. The order of very coarse sand is as follows: CZ7
>CZ1>CZ4>CZ10>CZ8 > CZ5> CZ11 > CZ2. During
the separation of sediment samples into fractions, the larger
and heavier portions of the suspended materials were found
to be deposited in the sediments collected from the four Riv-
ers estuary sites, whereas smaller and lighter materials were
deposited in the sediments collected from the coastal sites.
According to Farkas et al. (2007), with the decrease in flow
velocity in the retention tank, the larger and heavier fractions
of suspended solids are deposited near the inlet, whereas the
smaller and lighter fraction settled towards the outlet. Based
on the visual observation of the materials in sediment sam-
ples, granulometry confirmation, and Farkas et al. (2007)
study, means that there may be a possibility of a decrease
in flow velocity in the estuaries as water is moving from the
rivers to join the sea. That is why larger and heavier frac-
tions of suspended materials were assembled in the estuary
sediments and smaller and lighter depositions of suspended
materials were found in the coastal sediments.

Pearson correlation matrix between analyzed trace met-
als and granulometric fraction was performed to evaluate
the inter-relationships between trace metals and sediment
particle fractions (Table). Significant strong positive cor-
relations occurred between Ba and  0.0625 mm fraction
(r=0.71; p <0.01), Pb and < 0.0625 mm fraction (r=0.74;
p ©0.05), Cu and < 0.0625 mm fraction (r=0.88; p < 0.05),
and Zn and < 0.0625-2.0 mm fraction (r=0.98, p < 0.05).
While significant strong negative correlations were observed
between Zn and 0.0625-2.0 mm fraction (r=-0.69, p <0.01)
and Cd and 0.0625-2.0 mm fraction (r=-0.71, p < 0.01).
Also, strong positive correlations were found between As
and < 0.0625 mm fraction (r=0.61) and Ca and “ 0.0625 mm
fraction (r=0.68). Positive medium relationships were
noticed between Al and < 0.0625 mm fraction (r=0.51)
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and Co and ©0.0625 mm fraction (r=0.51). Several studies
have confirmed this relationship associated with sediment
fraction > 0.0625 mm, the total trace metals in sediments
decreases (Wang et al. 2016; Nawrot et al. 2020). No signifi-
cant strong negative or positive inter-relationship occurred
between Ni, Mn, Mg, As, Co, Ca, Al, Na, or Fe and the
granulometric fractions. It has been generally noticed that
trace metals are predominantly associated with the finer frac-
tion of sediments (Silveira et al. 2016; Ji et al. 2018). This
confirms the significant strong positive correlations between
clay fractions and some trace metals (Pb, Zn, Cu, and Ba)
and strong positive relationships between clay fractions and
As or Ca as well as positive medium correlation between Al
and clay fractions, unlike sand or gravel fractions.

Trend analysis of trace metal contents in core
sediment of each sampled station

The average concentration of trace metals in core sediments
of each sampled point is presented in Fig. 2. Because the
mean levels of Fe element detected in sediment samples
were extremely higher than the other trace metals, it was not
included during the constructions of the mean concentration
of trace metals chart in each sample in order to have a clear
picture and the trend of the trace metals at each sampled
point. Therefore, the average concentrations and standard
deviations of Fe detected at each sediment depth/cm of each
sample station of four determinations (n=4) are outlined
in Table 5. It was observed that the trace metal concentra-
tions charts constructed at each sampled point were similar
(Fig. 2) and thus, the content of each metal in each sediment
sample are in the order: Cd “ Co, As “Ba “Cr “Mn “Ni “Na
“Ca“Pb“Zn “Cu Al Mg “Fe.

The average concentrations of trace metals detected in
the coastal core sediments were higher as compared to the
average concentrations of trace metals in the core sediments
collected from the four rivers estuary. This could be the affir-
mation of the granulometry results obtained in this study
and studies conducted by Silveira et al. (2016) and Ji et al.
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Fig.2 Average concentration of trace metals (mg/kg d.w.) detected in core sediment samples in respective sampled stations
Table 5 Average concentration of Fe (mg/kg d.w) analyzed in core sediment samples (n=4)
Depth CZ1 CZ2 CZ4 CZ5 Cz7 CZ8 CZ10 CZ11

(cm)

0-5 19,142.0+6.7 20,186.2+6.4  16,3222+54 33,381.4+6.3 19,244.1+5.2 29,131.4+6.2 24,170.3+5.5 35,124.6+8.9
5-10 16,033.2+4.2 18,463.7+4.1  14,2759+3.7 31,6849+59 17,168.7+4.4 27426.6+3.8 23,672.7+6.1 33,6443+3.6
10-15 15,188.7+5.8 16,335.5+10.3 14,381.4+9.8 30926.1+9.7 16,301.4+5.1 25871.6+5.1 23,088.1+89 30,911.1+7.9
1520 13,946.1+4.6 14,8983+9.5 13913.7+5.6 29,1184+9.6 15397.8+2.9 24812.0+3.7 22,814.+£6.8 29,349.6+4.3
20-25 13,529.4+7.7 14,146.2+88  12,636.4+3.9 26,763.1+9.1 15,0044+64 23,089.6+89 22,077.3+6.1 27,081.2+5.1
25-30  12,086.1+8.5 13,861.6+7.9 12,011.5+29 20431.3+5.8 14,117.5+6.6 19,3388+4.1 21,462.5+7.4 24,653.8+6.8

(2018). The higher average concentrations of trace metalsin ~ uphold the study conducted by Farkas et al. (2007). It was
the coastal core sediment samples and low average concen-  noted that the contents of trace metals detected in the top
trations of trace metals in the four rivers estuary may also  layers were higher as compared to the levels of trace metals
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detected in the middle and in the bottom layers sediments
in almost all the studied sites. There were significant differ-
ences between the levels of trace metals detected in the top
layers and in the bottom layers sediment samples and this
may be due to the deposition of new trace metals because of
the influence of anthropogenic activities within the vicinity
and natural sources such as flood which took place 16 years
ago or changes in geochemical characteristics.

