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Estuaries are exceptional and vital ecosystems which create a dynamic region with biolog-
ical, ecological, and environmental advantages. In this study, surface water samples were
collected at three estuaries (Miri River, Sibuti River and Kuala Baram River) adjoining the
South China Sea, and compared with the upper section of the rivers. The collected sam-
ples were analysed for in situ parameters, major ions, trace metals and stable isotopes us-
ing standard procedures. Results showing spatial variations in ionic concentrations across
three estuaries, controlled by multi-geochemical processes such as weathering, ion ex-
change and seawater influx. Dominant water types varied: Ca—Cl in Miri and Sibuti rivers,
and Na—Cl in Kuala Baram River, indicating distinct influences of seawater mixing and ion
exchange reactions. Evaporation process increased the salinity in estuaries, coupled with
the anthropogenic impacts in the downstream. lonic ratios also prove seawater and fresh-
water mixing, followed by mineral precipitation and ion exchange. The undersaturation state
of carbonate and sulphate minerals indicates the dissolution in the lower and upper reaches
of the rivers, and approaching towards saturation state in estuaries might lead to precipi-
tation of minerals in favour of pH and seawater influx. The higher LogpCO, values in the
upper sections of the rivers indicate the weathering of source rocks. The isotopic ratio of
§'80 and §°H and d-excess values confirm the progressive dominance of evaporation in
estuaries due to the continental effect. Statistical analysis reveals key geochemical pro-
cesses such as seawater mixing, weathering, ion exchange and anthropogenic activities,
that impact the hydrochemistry of estuaries. Miri and Kuala Baram estuaries are at high
and medium levels of pollution based on heavy metal evaluation index (HEI), which require
continuous monitoring, particularly for the higher concentrations of Zn, Cu, Pb and Mn.
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Spatial variability of ionic distribution in tropical estuaries were studied.

Ca—Cl and Na—Cl water types suggest seawater mixing, evaporation and ion exchange.

* Isotopes reveal progressive evaporation in estuaries due to continental effect.

+ PCA determines seawater influx, weathering and anthropogenic impacts in estuaries.

Estuaries are dynamic ecosystems with a high degree
of spatial and temporal discrepancy. Estuaries are impor-
tant and productive ecosystems, which support ecologi-
cally and economically in terms of breeding ground for fish,
human settlements and industrial activities [1-3]. Hence,
estuaries are the sites of pollutant deposition from point
and non-point sources from human settlement, industries,
fishing-related activities, commercial shipping and other
sources [4—6]. Metals in estuaries could alter dynamics of
the environment and affect aquatic animal survival. Metals
accumulate in the estuary’s biosphere, contaminating the
ecosystem from estuaries to oceans [7].

The estuary acts as an interactional zone between
terrestrial and marine environments, providing diverse nu-
trients and metals from different sources; anthropogenic
substances and natural runoff can later be deposited at
the river mouth [4, 8]. The characteristics of metals and
nutrients can be associated with the physical and chemical
parameters of estuary water. The diffusion of metals and
nutrients in estuaries is altered by the physical parameters
such as temperature, pH level, and salinity of water, which
could affect the marine life [5, 6]. The number of geochem-
ical processes operating in the estuary, such as seawater
mixing, ion exchange, weathering, mineral dissolution and
evaporation, could decrease the water quality [3, 9, 10].

Several factors govern the temporal and spatial dis-
tribution of metals in the estuarine region. The studies
on the metal concentrations in tropical regions reveal that
the main sources of metals could be either natural or an-
thropogenic. The natural geochemical sources of metals
in the estuary are governed by the physio-chemical con-
dition of the water and the sediment or the riverine load
into the estuary [3, 6]. The physio-chemical factors are
mainly governed by pH, redox, temperature, DO and salin-
ity [11]. These physico-chemical parameters are based on
the riverine inputs, sediment water interaction and sea-
sonal variation [12—14]. This process is also to a minor
extent governed by biological transformation [15]. The bio-
geochemical reactions, such as the process of decompo-
sition of organic matter in estuaries, especially with man-
groves, influence metal partitioning [16].

The continuously growing population and fast devel-
opment of urbanization and industrial settings in the Miri
region lead to various pollutants from the activities con-

High to medium level of metal pollution in MRE and KBE needs continuous monitoring.

tributing to the pollution of the dependent estuarine and
coastal areas. Few studies were conducted in this region
to evaluate the water and sediment quality of rivers. The
metal occurrence and their distribution and sources in the
Kuala Baram River were studied by earlier researchers [5].
Studies on Miri River water quality [9, 10] were focused on
understanding the elemental composition and related geo-
chemical processes. The recent study by Ref. [8] in the
Miri River deals with the water quality in different size frac-
tions and identifies the vulnerable zones of pollution. Ref.
[6] studied the geochemical behaviour of water, sediments
and suspended solids in the Sibuti River.

