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Abstract

Sampling of surface water at seven stations along the Sungai Balok, Pahang
was conducted from 2013 to 2015 to investigate the distribution of dissolved
rare earth elements (REE) in river systems. The whole concentration of XREE
in the dissolved phase recorded during this study ranged from 368 to 9121
pmol-L™" with a mean of 2328 + 1442 pmol-L™' that was dominantly influ-
enced by the concentration of Ce ranging from 84 to 3237 pmol-L™". Similarly,
the large ranged value of La/Yby (0.69 - 11.57) might be due to the fluctuating
rainfall events during samplings as well as input from lithogenic sources that
suggests the influence of monsoon events. The highly significant statistical
correlation of Al and Fe (R* = 0.65; p < 0.01) also suggests the resuspension
and mixing of REEs in the water column. However, the lower ratio of Y/Ho <
55 might be due to the large volume of freshwater input especially during the
Northeast monsoon (November to March). Therefore, the highest inventories
of Ce were during 15" January 2014 and 1% November 2014 with 586.5
pmol-cm™ and 643.4 pmol-cm™, accordingly. Subsequently, results showed
an increasing flux of Ce occurring in the dissolved phase from November
2013 to January 2014 and November 2014 to January 2015, with 39.14
nmol-cm™yr™" and 59.78 nmol-cm™.yr~', respectively.
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1. Introduction

Studies on distributions of dissolved REEs in river and marine environments

were previously conducted based on river discharge loadings, rainfall and
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sources of geology such as granite and carbonatite [1]. The distribution of dis-
solved REEs in the marine environment is attributed to the affinity of water to
dissolved minerals onto the particle surface [2]. Therefore, dissolved REEs in
river systems are associated with monsoon events that were explained previously
e.g. river discharge, geological input and rainfall distribution in the Chow
Phraya River, Thailand and Mandovi River, India [3]. The abundance of REEs in
the dissolved phase of tropical rivers usually corresponds to salinity, carbonate
complex and biological processes [4].

The monsoon period of the southern South China Sea is always changing and
not fixed every year. Therefore, this study is important to examine the presence
of monsoon effects over sampling periods with the climatological data of wind
flow direction and rainfall distribution. The distribution of REEs in dissolved
phases had been observed in various environments such as global rivers [5],
biogeochemical cycles in Tokyo Bay [6], granite sources [7], and most recently
published in the Bay of Bengal by Yu et al (2017) [8]. Dissolved REEs in rain-
water have been discussed based more on industrial effects e.g., mining and at-
mospheric pollutants during wet deposition within acidic rainwater [9]. Howev-
er, the rainfall aspect in tropical river systems and changing monsoons have not
been well discussed by the previous researchers and in this study the authors
have selected the Sungai Balok, Pahang, Malaysia as a pilot study area to eluci-
date REEs with rainfall events.

The upstream of Sungai Balok is in the hilly mountain near the granite belt
[10] therefore, the river receives large amounts of dissolved and particulate loads
due to heavy rainfall events especially during the Northeast monsoon. The in-
crease in river discharge also brings higher terrestrial inputs as well as erodes the
mangrove forest in the river system. The idea of establishing selected REE prox-
ies ie, La/Yb and Y/Ho was conducted previously in studies on dissolved REE
in rainwater but overlooked the abundance of La compared Ce and the positive
anomaly of Ce and Gd. This however, was not used to directly determine any
REE proxies for studying the monsoon changes. Since La/Yb, was used by
Thompson et al. (2013) [11], and Takahashi and Noriki (2007) [6] in the estu-
aries of several major rivers around the world and in Tokyo Bay, respectively, it
was deduced to have the potential to be the REE proxy in Sungai Balok for the
determination of the monsoon due to rainfall seasonality [12]. The terrigenous
detritus also contains lithogenic sources including organic and inorganic com-
ponents through the weathering in estuarine environments. Meanwhile, pre-
vious studies on higher dissolved REE concentrations from lithogenic organic
sources were investigated in Tokyo Bay [6] as well as Bay of Bengal [13]. Hence,
the objective of this study is to investigate the distribution of REEs during vari-
ous sampling periods and to determine the suitable proxy of lithogenic sources

using a species of REEs.