Lead (Pb) concentrations ranged from 8.9 mg/kg d.w. in
the bottom layer of the Salak estuary (CZ7) to 188.9 mg/
kg d.w. in the top layer of the coastal site CZ8. The level
of Pb in sediment collected from the Sibu River estuary is
three times higher than the values reported by Omorinoye
et al. (2019). The Pb concentrations detected in all loca-
tions were below the average shale value of Pb for sedi-
mentary rock. Several natural processes may be attributed
to higher Pb concentrations and these include forest fires
and various erosional processes. Also, anthropogenic
influence for instance mining of metallic ores results in
higher concentration and dispersion of Pb (Kao et al.
2007). The highest concentration of Zn was recorded in
the top layer sediment of Santubong Bay (i.e., coastal site
CZ8), while the lowest concentration of Zn was detected
in the bottom layer of Santubong River estuary (CZ10).
Most of the Zn concentrations detected along the depth
of each location were below the natural background level
(100 mg/kg d.w.) except in the top to the middle layer
sediments of the coastal sites and the top layer sediment
of the Salak River estuary (109.2 mg/kg d.w.). This means
that some extent of anthropogenic activity has taken place
within the locations which recorded higher content of Zn.
The potential sources of Zn are sewage sludge, motor oil
and grease, transmission fluid, phosphate fertilizers, and
undercoating and concrete (Monaci and Bargagli 1997;
Shaari et al. 2015). The contents of Cd detected were simi-
lar in all studied sites and also along with the sediment
depth (see Fig. 2). The highest concentrations of Cd were
observed in the top layer of the sample collected from the
offshore of Rambungan River estuary opposite to small
Satang Island (i.e., coastal site CZ2). The highest concen-
tration of Ni was detected in the top layer sediment col-
lected from the offshore of Santubong resort (i.e., coastal
site CZ11). It was observed that the concentrations of Ni
detected in the sediment samples from the coastal sites
CZ5, CZ8, and CZ11 were twice higher as compared to
their corresponding estuaries (i.e., CZ4, CZ7, and CZ10).
The concentrations of Fe varied from 12,011 mg/kg d.w.
in the bottom layer of the estuary of Salak River (CZ4)
to 35,124.6 mg/kg d.w. in the top layer of the coastal site
(CZ11) (Table 5). Low Fe concentrations were observed in
all the top layers when compared to the average shale value
(47,200 mg/kg d.w.) (Turekian and Wedepohl 1961). This
may be attributed to the leaching of Fe compounds from
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the surface layer due to rain and high salt content build-up
(salinity control). In addition, when the Fe concentration
detected in the top layer sediment of Estuary of Sibu river
(16,322.2 mg/kg d.w.) is compared with the Fe content
obtained by Omorinoye et al. (2019) in the sediment of
Sibu River (4325 mg/kg d. w.), the difference in value may
be attributed to anthropogenic inputs. Iron hydroxides are
capable of absorbing a massive amount of trace metals by
the process of cation exchange (Salomons and Forstner
1984) and iron oxides also help in holding trace metals
in aquatic sediments (Horowitz and Elrick 1987; Shaari
et al. 2015).

Trace metals charts shown in Fig. 2 revealed a decrease
in the content of Cr with an increase in depth except station
CZ2 (0-0.5 cm (4.6 mg/kg d.w.) and 5.0-10.0 cm (4.9 mg/
kg d.w.)). Low concentrations of Co and Ba elements were
detected in the core sediment samples in all stations. The
contents of Mg ranged from 68.8 mg/kg d.w. in the bottom
layer sediment of station CZ4 (20.0-25.0 cm) to 499.3 mg/
kg d.w. in the top layer sediment of Santubong Bay (i.e.,
location CZ8). The low content of Mg in the estuarine sites
could be due to the influence of river inflow on sediment
transport because as the water current increases, the parti-
cle of the sediment is lifted into the water column and per-
mits it to move from the estuarine towards the sea coast.
Hence, the majority of the sediment may assemble in the
coastal lane responsible for a higher level of trace metals
compared to the estuary. It was noted that the concentra-
tions of Ca in the coastal sites were higher than their coun-
terparty estuaries, while the contents of Na detected in the
coastal sites were similar to their corresponding estuaries.
Inverse relationships between the average concentrations
of Ca or Na and depth were observed. The higher con-
centration of Al was observed in the top layer sediment
of the coastal site CZ11, and this may be influenced by
both natural and anthropogenic origins. The movement
of aluminum-rich sediment by the river flow may be
the reason behind the higher levels of Al in the coastal
stations. Aluminum metal is predominant in soil, rocks
(mostly igneous rocks), minerals (turquoise, rubies, and
sapphires), and clays (ATSDR 2008; Shaari et al. 2015). A
study carried out in estuary sediments of the east coast of
Peninsular Malaysia by Shaari et al. (2015), the contents
for Mn (207.58-491.33 pg/g d.w.), Co (2.00-11.12 pg/g
d.w.), Cu (14.49-22.33 pg/g d.w.), Zn (36.13-125.93 pg/g
d.w.), Fe (6.20-8.95 pg/g d.w.), and Al (0.94-5.59 pg/g
d.w.) were lower than the values obtained in this study.
Regarding this study, the four Rivers Estuary are con-
nected and joined to the coast of the South China Sea and
are close to Telega Air and Sibu communities; therefore,
water drainage system discharge into the rivers maybe be
the reason for higher levels of trace metals as compared to
the study conducted by Shaari et al. (2015).
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The trend of trace metal enrichments in core
sediments

Enrichments were evaluated for each of the six layers to
study the variation of trace metals along with the depth/
cm to help appraise the biological and environmental risk
that may be associated with the surface layer. Therefore,
the trends of three trace metals that are enriched along the
depth/cm of the core sediments and also in all sampled sta-
tions are tabulated in Table 6. In general, higher enrichments
were detected in the top layer sediments in almost all the
samples, and also, sediments collected from the coastal sites
were somehow enriched as compared to sediments collected
from the four rivers estuary (Table 6 and see Supplementary
Table S1). Though there were no notifications of significant
differences of enrichment between the sediments collected
from the coastal sites and four rivers estuary and along with
the sediment depths. The estimated enrichment factor values

obtained for trace metals in sediments occurred in the order:
Pb>7Zn>Cu>As>Co>Mg>Ni>Cd>Cr>Ba>Ca>Mn
>Na> Al (Table 6 and see Supplementary Table S1). Out of
the 15 trace metals analyzed in the sediment samples, only 3
(i.e., Pb, Zn, and Cu) were enriched in all sampled sites and
along all depths (Table 6 and 7).