From the earlier studies, the individual river ecosys-
tem has been concentrated with the limited focus on the
estuaries. Hence, the present study is an integrated ap-
proach to understand the spatial variability of elemental
concentrations using multiproxy data includes in situ pa-
rameters, major ions, nutrients, trace metals and isotopes
in all the three major estuaries (Kuala Baram, Miri and
Sibitu rivers) of the Miri coast. This study is the first at-
tempt to compare the estuarine-scale elemental variability
and identify the possible geochemical mechanisms con-
trolling the water chemistry. This study also provides the
cross-estuary pollution ranking based on the assessment
of the pollution index.

The study area encompasses three estuaries in the
Miri coast, east Malaysia. The Miri city is located adja-
cent to South China Sea, between latitude of 4°3'20” N to
4°3'45"” N and longitude of 113°50’30” E to 113°50'50” E
in the (Figure 1). The three estuaries are the Kuala Baram
(KRE) in the north, the Miri River (MRE) in the center,
and the Sibuti River (SRE) in the south of the Miri coast.
The climate variation in the Miri region is influenced by
two monsoons; the North-East Monsoon has higher rain-
fall from October to March and the South-West Monsoon
from May to September receives less rainfall (Parvin Raj
and Prasanna, 2023). In terms of geology, sedimentary to
metasedimentary rocks of Miocene and Quaternary allu-
vium cover the region [8]. During the sampling time (south-
west monsoon), the average rainfall and temperature were
recorded as 245.6 mm and 27 °C. The land use pattern of
Miri includes agricultural land, which covers most of the re-
gion, residential areas in Miri City and the industrial estate
in the north (close to the Kuala Baram estuary).
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Figure 1. Study area map with the sample locations in all the three estuaries. Green circle with red dot indicates estuary
samples, orange with white dot indicate downstream samples, blue with white dot indicate midstream samples and red

with white dot represent upstream samples.

The Miri River extends for 45 km, and has a basin area
of about 789.99 km?, which is connected by numerous
small river branches from the southeast of Miri, and end-
ing at the Miri estuary towards the South China Sea [10].
The basin receives an annual rainfall of 2593-2750 mm,
and the temperature ranges from 23 to 32 °C [3]. The ge-
ology of the river basin is covered by Neogene sediments,
which consist of sandstone and shale alternations belong-
ing to Miri Formation [17]. In terms of land use pattern, the
upstream catchment is covered with palm plantations and
urban settings in the downstream [8].

The Kuala Baram River is considered the second
longest river in Sarawak State and occupies a catchment
area of around 22,800 km?. It releases an average of
1590 m/s of fresh water and 24 million tonnes of sed-
iments into the sea [18]. Meta-sedimentary to sedimen-
tary rocks of Paleogene and Recent alluvium are dominant
in the river basin. It receives an annual rainfall of 2500—
4000 mm. The major land use pattern in this basin is cov-
ered with primary, secondary and montane forests, with
smaller portion of oil palm plantations, hill and wet paddy
cultivation and mixed agricultural crops and fruit trees [19].

The Sibuti River is located 45 km southwest of Miri
City, has a catchment area of 1020 km? and discharges
into the South China Sea. The average annual rainfall
and temperature at the river catchment are 3022 mm and

28.4 °C, respectively [6]. The river basin consists mostly
of sedimentary rocks, ranging from Oligocene to Pliocene.
The river is surrounded by mangrove forest and significant
Bungai farm lands at the estuary, and agricultural activities
in the upstream [20].

In each estuary, 3 surface water samples (KBE, MRE
and SRE) were collected at three different zones such as
lower (river mouth), middle and upper (end of estuary)
based on salinity variations, tidal influence and varying
ionic concentrations (Figure 1). Samples were collected
below 5 cm depth of the water surface and stored in 1L
polyethylene bottles, and transferred to laboratory for fur-
ther analysis by stored in a refrigerator at 4 °C to avoid
contamination. The physical parameters such as tempera-
ture, pH, electrical conductivity (EC), total dissolved solids
(TDS), salinity, turbidity and dissolved oxygen (DO) were
measured in situ in each sampling point using portable
meters with probes. For comparative study, hydrochemi-
cal data for the Miri River downstream (MRD), mid-stream
(MRM) and upstream (MRU) were acquired from Ref.
[21]; whereas for the Sibuti River downstream (SRD), mid-
stream (SRM) and upstream (SRU) were acquired from
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Ref. [6] by the same research team. For the Kuala Baram
River, the only available downstream (KBD) data was ac-
quired from Ref. [5]. The acquired secondary data has the
identical season, analytical methods and detection limits
as the analysed estuarine samples of this research. The
only limitation of this comparative study is the unavail-
able dataset for the midstream and upstream of the Kuala
Baram River. In addition, the temporal variability of ele-
mental concentration is not focused in this study.

The collected samples were filtered using 0.45 pm
filter paper for further chemical analysis. The nutrients,
S04, NO3 and PO4 were analysed in the DR2800 Portable
Spectrophotometer. Major ions, Cl and HCO3; were anal-
ysed using titration [22], whereas Ca, Mg, Na and K were
analysed using Flame Atomic Spectrophotometer. For the
data validity, ionic balance error percentage calculation
was carried out and it ranged within an acceptable £10%
[23].