2. Sampling and Analytical Procedures

Sungai Balok is located on the East coast Peninsular of Malaysia with water
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depths ranging from 0.5 - 6 m, length is ~5 km and the average width is ~13.3 m.
The estuarine and river systems are surrounded by mangrove forests and un-
dergo semi-diurnal tides. Surface water was collected using a clean water samp-
ler at seven stations of the river during nine sampling trips from 2013 to 2015
(Table 1; Figure 1). In the laboratory, water samples were filtered immediately
using 0.45 um membrane filter paper and acidified to pH 2. The filtrate was in
the dissolved form while the samples remaining on the filter paper were consi-
dered suspended particles samples. Dissolved samples were then stored in acid
washed polyethylene bottle [7] with 50 ml of 4% HNO, and kept in a cool box
prior to further analysis in the laboratory. Water quality parameter Ze., salinity,
was also recorded using the calibrated water quality multi-parameter AAQ-1183H
manufactured by Alec Electronics Co. Ltd.

El Ea EA

Figure 1. The map of location sampling of Sungai Balok also including the respectively
depth with ST1 (6 m); ST2 (0.5 m); ST3 (1.5 m); ST4 (4 m); ST5 (5 m); ST6 (5 m) and ST7
(4.8 m). Sampling station also divided into three categories as coastal zone (ST1 and ST2),
estuarine zone (ST3, ST4 and ST5) and river zone (ST6 and ST7). About nine times of sam-
pling were conducted as 16-Jan-2013, 24-April-2013, 16-July-2013, 01-November-2013,
15-January-2014, 24-April-2014, 17-July-2014, 01-November-2014 and 31-January-2015.
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Table 1. GPS coordinates of sampling stations at the Sungai Balok.

Station GPS coordinates Denth
Area P Remarks
(8T)  Latitude (N) Longitude (E) (m)
1 03°55.714' 103°22.884' 6 Extension from river mouth
Coastal
2 03°55.928' 103°22.652' 0.5 Sand bar area
3 03°56.242' 103°22.443' 1.5 Junction to Sungai Tungkak
Estuarine 4 03°56.630' 103°22.086' 4 Junction to Sungai Pengkalan Baru

5 03°56.780' 103°21.974' 5 Mangrove and nymph forest

6 03°57.140' 103°21.800' 5 Mangrove and nymph forest
River

7 03°57.410' 103°21.720' 4.8 Mangrove and nymph forest

The published analytical procedure was followed with the pre-concentration
method using Chelex-100 resin [14]. While the trace elements such as Al, Mn
and Fe were also analyzed using the published protocol of Bourg (1983) [15].
The Standard Reference Material (SRM) was also prepared by spiking multi-REE
elements (10 ppm) and standard solution of trace elements (10 ppm) into artifi-
cial seawater and running them as actual samples to observe their recovery yield
(90% - 95%). The concentration levels of biological silicate (Biogenic SiO,) were
determined using the yellow silicomolybdate techniques Coradin et al, (2004)
[16].

The results of REEs have been normalized with the Post Archean Australian
Average Sedimentary rock or Shale (PAAS), which is the nearest continental
crust for further discussion [7]. According to Daud and Mohamed (2016) [1],
the geological setting of Sungai Balok is enriched with sedimentary rock or clay
along basaltic rock, which is similar to PAAS. Generally the REEs members will
divide into two groups as light rare earth element (LREE) which in the periodic
table is from lanthanum (La) to Europium (Eu) and heavy rare earth element
(HREE) is from gadolinium (Gd) to lutetium (Lu). Subsequently, the estimated
flux of REE in Sungai Balok was calculated using the following published Equa-
tion (1) [17].

N
Flux = The sampling period(day yr! )x 86400 s - day ™" %Z c(i)x0(t) (1)

i=1
The ratio of % is a conversion factor which is obtained from days of sampling

period per year while 86,400 is the calculated seconds per day value. The (#) is
concentration of represented dissolved REE (pmol-L™") and Q(#) is the average
daily river discharge in L-s™:-km™ or m*s™"-km™. According to DID (2011) [18],
the National water resources report has stated that Sungai Balok has similar cat-
egory of a small tributary such as Sungai Lepar near the major river of Sungai
Pahang with daily discharge of ~4.59 m’s™' or 4.59 x 10’ Ls™" while the size of
the river area is ~66.5 x 10~ km’. The statistical analysis used was the correla-

tion matrix and ANOVA using SPSS version 21 to determine a significant cor-
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relation and differences of selected total dissolved REE concentrations, the REE
proxy ratios and some essential elements where statistically significant and dif-
ferent when p < 0.05 or 0.01.