The other 12 trace metals (i.e., Cd, Ni, Mn, Ba, As, Co,
Cr, Mg, Ca, Al, and Na) were not enriched in all sampled sta-
tions and all depths (see Supplementary Table S1). The val-
ues of EF estimated for Pb were higher in all sediments at all
sampled stations. In regards to the Rambungan River estuary
(CZ1), the enrichment values for Pb at depth: 5.0-10 cm,
10.0-15.0 cm, 15-20 cm, and 20-25 cm were >3 which sug-
gest moderate enrichment while at the depth of 0-5.0 cm
showed minor enrichment of Pb. Concerning sediment col-
lected from the offshore of Rambungan River estuary oppo-
site to small Satang Island (CZ2), the estimated EF values
at a depth of 0-5 cm, 5-10 cm, 10-15 cm, and 15-20 cm

Table 6 Enriched trace metals

. . Station/depth (cm) CZ1 Cz2 Cz4 CZ5 cz7 CZ8 CZ10 CZ11

in the core sediment samples at

all sampled stations Pb
0-5.0 222 10.14 11.22 14.66 5.76 14.94 7.56 6.19
5.0-10.0 8.93 9.36 6.00 9.32 4.15 9.01 6.10 5.25
10.0-15.0 4.21 9.25 4.98 6.88 3.14 5.40 5.62 4.03
15.0-20.0 3.67 6.53 3.96 5.13 2.84 2.54 2.35 3.84
20.0-25.0 3.38 3.24 4.18 4.66 2.64 3.14 2.04 2.87
25.0-30.0 2.21 1.92 3.10 4.09 1.49 3.86 1.47 2.75
Zn
0-5.0 2.35 5.30 2.64 5.39 2.82 7.37 1.82 5.40
5.0-10.0 2.28 5.34 1.77 4.86 2.34 7.33 1.41 4.76
10.0-15.0 1.60 2.68 1.54 341 1.93 6.75 0.92 3.34
15.0-20.0 1.61 2.20 1.43 1.56 1.68 5.44 0.72 2.73
20.0-25.0 1.28 1.09 1.21 1.45 1.33 443 0.60 2.29
25.0-30.0 0.88 1.09 1.13 0.98 0.83 2.60 0.45 2.07
Cu
0-5.0 2.54 1.49 6.31 391 221 3.22 4.39 3.98
5.0-10.0 2.53 1.48 5.17 3.35 2.00 2.71 2.85 342
10.0-15.0 2.25 1.18 2.68 3.08 2.12 2.48 2.15 3.20
15.0-20.0 1.53 1.35 2.35 2.79 1.53 2.25 1.67 1.42
20.0-25.0 1.29 1.09 2.02 1.56 1.41 1.91 1.35 1.17
25.0-30.0 1.21 0.71 1.90 1.03 1.06 1.97 1.07 1.12

Table 7 Pearson correlation matrix between analyzed trace metals and sediment granulometric fraction expressed in percentage of the top layer
of the core sediment samples

Particle fraction Pb Zn Cd Ni Mn Cu Ba As Co Cr Mg Ca Al  Na Fe
€0.0625 mm 0.74*  0.98% 0.36 0.16 029  0.88* 0.71** 0.61 0.51 041 0.41 0.68 0.51 0.24 0.28
0.0625-2.0 mm -0.39 -0.69* -0.71* -0.21 026 -0.17 -021 -044 -051 052 -041 -0.24 025 -0.56 0.06

*Correlation is significant at the 0.5 level (2-tailed).

**Correlation is significant at the 0.1 level (2-tailed).
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were above 5 indicating moderately severe enrichments of
Pb. The bottom layer sediments (20-25 cm and 25-30 cm)
at station CZ2 showed a decrease in values of enrichment
for Pb as compared to the top layer and the middle layer
sediments, although observation of minor enrichment was
noticed in the bottom layer sediments. In a comparison of
the Sibu River estuary (i.e., location CZ4 which serve as an
immediate inlet) to the offshore of Telega Air opposite to
small Satang Island (i.e., location CZ5 which serve as the
outlet of the Sibu River estuary), it was noticed that there
were higher enrichments of Pb in all layers of sediment col-
lected from the coastal site CZ5 than their corresponding
layers sediment collected from the Sibu River estuary. It
was also observed that the calculated values of EF for Pb
in the topmost most layer sediments of both sites (i.e., CZ4
and CZ5) were > 10, indicating severe enrichment. Also, at
a depth of 5-10 cm, it was found that the enrichment values
for Pb of both sites (i.e., CZ4 and CZ5) were > 5, suggesting
moderately severe enrichments. There was a notification of
an inverse relationship between the enrichments and depth
in almost all the sites (i.e., enrichment value decreases as
the depth increase and vice versa). Considering sediment
from the Santubong River estuary (CZ7) and sediment from
Santubong Bay (i.e., coastal site CZ8), it was observed that
the enrichments for Pb decrease along with the depth. The
EF results obtained in the topmost layer sediment from the
coastal site CZ8 > 10, indicating severe enrichment while
the calculated EF value of Pb in the topmost layer sediment
of Salak River estuary > 5, suggesting moderately severe
enrichment. At a depth of 5—15 cm, there was an observation
of moderately severe enrichment of Pb in the sediment at the
coastal site CZ8 and minor enrichment of Pb in the sediment
collected from the Salak River estuary. Minor enrichments
of Pb were noticed at the depth of 15-30 cm of a sediment
sample from the coastal site CZ8, whereas no enrichment
of Pb was observed at a depth of 15-30 cm of a sediment
sample from the Salak River estuary. In regards to the sedi-
ment sample from Santubong River estuary (CZ10), and the
sediment sample from the offshore of Santubong resort (i.e.,
coastal site CZ11), moderately severe enrichment of Pb was
observed at a depth of 0—15 cm. Minor enrichments of Pb
were noticed in the bottom layer samples collected from both
stations (i.e., CZ10 and CZ11).