For the trace metals analysis, nitric acid was added
to the samples and digested using a microwave digestor.
Standards were prepared using available stock solutions
and calibration curves were developed for the sample anal-
ysis. Finally, the trace metals such as Fe, Mn, Zn, Pb and
Cu were analysed using a Flame Atomic Spectrophotome-
ter. For the accuracy and the precision of results, cross-
checking the measured samples against standards ran-
domly.

Stable isotopes, §'80 and §°H were analysed using
isotope ratio mass spectrometry (FINNIGAN DELTAPLUS
XP). The isotopic values were represented in parts per mil-
lion (%0), and are defined as follows [24].

5(%he) = (meple - R“d) x 107 (1)

Rstd
where, std refers to Standard Mean Ocean Water
(SMOW), and R is defined as D/H or 180/'60.

The chemical data were used to create geochemical
plots and indices for further interpretation. Piper plot [25]
and Gibbs diagram [26] were used to identify the water
types, and the major geochemical processes impact the
water chemistry. Geochemical model, WATEQ4F [27] was
used to calculate the saturation state of carbonate and
sulphate minerals, including LogpCO» and ionic strength.
Statistical tool (SPSS version 17), principal component
analysis (PCA) was used to determine the association of
ions, and the underlying patterns with the identification of
the responsible location for that process using factor score
values [28]. The heavy metal evaluation index (HEI) was
used to assess the overall pollution status of the estuar-
ies with respect to the metal concentrations [29]. HEI is
expressed as below.

HEI = i ( HHC ) (2)

i=1
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where, H. and H,,,. refer to the measured value and maxi-
mum admissible concentration (MAC) of the ith parameter.

The results of physico-chemical parameters in three
estuarine waters along with the other sections of the rivers
for comparison, are presented in Figures 2 and 3. The sta-
tistical results for the data are depicted in Table 1.

In KBE, pH ranged from 8.1 to 8.6, with an average
value of 8.4, which is higher than the downstream (KBD)
average pH, 6.8. This suggests the shifting of redox condi-
tions from acidic to alkaline towards estuary. The higher
average values of EC and TDS (47,713.7 uS/cm and
33,400 mg/L) than the average KBD value (3178.1 uS/cm
and 1557.2 mg/L) were observed in the estuary waters.
Similarly, the salinity was exponentially increased in the
estuary (38.3 ppt), whereas the average KBD salinity was
1.64 ppt. It clearly indicates the influence of seawater
mixing in the estuary waters [6, 30]. Higher DO values
were observed in the estuary, ranging from 19.4 to 38.6
mg/L with an average of 30.6 mg/L, compared with the
KBD’s DO value (avg. 4.5 mg/L). Interestingly, turbidity was
higher in the KBD samples, ranging from 45.5 to 284 NTU
with an average of 114.78 NTU, whereas in the estuary, it
was 44.5 NTU (average). It indicates intensive weathering
and leaching of river bedrocks in the upstream, and sub-
sequent sediment discharges into the downstream [5, 31].
The KBE waters have the following order of major ions: Cl—
> Nat > Ca?t > S04%~ > K+ > Mg?t > HCO3~ > PO,3~
> NO3;~. Whereas in KBD samples it follows as: ClI- >
Nat > S042~ > Mg?t > KT > Ca?t > HCO3~ > PO4%~ >
NO3~. CI~ and Na* are dominant ions in both sections of
the river. However, higher average values were observed
in the KBD samples due to various processes/activities oc-
curring in the lower Kuala Baram River [5]. In terms of trace
metals, higher concentrations of Zn, Mn and Pb were ob-
served in the estuary compared with the downstream sec-
tion of the river. Interesting, Fe concentration was expo-
nentially higher (avg. 4900 pg/L) downstream, as it was
released from the source rocks of the river basin through
chemical weathering [5, 8].

In the Miri River, temperature, pH, EC, TDS, DO, salin-
ity and turbidity were higher in the estuary waters. It is also
observed that an increasing trend of EC and TDS towards
the estuary, considered as the receiving point of ionic con-
centrations. There is a clear increase in turbidity, DO and
salinity observed in the estuary. The variation in pH (alka-
line) and seawater mixing in the estuary could control the
release and absorption of metal ions [8]. In terms of major
ions, ClI~ and SO42~ are the dominant ions in the estu-
ary, whereas Cl~ and Na™ in the lower and upper parts
of the river. The sulfate enrichment in the estuary might
be caused by the biochemical oxidation of reduced sul-
fur in the river sediments, coupled with the anthropogenic
activities in the downstream [21, 32, 33]. The presence
of sulfur in estuarine sediments of the Miri River, ranging
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higher pH and seawater influx [8, 35]. However, a sharp
increase in concentration of Zn, Pb and Cu was observed
in the estuary. The co-precipitation with Fe-OH and scav-
enging by other metals leads to higher levels of Zn, Pb
and Cu in estuarine sediments, which later release into
the water column based on the physico-chemical condi-

between 1.26 and 3.19% was reported by Ref. [34]. There
was a drop in Ca®t, Mg?*+, HCO3~ and PO,%~ concen-
trations in the estuary. Interestingly, NO3~ concentration
was detected in the estuarine waters. Fe and Mn show-
ing the decreasing trend towards the estuary, indicating
the formation of Fe-Mn oxyhydroxides as precipitate com-