The enrichments of Zn decrease with an increase in depth
at all sampled sites. The calculated EF values for Zn in the
top layers sediment collected from four rivers estuary (i.e.,
CZ1, CZ4, CZ7, and CZ10) were in the range of 1 to 3,
indicating moderate enrichments, whereas the estimated EF
values for Zn in the top layer of sediments from the coastal
sites (i.e., CZ2, CZ5, CZ8, and CZ11) were in the range of
5 to 10, suggesting moderately severe enrichments. Minor
enrichments to no enrichment of Zn were recorded in the
bottom layer sediments at all sampled sites. Surprisingly,
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the calculated values of EF for Cu in the top layer sedi-
ments from the four Rivers estuary (i.e., CZ1, CZ4, CZ7,
and CZ10) were higher than their corresponding coastal sites
(i.e., CZ2, CZ5, CZ8, and CZ11). Moderate enrichments
of Cu were recorded in the top layer sediments at all sam-
pled sites except the Sibu River estuary site (CZ4) which
showed moderate-severe enrichment. Minor enrichments to
no enrichments of Cu were recorded in the bottom layer
sediments at all sampled sites. Generally, no enrichment
of Cd, Ni, Mn, Ba, As, Co, Cr, Mg, Ca, Al, and Na were
observed in all sediment samples at all sampled stations (see
Supplementary Table S1). Enrichments of Pb, Zn, and Cu in
the sediment samples showed that these metals may exhibit
toxic impacts in the sediment biota by negatively influencing
key microbial processes and decrease the number of sedi-
ment microorganisms in the studied area (Yang et al. 2018;
Xu et al. 2019).

Possible sources of trace metals contamination

Inferences concerning the likely sources of trace metals in
sediments of the coastal and four rivers estuary were devel-
oped using the Pearson correlation coefficients, dendrogram
from the cluster analysis, and plot loading components from
principal component analysis within and between trace met-
als detected at all sampled sites.

Pearson'’s correlation analysis

Pearson’s correlation analysis was used to assess the inter-
relationship between measured metals in the surface layer
(05 cm) sediments. Significant strong negative and posi-
tive correlations between some trace metals detected in the
surface layer sediments are illustrated in Fig. 3.

Significant strong negative correlations occurred between
Pb and Ni (r=-0.89; p < 0.05) and Ba and Al (r=—0.96; p <
0.01), whereas significant strong positive correlations were
observed between As and Fe (r=0.96; p < 0.05) and Mg
and Na (r=0.97; p < 0.01) (Fig. 3). It was noted that there
were strong positive inter-relationships between the follow-
ing metals: Zn and Mg (r=0.65), Na and Zn (r=0.62), Ni
and Cd (r=0.85), Cr and Ni (r=0.79), Mg and As (r=0.61),
and Fe and Na (r=0.61) but the correlations were not sig-
nificance. Medium positive correlations were documented
between Al and Pb (r=0.50), Al and Zn (r=0.53), and Na
and As (r=0.57), but these relationships were not signifi-
cance. These results suggest that the sediments of the coastal
and four rivers estuary could be receiving multiple contami-
nants from the same emission sources or similar sources
(Liang et al. 2017). On contrarily, Zn, Cd, Mn, Cu, and Ca
showed no strong positive or negative correlation with the
other trace metals (see Supplementary Table S2). The sig-
nificant strong positive inter-relationships between As and
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Fig. 3 Significant strong negative and positive correlations between Pb and Ni, Ba and Al, As and Fe, and Mg and Na in the surface layer of the

core sediments

Fe and Mg and Na suggests common contaminants sources
(Yang et al. 2012, 2018; Gupta et al. 2014) or similarity in
geochemical features (Pandey and Singh 2015; Tian et al.
2017; Tiana et al. 2020). The significant inverse correlations
between Pb and Ni and Ba and Al indicate different external
inputs (Zarei et al. 2014; Kanda et al. 2018; Saleem et al.
2020). The coexistence of As and Fe and Mg and Na within
an agricultural, tourism, and industrial catchment indicates
agronomic inputs for example the excessive application of
pesticides and phosphate fertilizer, tourism sources such as
oil spillovers from boat activities and other human activi-
ties, and industrial inputs including effluents and waste dis-
charges, which can enter the river to the coast through soil
runoff (Ke et al. 2015; Wang et al. 2015; Gholizadeh et al.
2019; Fakhradini et al. 2019).

Cluster analysis

The dendrogram obtained using Ward Linkage of cluster
analysis for the average concentrations of trace metals in the
surface layers of the core sediments at each sampled point
is shown in Fig. 4.

Based on the dendrogram, two clusters were displayed.
Cluster 1 consists of As, Co, Ba, Cr, Mn, Cd, Ni, Na, Pb,
Cu, Ca, Zn, Al, and Mg while cluster 2 is a cluster of Ca Zn,
Al, Mg, and Fe metals. The appearance of Ca, Zn, Al, Mg,
and Fe metals in cluster 2 may be due to their abundance in
the sediment samples at the sampled sites when compared
to the other trace metals (Yang 2012; Xu et al. 2019). Fur-
thermore, because Ca, Zn, Al, Mg, and Fe metals were in
the same cluster also indicate their common source. Trace
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Fig.4 Cluster analysis of aver-
age total trace metals concentra-
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metals in cluster 1 also suggest mutual inter-relationships
between them and maybe originated from similar sources
(Chien et al. 2002; Dias-Ferreira et al. 2016; Bhuyan et al.
2019).

Principal component analysis

While a Pearson correlation analysis (see Supplementary
Table S2) can be used to make references about input
sources for metals, it is a comparatively facile analysis given
the complexity of the estuarine and coastal environment.
Thus, PCA was employed in the data from the coastal and
four rivers estuary sites, because its flow patterns, and conse-
quently its dispersion of trace metals, are known to be espe-
cially complex. Plot loading of three principal components
in PCA results which explains the relationships between the
selected trace metals is depicted in Fig. 5.

The principal component analysis (PCA) extracted three
components with eigenvalues describing 83.28% of the
total variance. The results of the PCA confirmed with the
results obtained from the cluster analysis with component
1 that accounted for 32.13% of the total variance with high
positive loadings for As (0.69), Mg (0.99), Na (0.95), and
Fe (0.79), and high negative loading for Mn (—0.88). The
combinations of these trace metals in component 1 indi-
cate similar anthropogenic sources because Fe in this com-
ponent had values exhibiting enrichment. Also, the inverse
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correlation of the high positive loading metals and Mn is
an indication of different external inputs (Li and Zhang,
2010; Decena et al. 2018). Component 2 accounted for
28.41% of the total variance with high positive and nega-
tive loadings for Cd (0.874), Ni (0.873), and Pb (—0.886).
Component 2 could originate from industrial activities
because Cd is likely to be from printing, electronics, and
dyeing, chemical, and electroplating industry sources (Wu
2014). Additionally, mineral weathering and atmospheric
deposition from coal-combustion dust may be attributed
to the accumulation of Ni in sediments (Liang et al. 2017).
The inverse correlation of Pb with Cd and Ni is evidence
of different external inputs sources (Decena et al. 2018).
The external inputs could be originating from agricultural,
industrial, pharmaceutical, geogenic, domestic effluents,
and atmospheric sources. Component 3 accounted for
22.73% of the total variance with high positive loading
for Al (0.808), indicating that Al is derived from natural
sources such as weathering of parent rocks and miner-
als. The results obtained from the analysis of PCA, which
showed small positive or negative loadings, suggest weak
relationships between metals, whereas large loadings are
indications of strong relationships between trace met-
als (Attia and Ghrefat 2013). The results of multivariate
analyses that exhibited strong positive inter-relationships
between studied metals are indications of common pollut-
ants sources or similarity in geochemical characteristics.
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Fig.5 Plot of loading of three
principal components in PCA
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Discussion

Nevertheless, the single factor pollution index (enrichment
factor) method has been extensively used; it is only useful
to a single pollutant and does not necessarily consider the
mixture of trace metals usually available in the contamina-
tion conditions but it has helped to determine how much the
presence of a metal in sampling sites has increased relative
to average natural abundance due to human activity. In gen-
eral, all sampled sites are enriched with Pb, Zn, and Cu. The
enrichment of Pb and Zn may be due to ore smelting cent-
ers and waste dumps from non-ferrous smelters close to the
water bodies or sewage discharge from the processing of Zn-
containing minerals, chemical enterprise, the wear and tear
of automobile tires, and the manufacture of metal machinery
(Guan et al. 2017). The enrichment of Pb may be attributed
to the industrial utilization of minerals containing Pb and the
burning of fossil fuels. The enrichment of Cu could be due to
the urbanization of the area that leads to the gradual growth
of anthropogenic processes resulting in the high concentra-
tions of Cu in the sediments until the surface which is the
latest deposition occurs. Urban runoff and vessel mainte-
nance activities may also be the reasons for Cu enrichment.
The source distribution by Pearson correlation connected

with cluster analysis and PCA suggested diverse sources in
sediments of the coastal and four rivers estuary, with As, Fe,
Mg, Cd, and Na being thought to originate from industrial
activities and Cu thought to be mainly from the emissions of
traffic due to urbanization. Thus, it must be noted that this is
not formal source distribution and is dependent on deduction
drawn from the available information.

The coastal and four rivers estuary in Sarawak are
important aquatic areas and therefore their sediment envi-
ronment quality will affect the security of water for drink-
ing and irrigation for inhabitants and agricultural produc-
tion, micro, and macrobenthos activities, fishes, and other
aquatic organisms along the river’s estuary to the coast.
Therefore, dissimilar regulatory actions should be paid to
the environment treatment in the future for the coastal and
selected estuaries based on the correspondent contamina-
tion features. Upgrading and control in agricultural man-
agement might be the adapted plan for lessening the input
of contamination sources in sediments from the coastal
and four rivers estuary, where the most essential input
sources appear to mainly be from farming activities. How-
ever, the industrial sites, located in the upper and middle
reaches of the rivers, seem to be the preference to control
and management for reducing the inputs of contaminants
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from the wastewater discharge and atmospheric deposition
plus avoiding the negative impact on population density
zones in the lower reach.

Conclusion

The study evaluated the concentrations of trace metals
predominantly associated with human activities: Pb, Cd,
Ni, Ba, As, Co, Mg, Zn, Mn, Cu, Cr, Ca, Al, Na, and Fe
in core sediments from the coastal and four rivers estuary
sites in Sarawak. The study also looked at other factors
such as sediment particle fractions and inflow velocity
influencing the availability of metals in sediment. The
assessment of the mobility of trace metals in the studied
environment was established by the sequential extraction
technique. Enrichment factors were calculated to assess
the trend of enrichment of metals in each sampled station
and also along with the sediment depth. To predict the
sources of trace metals contamination in the studied sites,
multivariate statistical analyses were used. This research
work contributes to the evaluation of urbanization’s and
other anthropogenic activities influence on coastal and
rivers estuary bodies and could be needed in establishing
quality limits and planning alleviation programs. In this
instance, the coastal and four rivers estuary (i.e., Rambun-
gan, Sibu, Salak, and Santubong Rivers) in Sarawak can
be considered as an ideal urban rivers and coastal site. In
addition, the results of this research are not only for the
interest of the local but as well have extensive possible
future impacts.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11356-021-17008-1.

Acknowledgements The authors acknowledge the contribution of col-
leagues from the Analytical Chemistry Laboratory, Faculty of Resource
Science and Technology (FRST), Universiti Malaysia Sarawak.

Author contributions EAA, ZA, and RW conceived of the study and
carried out the design of the experiment. EAA and ZA carried out the
sample preparation and analysis; EAA, TB, and SSD assessed the data;
and EAA, ZA, and RW helped to draft and edited the manuscript. The
author(s) read and approved the final manuscript.

Funding The consumables and field trip cost of the entire research
were financially supported by Universiti Malaysia Sarawak, Postgradu-
ate Research Grant, with Grant Code: FO7/PGRG/1896/2019.

Data availability All data generated or analyzed during this study are
included in this paper.

Declarations

Competing interests The authors declare no competing interests.