plexes in colloids and sediments, which was supported by  tions [6, 36].
{a) Miri River (e} Miri River
100000 10000
10006 e e e L F’T'.-q--"
“Iﬁ g estuary 1o e S /
== 100 N
1 h'"“u-..-—-'-""“‘-‘-.__---'--""f_‘.
01 estuary
= N \—\_,-\/
S S g B P g Pk e e
FEFFP PP s :
——Temp ') g L |pifem] @\5‘- ‘*SL f ‘-_2;3 ‘,\& ‘19\ ‘r@ ‘rﬂ?' ‘btf fﬁi ‘_.Qi"-‘u‘l .ﬁ@ﬁ
TOS (mgfl]  =—=—iDO (mgil) =—Salinity (ppt
e T iy (NTUR iy Pl ——F IR i
(6] Miri River

———Cals =—e=hlgds ——Nas K

=03 =504 ) =N ——— P43

Figure 2. Spatial variations of elemental concentrations in the Miri River: (a) in situ parameters, (b) major ions, and (c)
trace metals.

o

———Temrg  =———pH

L0000

Liel]

Qo

a
SEPLSPPPFFSFPIS SIS

-

TOS =) =emSalicity == Turbicity

Sibuti River

FEFIFIFPPFF SIS SIS
—Ca g b e (] —HO0E m——t0d —h0] —F0

(a) Sibuti River Sibuti River

1000000 10000

1000010 = e ——— ""\

F i -4
" B . .
o e — : e
- — L] . =

100

= oy

—i —— ——
10 i
o1 estuary

estuary

1
-3:'\*’1‘*9-19‘4’“4“4&"’@""#’?‘?‘7‘9\‘91‘9%‘954?..3@.?&*@#

=iy =—=Jn ——Fe Mn =P
(d) Baram River
10000
1000
l 100
©
Ill'll :

Froyz=sg 3acye

i3 z § § = i ol

a

-

om

 KEE)] =mEBE0] = KBEOH Avg D5

Figure 3. Spatial variations of elemental concentrations in the Miri River: (a) in situ parameters, (b) major ions, (c) trace

metals, and Baram River: (d) physio-chemical parameters.

269




Viswanathan et al.

Earth Systems, Resources, and Sustainability, 2026, 1(3), 265—281

Table 1. Physico-chemical concentrations (range and average) in upstream, midstream, downstream and estuary sec-
tions of all the three rivers. All major ions and metals values are in mg/L.

Range (mean)

Range (mean)

Range (mean)

Kuala Baram River Miri River Sibuti River
Parameter Estuary Downstream Estuary Downstream  Midstream  Upstream Estuary Downstream  Midstream  Upstream
(n=23) (n=32) (n=23) (n=4) (n=23) (n=2) (n=23) (n=5) (n=5) (n=05)
Temp (°C) 2390'9; 28.7-32.0 228570_ 25.0-30.3 28.3-28.4  27.7-27.8 3301'64_ 28.4-29.3 28-29.5 28.5-29.7
(30.4) (30.1) (28.9) (28.7) (28.3) (28.2) (314) (28.8) (28.7) (29.3)
8.12—
7.6-7.9 6.67-6.89  6.58-6.66  7.4-7.7 6.1-6.4 6.3-6.5
pH (Zig) 4.6-7.5(6.8) 7.7 6.9-7.0 (6.9) (6.75) 6.73) 75) 5.9-6.3 (6.1) 6.2) 6.4)
39,285 32,285- 10,120 6230— 5942— 134.3— 145.2—
( S‘I:E/f::m) 54,428 39('5’1_79&?'0 33,857 16,220 8950 S(Zi;‘éag)“ 24,485 16?;??; 3 216.5 176.9
M (47,713.6) : (33,190) (12,102.5) (8016.6) : (17,085) : (173.2) (166.1)
27,500 22,600 3100— 612— 4160— 191.8— 207.4—
(;D/SL) 38,100 1 9('10; 54;“;?'0 23,700 505’60(;18;)1 0 4460 1267.5 17,140 23%26413)0 4 309.3 252.7
9 (33,400) : (23,233.3) (3996.7) (3260.2) (11,960) : (247.4) (237.3)
19.4— 16.7— 225-
DO (mg/L) 38.6 0.4-5.6 (4.5) 30.6 5':&; 19?'1 22(':; %‘)"6 13('3;21?'8 35.2 4.1-4.6 (4.4) 4'(3:1‘5)'4 4'“;’2;‘;')77
(30.6) (25.7) : : : (27.2) : :
- 27.5- 29.3- 0.020—
s?"“t')ty 50.1 0.0-5.1(16) 309  5.6-9.5(6.9) 3'3(‘2’1_:)'95 0'0(63_;)'04 4'(615;271)'5 1113_116')19 0'((’5’_2:5')16 0.030
PP (38.2) (30.2) : : : : : (0.028)
Turbidity 438~ 45.5-284.0 10.3- 9.64- 4.09-9.3 13.4- 27.1-39.5 7.9-22.9 18.8-21.5
(NTU) 452 (114.7) 40.2 5.7-8.0 (7.0) 13.25 (10.9) 23.1 (34) (19.3) (19.7)
(44.5) : (21.9) (11.42) : (17.5) : :
11.81- 89.5— 41.4—
Ca?*t 4417 O"(l;f% 0 125.8 232%;3;0'0 ! ‘tf;; 0 8%_78; 88.3 2-4(3.6) 2-4(2.8) 4-6 (4.8)
(27.03) : (105.5) : : (67.5)
Mg?+ 1113'283; 1.9-445.2 1155'19_ 111.6-193.2 61.2-97.2 8.4-35.4 1135;61_ 12-36(1.9) BDL-3.6 1.2-6
(12.87) (77.3) (15.5) (135.3) (82) (69.65) (14.5) (1.9) (3.6)
36.97— 42.7— 621.7— 247.1- 19.1— 40.8—
Nat 42.07 2'?;71;’103'0 435 2058.0 1053.1 155.08 433 4?;‘5_ ;)28 26('585 82(;'6 2(73_77;4
(39.39) : (43.0) (1355.1) (741.7) (572.2) (42.2) : . :
K+ 2'273; 1.6-279.2 8932'4(; 32.8-161.3 16.6-48.0  14.4-20.6 282421‘ 9.8-17.7 9.6-20 8.9-20.4
(16.21) (61.5) (89.1) (83.7) (36.2) (31.3) 63.3) (13.1) (12.9) (12.2)
177.25— 11,698.5— 2898.0— 1728.1— 62.03— 2543.5-
cl- 354.5 8'3('5:69‘6‘?'0 15,181.5 5246.6 2747.3 584.9 7444.5 44'(3;518)6'4 26("?5 58?'2 26('57_ ‘;‘)"3
(295.4) : (13,087) (3726.7) (2401.7) (1906.5) (5781.3) : : :
HCO. - f;’g; 12.2-54.9 7.9-28.7 24.4-366.0 42.7-122 2;'76; 8.5-12.2 18.3-54.9 24.4-305  24.4-36.6
3 . B
©.9) (27.7) (17.3) (128.1) (83.3) (114.2) (9.8) (35.4) (28.1) (32.9)
300—
. 13-35 BDL-410.0 59-3300  160.0-400.0 90-170 BDL-49 . 12-54 13-59
S04 (23.6) (131.1) (2153) (270) (136.6) (113.08) ( 1272%03) 19-80(23.2) (35.4) (35.6)
0.02- 0.04— 0.03-
NO; N 0.04 B('g"(;gf’ 0.06 BDL BDL BDL 0.07 0'(()5_1%')1 6 0'1(3_2%)34 0‘?56%)1 4
(0.03) : (0.05) (0.05) : ’ :
PO, -3 060143_ 02-09(0.2) 0.1-0.2 0.17-0.22 0.14-0.22 0.1-0.26 %‘12; 0.02-0.18 0.7-1.6 0.3-3.5
4 . LU, . .
0.07) (0.1) (0.19) (0.16) (0.19) 0.12) (0.07) (0.9) (1.7)
0.038—
91-101 28-45 46-53.5 11-57
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In the Sibuti River, there is a sharp increase in the lev-
els of EC, TDS, and DO observed in the estuary, which
facilitates redox processes by releasing metal ions [37].
pH and salinity were also increased to support the above
mechanisms, including the seawater mixing. As in the Miri
River, ClI~ and SO,2~ are the dominant ions in the Sibuti
estuary, whereas ClI~ and Na* are in the lower and upper
parts of the river. Similarly, Ca®t, Mg?+ and K* concentra-
tions were increased in the estuary suggesting weathering
and dissolution of cations through an ion-exchange pro-
cess with the clay-dominant sediments [38]. NO3~ show-
ing a decreasing trend towards the estuary. Fe concen-
tration showed a consistent trend in the downstream and
upstream, then sharply decreased in the estuary as a re-
sult of salinity-induced flocculation [39]. However, Mn con-
centration was increased in the estuary. It suggests the
adsorption-desorption process occurred in the varied re-
dox conditions of the estuary. This process of metal ex-
change between sediment and the water column was ob-
served to be significant in the estuary despite the absence
of external sources [40]. Interestingly, Zn, Cu and Pb were
only found in the estuary.
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In the Piper plot (Figure 4), all the KB samples fall in
the Na—Cl field, which indicates the salinization through
seawater mixing [6]. However, the proportion of salinity
varies with respect to the proximity of samples to the
river mouth. For Miri River, MRD and MRM samples were
clustered in the Na—Cl field, which suggests various an-
thropogenic activities dominated in the downstream [10].
A sample from MRU falls in Ca—Mg—HCO3; indicates the
weathering of source rocks [3]. Estuary samples were plot-
ted in the Ca—Cl field. It is interesting to observe the hydro-
chemical evolutionary pathways from Na—Cl (downstream)
to Ca—Cl (estuary). The observed changing cations from
Na to Ca indicated the reverse ion exchange process,
whereby Na™ was observed in the estuary sediments and
released Ca®* into the water [5, 6]. This was supported
by the calculated positive values of chloro-alkaline indices
[41] for the samples. For the Sibuti River, SRU, SRM and
SRD samples fall in the Na—Cl field, whereas the estu-
ary samples were clustered in the Ca—Cl. The dominance
of ClI~ in the estuary indicates the seawater influx and
evaporation, which is a common mechanism in estuaries.
Whereas, the CI~ in other sections of the river is derived
from various anthropogenic impacts [8, 10]. The shift of
Nat to Ca®t suggests a reverse ion exchange process.