@ Springer

References

Agency for Toxic Substances and Disease Registry, ATSDR (2008)
Toxicological profile for aluminum. US Department of Health
and Human Services, Public Health Service, Atlanta

Alexakis D (2011) Diagnosis of stream sediment quality and assess-
ment of toxic element contamination sources in East Attica,
Greece. Environ Earth Sci 63:1369—-1383

Alexakis D, Gamvroula D (2014) Arsenic, chromium, and other
potentially toxic elements in the rocks and sediments of Oro-
pos-Kalamos Basin, Attica, Greece. Appl Environ Soil Sci
718534:1-8

Alkarkhi AF, Ismail N, Ahmed A, Easa A (2009) Analysis of heavy
metal concentrations in sediments of selected estuaries of Malay-
sia — a statistical assessment. Environ Monit Assess 153:179-185

Asare EA, Assim ZB, Wahi RB, Droepenu EK, Wilson F (2019a)
Validation of the atomic absorption spectroscopy (AAS) for
heavy metal analysis and geochemical exploration of sediment
samples from the Sebangan River. Adv Anal Chem 9(2):23-33

Asare EA, Assim ZB, Wahi RB, Droepenu EK, Durumin Inya NM
(2019b) Geochemistry examination of surface sediments from
Sadong River, Sarawak, Malaysia: Validation of ICP-OES assess-
ment of selected heavy metals. Eurasian J Anal Chem 14(3):9-20

Asare EA, Assim ZB, Wahi R (2021a) Validation of an analytical tech-
nique, distribution, and risk assessment of aliphatic and polycyclic
aromatic hydrocarbons in surface sediments of the coastal and
selected estuaries of Sarawak. Arab J Geosci 14:1943

Asare EA, Assim ZB, Wahi RB, Tahir RB, Droepenu EK (2021b)
Application of fuzzy evaluation technique and grey clustering
method for water quality assessment of the coastal and estuaries
of selected rivers in Sarawak. Bull Natl Res Cent 45(1):1-11

Attia OEA, Ghrefat H (2013) Assessing heavy metal pollution in the
recent bottom sediments of Mabahiss Bay, North Hurdhada, Red
Sea. Egypt Environ Monit Assess 185(12):9925

Bale AJ, Kenny AJ (2008) Sediment analysis and seabed characteri-
sation. In: Eleftherio A, McIntyre A (eds) Methods for the study
of marine benthos. Blackwell Science Ltd, Oxford, pp 43—46

Bhuyan MS, Bakar MA, Rashed-Un-Nab M, Senapathi V, Chung SY,
Islam MS (2019) Monitoring and assessment of heavy metal
contamination in surface water sediment of the Old Brahmapu-
tra River, Bangladesh. Appl Water Sci 9:125

Bodog I, Polyak K, Csikos-Hartyaanyi Z, Hlavay J (1996) Sequential
extraction procedure for the speciation of elements in fly ashes
samples. Microchem J 54(3):320-330

Buat-Menard P, Chesselet R (1979) Variable influence of the atmos-
pheric flux on the trace metal chemistry of oceanic suspended
matter. EPSL 42(3):399-411

Chen H, Teng Y, Lu S, Wang Y, Wang J (2015) Contamination fea-
tures and health risk of soil heavy metals in China. Sci Total
Environ 512-513:143-153

Chien LC, Hung TC, Choang KY, Yeh CY, Meng PJ, Shiech MJ, Han
BC (2002) Daily intake of TBT, Cu, Zn, Cd and As for fisher-
men in Taiwan. Sci Total Environ 285(1-3):177-185

de Mora S, Fowler SW, Wyse E, Azemard S (2004) Distribution of
heavy metals in marine bivalves, fish and coastal sediments in
the Gulf and Gulf of Oman. Mar Pollut Bull 49(5-6):410-424

Decena SCP, Arguelles MS, Robel LL (2018) Assessing heavy metal
contamination in surface sediments in an urban river in the Phil-
ippines. Pol J Environ Stud 27(5):1983-1995

Devesa-Rey R, Diaz-Fierros F, Barral MT (2011) Assessment of
enrichment factors and grain size influence on the metal dis-
tribution in riverbed sediments (Anllons River, NW Spain).
Environ Monit Assess 179:371-388

Dias-Ferreira C, Pato RL, Varejao JB, Tavares AO, Ferreira AJD
(2016) Heavy metal and PCB spatial distribution pattern in


https://doi.org/10.1007/s11356-021-17008-1

Environmental Science and Pollution Research (2022) 29:16294-16310

16309

sediments within an urban catchment — contribution of histori-
cal pollution sources. JSS 16:2594-2605

Ergonul MB, Altindag A (2014) Heavy metal concentrations in
the muscle tissues of seven commercial fish species from
Sinop Coasts of the Black Sea. Rocznik Ochrona Srodowiska
16(1):34-51

Eurachem, Middlesex (1998) The fitness for purpose of analytical
methods: a laboratory guide to method validation and related.

Fakhradini SS, Moore F, Keshavarzi B, Lahijanzadeh A (2019) Poly-
cyclic aromatic hydrocarbons (PAHs) in water and sediment of
Hoor Al-Azim wetland, Iran: a focus on source apportionment,
environmental risk assessment, and sediment-water partitioning.
Environ Monit Assess 191:233

Farkas A, Erratico C, Vigano L (2007) Assessment of the environmen-
tal significance of heavy metal pollution in surficial sediments of
the River Po. Chemosphere 68(4):761-768

Funk W, Dammann V, Donnevert G (2007) Quality assurance in ana-
lytical chemistry: applications in environmental, food and material
analysis, biotechnology, and medical engineering. Wiley-VCH,
Weinheim, Germany

Gao S (2019) Geomorphology and sedimentology of tidal flats. In:
Perillo GME, Wolanski E, Cahoon DR (eds) CS Coastal Wetlands,
2nd edn. Elsevier, Amsterdam, pp 259-381

Gholizadeh A, Taghavi M, Moslem A, Neshat AA, Lari Najafi M,
Alahabadi A, Ahmadi E, Ebrahimi Aval H, Asour AA, Rezaei H,
Gholami S, Miri M (2019) Ecological and health risk assessment
of exposure to atmospheric heavy metals. Ecotoxicol Environ Saf
184:109622

Gray J (1981) The ecology of marine sediments: an introduction to the
structure and function of marine sediments. Cambridge Studies
in Modern Biology, Cambridge, p 2

Guan Q, Wang F, Xu C, Pan N, Lin J, Zhao R, Yang Y, Luo H (2017)
Source appointment of heavy metals in agricultural soil based on
PMF: a case study in Hexi corridor, Northwest China. Chemos-
phere 193:189-197

Guo W, Wang Y, Shi J, Zhao X, Xie Y (2019) Sediment information
on natural and anthropogenic-induced change of connected water
systems in Chagan Lake, North China. Environ Geochem Health
42:795-808

Gupta SK, Chabukdhara M, Kumar P, Singh J, Bux F (2014) Evalu-
ation of the ecological risk of metal contamination in river
Gomti, India: a biomonitoring approach. Ecotoxicol Environ Saf
110:49-55

Hakanson L (1980) An ecological risk index for aquatic pollution con-
trol of sediment ecological approach. Water Res 14(8):975-1001

Hakanson L (1984) Aquatic contamination and ecological risk. An
attempt at a conceptual framework. Water Res 18(9):1107-1118

Holme NA, McIntyre AD (1984) Methods for the study of marine
benthos. Blackwell Scientific Publications, Oxford

Horowitz AJ, Elrick KA (1987) The relation of stream sediment surface
area, grain size, and composition to trace element chemistry. J
Appl Geochem 2(4):437-451

Ji H, Li H, Zhang Y, Ding H, Gao Y, Xing Y (2018) Distribution and
risk assessment of heavy metals in overlying water, porewater,
and sediments of Yongding River in a coal mine brownfield. JSS
18:624-639

Kanda A, Ncube F, Hwende T, Makumbe P (2018) Assessment of
trace element contamination of urban surface soil at informal
industrial sites in a low-income country. Environ Geochem Health
40:2617-2633

Kao S-J, Shiah F-K, Wang C-H, Liu K-K (2007) Efficient trapping of
organic carbon in sediments on the continental margin with high
fluvial sediment input off south western Taiwan. Cont Shelf Res
26(20):2520-2537

Kara M, Dumanoglu Y, Altiok H, Elbir T, Odabasi M, Bayram
A (2015) Spatial variation of trace elements in seawater and

sediment samples in a heavily industrialized region. Environ Earth
Sci 73:405-421

Ke X, Gui S, Huang H, Zhang H, Wang C, Guo W (2015) Ecologi-
cal risk assessment and source identification of heavy metals in
surface sediments from the Liaohe River protected area, China.
Chemosphere 175:473—481

Kowalska JB, Mazurek R, Gasiorek M, Zaleski T (2018) Pollution
indices as useful tools for the comprehensive evaluation of the
degree of soil contamination — a review. Environ Geochem Health
40(6):2395-2420

Li S, Zhang Q (2010) Spatial characterization of dissolved trace ele-
ments and heavy metals in the upper Han River (China) using mul-
tivariate statistical techniques. J Hazard Mater 176(1-3):579-588

Liang J, Feng C, Zeng G, Gao X, Zhong M, Li X, He X, Fang Y (2017)
Spatial distribution and source identification of heavy metals in
surface soils in a typical coal mine city, Lianyuan, China. Environ
Pollut 225:681-690

Likuku AS, Mmolawa K, Gaboutloeloe GK (2013) Assessment of
heavy metal enrichment and degree of contamination around the
copper-nickel mine in the Selebi Phikwe region, Eastern Bot-
swana. Environ Ecol Res 1:32-40

Lim PE, Kiu MY (1995) Determination and speciation of heavy metals
in sediments of the Juru River, Penang, Malaysia. Environ Monit
Assess 35:85-89

Liu J, Xiang R, Chen Z, Chen M, Yan W, Zhang L, Chen H (2013)
Sources, transport and deposition of surface sediments from
the South China Sea. Deep Sea Res Part I Oceanogr Res Pap
71:92-102

Maanan M, Saddik M, Maanan M, Chaibi M, Assobhei O, Zoura-
rah B (2015) Environmental and ecological risk assessment of
heavy metals in sediments of Nador lagoon, Morocco. Ecol Indic
48:616-626

Misa B, Darja K, Jakub K, Piotr S, Ewa B, Darinka BV (2014) Geo-
chemical investigation of alluvial sediments: validation of ICP-
OES determination of heavy metals. A case study from the Utrata
River Valley (central Poland). Cent Eur J Chem 12(6):687-699

Monaci F, Bargagli R (1997) Barium and other trace metals as indica-
tors of vehicle emissions. Water Air Soil Pollut 100:89-98

Morni WZW, Ab Rahim SAK, Rumpet R, Musel J, Hassan R (2017)
Checklist of gastropods from the exclusive economic zone (EEZ),
Sarawak. Malaysia Trop Life Sci Res 28(1):117-129

Muller G (1969) Index of geoaccumulation in sediments of the Rhine
River. J Geol 2:108-118

Muller G (1979) Schwermetalle in den sediments des Rheins—
Veranderungen Seitte. Umschan 78:778-783

Nawrot N, Matej-Lukowicz K, Wojciechowska E (2018) Change in
heavy metals concentrations in sediments deposited in retention
tanks in a stream after a flood. Pol J Environ Stud 28:1-6

Nawrot N, Wojciechowska E, Matej-Lukowicz K, Walkusz-Miotk J,
Pazdro K (2020) Spatial and vertical distribution analysis of heavy
metals in urban retention tanks sediments: a case study of Strzyza
Stream. Environ Geochem Health 42:1469-1485

Nayak GN (2015) Bioavailability of metals in estuarine sediments and
their possible impacts on the environment. Environ Social Sci
2:1-4

Nazeer S, Hashmi MZ, Malik RN (2016) Distribution, risk assessment,
and source identification of heavy metals in surface sediments of
River Soan, Pakistan. Clean - Soil, Air, Water 44(9):1250-1259

Omorinoye AO, Assim ZB, Jusoh IB, Durumin Iya NI, Asare EA
(2019) Vertical profile of heavy metal contamination in sediments
from Sadong River, Sarawak, Malaysia. Indian J Environ Prot
39(11):971-978