Figure 4. Piper plot to identify the water types and its hydrochemical evolutionary pathways in the three estuaries: (a)

Miri River, (b) Sibuti River, and (c¢) Kuala Baram River.
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In the Gibbs plot (Figure 5), KB estuary samples fall
in the evaporation field, whereas the KBD sample falls out-
side the boomerang field. In the cation plot of the Miri
River, samples from MRM and MRD fall within the evapo-
ration dominance field, indicating natural surface evapora-
tion with anthropogenic impacts [10]. The upstream sam-
ples fall close to the rock water interaction field suggest
the weathering of source rocks in the river basin [8]. In the
anion plot, all the samples fall close and in the evapora-
tion field indicating the multiple sources of Cl~ from natu-
ral seawater influx and anthropogenic impacts [6, 10]. For
the Sibuti River, most of the samples (except the estuary)
fell outside the boomerang field, which indicates that the
hydrochemistry of the estuaries water is impacted by other
factors or anthropogenic activities like urban waste, agri-
cultural run-off and industrial discharges. Estuary samples
fall in the evaporation field, indicating the seawater mix-

ing [6].

In the present study, Cl~ is the most dominant anion
in all rivers. This indicates the CI~ might originate from the
seawater mixed with the estuaries water, and other anthro-
pogenic impacts [6, 30]. To explore the correlation between
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Cl~ and other cations, ionic ratio plots (Figure 6) were
used to underscore the geochemical processes. In the Ca
vs. Cl plot, the Sibuti River has a good positive correla-
tion (r2 = 0.97), particularly in estuarine samples (circled),
with a higher ratio indicating the release of Ca®* during
reverse ion exchange with the increasing salinization sug-
gests mixing of freshwater and seawater [42]. However,
the Miri and Kuala Baram rivers show poor correlation. In
S04 vs. Cl plot, all the 3 rivers show positive correlation,
in which Kuala Baram and Sibuti Rivers are in good pos-
itive correlation (» = 0.98; 0.93). The higher ratio in Miri
and Sibuti estuaries indicates the release of sulfate from
the sediments by the oxidation process, coupled with an-
thropogenic activities downstream. It was reported that the
presence of sulfur in this estuarine sediment had an aver-
age of 2.13% in Miri estuary and 3.9% in Sibuti River [34].
There are no significant changes in the Na* concentra-
tions in estuary waters indicating the loss of Na* from the
solution during the mixing of seawater and freshwater. It is
suggested that Na®* in the seawater that invades the river
water and is then depleted due to ion exchange during the
recharge of water [43]. A similar trend was observed for Mg
vs. Cl ratio. Thus, seawater influx is the potential source of
hydrochemical alteration in the estuarine waters, followed
by ion exchange and mineral precipitation.
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Figure 5. Gibbs plot to identify the major geochemical processes impact the estuarine water chemistry: (a) Miri River,

(b) Sibuti River, and (¢) Kuala Baram River.
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4.4. Saturation Index (Sl) and Log pCO-

In order to determine the saturation state of minerals
present in the estuarine waters, an attempt was made in
this study to calculate the Sl of carbonate and sulphate
minerals (Figure 7). The Sl values of carbonate and sul-
phate minerals indicate that all the samples fall under sat-
uration state, which indicates dissolution of minerals from
the river basin source rocks [21]. However, the increas-
ing value of Sl for calcite and aragonite in MRE and KBE
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might indicate an approach towards precipitation of miner-
als due to the variation in pH and seawater mixing [10]. In-
terestingly, in the Sibuti estuary, higher values of gypsum
and anhydrite indicate the dominance of sulphate miner-
als as evaporites, and subsequent dissolution in the up-
per stream [6]. Overall, the increasing values in estuaries
might promote the precipitation of minerals, whereas the
dissolution of minerals (decreasing values) was observed
in the lower and upper parts of the rivers.
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Log pCO, value is used to assess the residence time
of water and its capacity for mineral dissolution in the en-
vironment [44]. Overall, estuarine samples were close to
and above the atmospheric pCO, value (—3.5), which in-
dicates the influence of precipitation source on the estuary
water chemistry (Figure 8). However, there is an increasing
trend of Log pCO, values were observed from KBE from
the north to the SRE in the south with an increasing ionic
strength. The higher Log pCO. values in downstream and
upstream samples indicate that the waters are in extended
contact with the river beds through weathering and disso-
lution of ions [6]. But the ionic strength was lower due to
the dilution of ions, and carried towards the estuary.