Omorinoye AO, Assim ZB, Jusoh IB, Durumin Iya NI, Bamigboye OS,
Asare EA (2020) Distribution and sources of aliphatic hydrocar-
bons in sediments from Sadong River, Sarawak, Malaysia. Res J
Chem Environ 24(6):70-77

@ Springer



16310

Environmental Science and Pollution Research (2022) 29:16294-16310

Pandey J, Singh R (2015) Heavy metals in sediments of Ganga
River: up-and downstream urban influences. Appl Water Sci
7:1669-1678

Saleem MH, Rahman M, Kamran M, Afzal J, Armghan N, Liu L
(2020) Investigating the potential of different jute varieties for
phytoremediation of copper-contaminated soil. Environ Sci Pollut
Res 27:30367-30377

Salomons W, Forstner U (1984) Metals in the hydrocycle. Springer,
Berlin

Sekabira K, Oryem Origa H, Basamba TA, Mutumba G, Kakudidi E
(2010) Assessment of heavy metal pollution in the urban stream
sediments and its tributaries. IIEST 7:435-446

Shaari H, Mohamad Azmi SNH, Sultan K, Bidai J, Mohamad Y (2015)
Spatial distribution of selected heavy metals in surface sediments
of the EEZ of the east coast of Peninsular Malaysia. Int J Ocean-
ogr 2015:618074

Silveira A Jr, Pereira JA, Poleto C, de Lima JLMP, Goncalves FA,
Alvarenga LA et al (2016) Assessment of loose and adhered urban
street sediments and trace metals: a study in the city of Poc os de
Caldas, Brazil. JSS 16:2640-2650

Sim SF, Ling TY, Nyanti L, Gerunsin N, Wong YE, Kho LP (2016)
Assessment of heavy metals in water, sediment, and fishes of a
large tropical hydroelectric dam in Sarawak, Malaysia. ] Chem
2016:8923183

Sim HC (2007) Urbanization in Sarawak: a context.

StatSoft, (1999) STATISTICA for windows. Computer Programme
Manual, Tulsa

Tian K, Huang B, Xing Z, Hu W (2017) Geochemical baseline estab-
lishment and ecological risk evaluation of heavy metals in green-
house soils from Dongtai, China. Ecol Indic 72:510-520

Tiana K, Wua Q, Liua P, Hua W, Huanga B, Shid B, Zhou Y, Kwon
B, Choi K, Ryu J, Khim JS, Wang T (2020) Ecological risk
assessment of heavy metals in sediments and water from the
coastal areas of the Bohai Sea and the Yellow Sea. Environ Int
136:105512

Turekian KK, Wedepohl KH (1961) Distribution of the elements
in some major units of the earth’s crust. Geol Soc Am Bull
72(2):175-192

United State Environmental Protection Agency, USEPA (2009) Risk-
based concentration table. United States Environmental Protection
Agency, Philadelphia PA

United State Environmental Protection Agency, USEPA (2007). Pro-
cedure for determination of sediment particle size (grain size),
73505.

Wang Y, Yang L, Kong L, Liu E, Wang L, Zhu J (2015) Spatial dis-
tribution, ecological risk assessment and source identification for

@ Springer

heavy metals in surface sediments from Dongping Lake, Shan-
dong, East China. CATENA 125:200-205

Wang J, Liu G, Lu L, Liu H (2016) Metal distribution and bioavail-
ability in surface sediments from the Huaihe River, Anhui. China
Environ Monit Assess 188:3

Wang H, Sun L, Liu Z, Luo Q (2017) Spatial distribution and sea-
sonal variations of heavy metal contamination in surface waters of
Liaohe River, Northeast China. Chin Geogr Sci 27:52-62

Wang L, Li H, Dang J, Zhao Y, Zhu Y, Qiao P (2020) Effects of urbani-
zation on water quality and the macrobenthos community struc-
ture in the Fenhe River, Shanxi Province, China. J Chem 2020:1-9

Weissmannova HD, Pavlovsky J (2017) Indices of soil contamina-
tion by heavy metals — methodology of calculation for pollution
assessment (minireview). Environ Monit Assess 189:616

Weissmannova HD, Pavlovsky J, Chovanec P (2015) Heavy metal con-
taminations of urban soils in Ostrava Czech Republic: assessment
of metal pollution and using principal component analysis. Int J
Environ Res 9(2):683-696

WenJ, YiY, Zeng G (2016) Effects of modified zeolite on the removal
and stabilization of heavy metals in contaminated lake sediment
using BCR sequential extraction. J Environ Manage 178:63-69

Wu B (2014) Potential ecological risk of heavy metals and metalloid
in the sediments of Wuyuer River basin Heilongjiang Province,
China. Ecotoxicology 23:589-600

Xu J, Xu L, Zheng L, Liu B, Liu J, Wang X (2019) Distribution,
risk assessment, and source analysis of heavy metals in sedi-
ment of rivers located in the hilly area of southern China. JSS
19:3608-3619

Yang Y, Chen F, Zhang L, Liu J, Wu S, Kang M (2012) Comprehen-
sive assessment of heavy metal contamination in the sediment
of the Pearl River Estuary and adjacent shelf. Mar Pollut Bull
64(9):1947-1947

Yang J, Ma S, Zhou J (2018) Heavy metal contamination in soils and
vegetables and health risk assessment of inhabitants in Daye.
China J Int Med Res 46(8):3374-3387

Zarei I, Pourkhabbaz A, Khuzestani RB (2014) An assessment of
metal contamination risk in sediments of Hara Biosphere Reserve,
southern Iran with a focus on the application of pollution indica-
tors. Environ Monit Assess 186:6047-6060

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Trend analysis of anthropogenic activities affecting trace metals deposition in core sediments from the coastal and four rivers estuary of Sarawak, Malaysia
	Abstract
	Introduction
	Materials and methods
	Study area and sample collection
	Extraction of trace metals
	Granulometric evaluation
	Enrichment factor
	Statistical analysis

	Results
	Relationships between sediment size fractions and trace metals
	Trend analysis of trace metal contents in core sediment of each sampled station
	The trend of trace metal enrichments in core sediments
	Possible sources of trace metals contamination
	Pearson’s correlation analysis
	Cluster analysis
	Principal component analysis

	Discussion
	Conclusion
	Acknowledgements 
	References