In this study, the 80 values ranged from —9.79 to
—3.64%. with an average of —6.09%. in MR; —11.20 to
—9.54%. with an average of —10.30%. in SR; —9.91 to
—8.80%. with an average of —9.26%. in KBR. Whereas,
62H ranged from —55.72 to —26.28%. with an average of
—38.34%0 in MR; —85.41 to —72.55%., with an average
of —78.61%. in SR; —59.3 to —58.2%. with an average of
—58.63%. in KBR. The enriched ¢'80 and §2H values were
observed in MR, whereas depleted values were observed
in SR. The calculated d-excess values ranged from —6.19
to 22.6%. with an average of 8.26 %.. The higher d-excess
values were observed in KBR and the lower values in SR.

5180 and §%H values were plotted in an X-Y scatter
plot (Figure 9). In this study, the LMWL of the Limbang
river basin is considered [28], as it has a similar tropical
climatic pattern closer to the current study location. Sim-
ilarly, GMWL is considered from Ref. [24]. In the 6'80 vs
5°H plot, SR isotopic values were grouped in two differ-

-6

Estuaries
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ent clusters. The cluster 1 samples from the lower part of
the river (estuary and downstream) fall closer, and form
a parallel relationship with GMWL and LMWL suggesting
recharge through direct precipitation [21]. Whereas, clus-
ter 2 samples from the upper part of the river (upstream
and midstream) deviated away from LMWL/GMWL indi-
cate evaporation [42]. Similarly, 2 clusters were identified
for MR isotopic values. Cluster 1 from the lower part of
the river consists of estuary and downstream samples that
fall adjacent to the LMWL and GMWL indicate direct pre-
cipitation. However, it shows the enriched isotopic values
due to the closest proximity to the ocean, and preferen-
tially and the heavier 80 is due to the continental effect
[45, 46]. In this region, the air moisture originates pre-
dominantly from terrestrial source, particularly during the
northeast monsoon which brings drier air masses leading
to rainout effects [28, 47]. The cluster 2 samples are from
the upper part of the river, which has depleted isotopic val-
ues, but slightly deviates from the LMWL. A slight increase
(enriched) in 6'80 values were observed towards the river
mouth sample (KBEO1) in KBR, indicating the continental
effect.

d-excess value was calculated using the equation, d-
excess (%) = 85'80+10 [48]. Most of the d-excess val-
ues for MR and KBR show high d-excess values (>10%o),
which suggests the primary precipitation (Figure 10). How-
ever, it shows an evaporation trend towards the lower part
of the river by the decreasing d-excess values, which again
confirms the continental effect. The low d-excess values
(<10%.) of SR indicate evaporation dominance [21]. The
average d-excess value (8.2%.) of estuaries, which is devi-
ated from the GMWL value (10%s.), indicates that evapora-
tion is the dominant process to control the hydrochemistry
of rivers with lesser precipitation impact [49].
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Figure 8. LogpCOs, vs. ionic strength to understand the residence time of water in the river basin. The atmospheric Log

pCO, value is —3.5.
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Figure 9. §'80 vs. §°H plot to identify the various origins
line, and LMWL indicate local meteoric water line.

Cl concentrations were compared with 6’80 values
to understand the salinization process in the rivers (Fig-
ure 11). Anincreasing value of '80 and CI~ was observed
from the upper to the lower part of MR indicating the evap-
oration dominance in the lower part of the rivers, which
added salinization to the estuarine waters. Interestingly,
SR showing large variance in Cl~ concentrations with con-
stant 6'80 values signifies the evaporation dominance in
the estuary. Similarly, KBE showing an increasing value
towards the river mouth signifies the evaporation.

The PCA extracted four factors with a total data vari-
ability of 85% (Supplementary Table S1). Factor 1 has
loaded with pH, DO, EC, TDS and salinity, indicating the
salinization process in all three estuaries [10]. Seawater
mixing is the major potential source of hydrochemical alter-
ation in the estuarine waters. The geochemical reactions
in the buffer zone between the river water and seawater
mixing also govern the elemental distribution in estuaries
[35]. Itis interesting to note that negative loading of metals
indicates that salinity is also a prominant factor influenc-
ing the metal concentrations in estuarine waters [35, 50].
Factor 2 has loaded with Ca®*, Mg?*+, Nat, HCO3~, Cu
and Pb suggests geogenic sources such as weathering,

e SR

KBR

of water in the rivers. GMWL indicate global meteoric water

ion exchange and dissolution of minerals from the source
rocks, present in the upper part of the Miri River [6, 18],
which is reflected in the factor score (Figure 12). Factor 3
was loaded with K, CI~ and SO,42~ indicates oxidation of
reduced sulfur in the river sediment releases SO42~ into
water. The presence of sulfur mineral in the estuarine sed-
iments, and the observation of sulphate mineral, gypsum
(CaS0Qy) in the dissolution state of saturation index, with
the positive loading of Ca and SO, supported the above in-
ference [32, 33]. This mechanism is mainly observed in the
Miri and Sibuti estuaries, where the salinization by seawa-
ter mixing was reflected by CI~ in this factor. Factor 4 was
loaded with turbidity, and Fe suggests high sediment flow
through river runoff. It was reported that the highest rate of
sediment discharges occurred downstream of the Kuala
Baram River [31]. This is mainly observed in the Kuala
Baram estuary, which can support the above process. The
sediment load derived from the terrestrial region, compris-
ing of organic matter, clay, silt and sand mixture also in-
fluence the metal concentration in the region [15, 51]. Fe
is mainly released from the chemical weathering of source
rocks in the river basin [3]. The presence of colloids as a
source of turbidity is higher in the estuary, which helps to
carry Fe via adsorption [8].
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Figure 10. The calculated d-excess values were used to understand the evaporation and moisture sources of water in
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Figure 11. 6'80 vs. Cl plot to understand the salinization process in the estuarine waters.
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Figure 12. Principal component analysis for the hydrochemical data to identify the key geochemical processes that con-
trol the river water chemistry with respect to the site-specific as shown in the factor score plot.
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Based on the Ministry of Health (MOH) Malaysia raw
water quality standards, the concentration of Zn, Mn, and
Pb in Miri and Kuala Baram estuaries exceed the guide-
line values. It is also observed that the Fe concentration
in Sibuti upstream, mid-stream and downstream samples
is higher than the MOH guideline values. The calculated
HEI ranged from 1 to 28 with an average of 10. Based on
the mean value of 10, three pollution categories were de-
fined as low (>10), medium (10-20) and high (<20) [29].
Based on the classification, MR estuary samples fell in a
high degree of pollution (Figure 13). Similarly, the major-
ity of KB estuary samples fell in a medium degree of pol-
lution. Whereas, SR samples fell in a low degree of pol-
lution irrespective of the locations. The upper side of the
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rivers showing low pollution risk. Overall, the estuaries are
vulnerable to metal pollution due to anthropogenic activi-
ties in the downstream that transport Zn, Cu, Pb, and Mn
into the estuaries [5, 6]. In addition, the natural release of
metals from the estuarine sediments due to varied redox
conditions and salinity [39]. The benthic biodiversity has
been reported to have declined due to the pollution load
in the estuary [14]. The potential ecotoxicological risks to
the estuarine organisms are particularly pronounced, es-
pecially in tropical regions, as tropical estuaries are rich in
biota relative to other climatic regions [52-54]. Hence, this
study shows that Miri coastal estuaries exhibit a higher to
moderate risk of metal pollution, seeking attention with an
effective periodic monitoring and management of the pol-
lution sources.
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Figure 13. Heavy metal evaluation index (HEI) to identify the pollution status of the rivers. The samples were classified

into three levels of pollution such as low, medium and high.
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This study investigated regional estuarine-scale as-
sessment by adopting multiproxy geochemical data to
compare the elemental distribution, its processes and
sources in three major estuaries of the Miri coast. Spa-
tial variations of ionic concentrations showing distinct dis-
parities among upper, lower and estuary sections of the
rivers. Higher concentrations of EC, TDS, salinity, turbid-
ity and TSS were observed in KBE, indicating seawater
mixing into the estuary waters, with high sediment dis-
charges through river runoff. ClI~ and SO4°~ are the dom-
inant ions in MRE and SRE, whereas Cl~ and Na2t in
KBE suggest the salinization and oxidation of reduced sul-
fur. Hydrochemical evolutionary pathway from Ca—Cl wa-
ter type (MRE, SRE) to Na—Cl water type (KBE) indicates
ion exchange and seawater influx. The upper section of
the rivers has a Na—Cl water type indicate weathering and
anthropogenic impacts. The dominance of surface water
evaporation, seawater mixing and anthropogenic impacts
is reflected in the Gibbs plot. lonic ratio plots reveal that
seawater mixing is the primary drivers of hydrochemical al-
teration in the estuarine waters. The undersaturation con-
dition of carbonate and sulphate minerals suggests disso-
lution of minerals irrespective of rivers. However, the in-
creasing Sl values in estuaries might promote the precip-
itation of minerals under varying pH conditions. Estuaries
Log pCO; values were close to the atmospheric value sug-
gest the precipitation influence in the estuary waters. In
contrast, the higher Log pCOs. values in the upper sections
indicate mineral weathering and dissolution. Isotopic sig-
natures reveal primary precipitation in estuaries. However,
d-excess values confirmed the evaporation dominance in
estuaries with lesser precipitation influence due to the con-
tinental effect. PCA confirmed the dominance of seawater
mixing in estuaries, and geogenic source influence in the
upper sections of the rivers. The metal (Zn, Mn, and Pb)
concentrations were higher than the MOH guideline val-
ues, particularly in Miri and Kuala Baram estuaries. Based
on the pollution index (HEI), MRE and KBE were classified
as high and medium degrees of metal pollution, with Zn,
Cu, Pb and Mn as the most vulnerable metals in the estu-
aries. The outcome of this study reveals the current quality
status of the estuaries in the Miri coast, which require con-
tinuous monitoring and sustainable management plans to
protect this vulnerable ecosystem.

The supporting information can be downloaded
at: https://media.sciltp.com/articles/others/2603171628093795/
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