3. Results and Discussions

3.1. Rare Earth Element in Dissolved Phase

The distribution of dissolved REEs varies from upstream to downstream espe-
cially during November and January. During this period, the total dissolved rare
earth elements (ZREEs) ranged from 368 to 9121 pmol-L™}, with a mean value of
2328 + 1442 pmol-L™', and LREE/HREE ratio ranging from 5.20 + 0.97 to 22.41
* 3.00 (Table 2). The LREE concentrations along the sampling stations ranged
from 344 to 8724 pmol-L™" and HREE from 23.5 to 593 pmol-L™". According to
McLennan (1989) [19] the abundance of total dissolved REEs strongly supports
the huge concentration of Cerium (Ce). The concentrations of Ce also varied
between 84 to 3237 pmol-L™' with the highest mean concentration of 1680 + 730
pmol-L™' recorded in November 2014 (Table 2). These results were probably due
to the high rainfall events [14]. Dissolution of Ce in January 2014 was observed
to be statistically higher due to the higher monthly rainfall distribution (r =
0.328; p < 0.05) with 277 mm (Figure 2). The same results were obtained after
the flooding disaster in December 2013 due to heavy rainfall (>1800 mm) as well
as in November 2014 when the rainfall was about 288 mm. Hence these inci-
dents have increased the REE contents in the water column.

There were no significant differences and distributions of REE contents among
the stations from upstream to downstream (p > 0.05) except between sampling
periods (p < 0.05) because the depth of the water column is very shallow e.g., less
than 5 m during high tide which might have caused active resuspension. Ac-
cording to Shynu ef al (2011) [3] the resuspension activities of dissolved REEs in
rivers might be from surface sediment to water column as well as re-suspended in
subsurface waters from the river runoff. The resuspension and mixing process of
REEs in the water column was also observed based on the significant statistical
correlation between Al and Fe (R? = 0.65; p < 0.01) that was discussed pre-
viously in Bourg (1983) [15]. Regarding the concentration of Fe and Al that
showed opposite trends to concentration of dissolved REEs, the species in Ta-
ble 2 might be desorbed from particles or resuspended from surface sediment.
This may have been caused by active river discharge transportation from the
upper stream after incorporation of heavy rainfall and sources from ground-
water discharge [12].

The sampling sites were divided into three zones which were river, estuarine
and coastal (Table 1; Figures 3(b)-(d)) to examine the dissolved REE concen-
trations based on the salinity gradient whereby 27 - 33 psu, 13 - <27 psu and <13
psu represent coastal, estuary and river areas, respectively. The concentrations of
YREEs slightly decreases towards the estuarine zone (mean range: 514 - 3713

pmol-L™") and increases in the coastal zone (mean range: 387 to 6087 pmol-L™).
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Table 2. Concentrations of selected dissolved REE (pmol-L™") of Y, Ce, Nd, Eu and Ho, LREE, HREE and Total REE, the ratios of
Ce/Ce*, Eu/Eu*, Y/Ho, La/Yb,, and selected essential elements (pmol-L’l) of Fe, Mn and Al in Sungai Balok.

Date/
period

Station Salinity Y Ce Nd Eu Ho L/HREE LREE HREE XREE La/YbyCe/Ce* Ew/Eu* Y/Ho Fe Mn Al
ST1 30.16 342 323 147 4.340 2.480 4.750 798 168 966 0.897 0.690 0.377 138 16.61 0.115 7.760
ST2 14.02 311 317 154 6.263 1.640 6.580 731 111 842 1.550 0.870 0.601 190 13.09 0.123 7.950
Mean 22.09 327 320 150 5.302 2.060 5.665 765 140 904 1.224 0.780 0.489 164 14.85 0.119 7.855
16 Jan13  ST3 7.400 246 401 148 19.61 1.667 4.390 816 186 1002 0.920 1.150 1.170 147 16.68 0.303 8.090
ST4 2710 350 561 344 1532 5240 4.430 1436 325 1761 0.690 0.720 0.597 66.80 13.64 0.356 5.790

ST5 0.660 306 562 230 26.71 3.000 5.840 1229 211 1440 1.160 1.000 1.210 102 13.64 0.507 5.800

Mean 3.590 301 508 241 20.55 3.302 4.887 1160 241 1401 0.923 0.957 0.992 105 14.65 0.389 6.560

XMean 10.99 311 433 205 14.45 2.805 5.198 1002 200 1202 1.043 0.886 0.791 129 14.73 0.280 7.078

s.d 11.88 41.00 122 8541 9.310 1.480 0.970 312 78.88 385 0.330 0.190 0.330 46.70 1.760 0.165 1.180

ST1 31.66 77.47 132 68.38 1.766 1.148 14.66 344 2350 368 3.200 0.600 0.892 67.48 14.07 0.020 4.770

ST2 31.56 8550 164 71.58 1.500 1.439 12.61 376 29.80 406 1.980 0.757 0.710 59.42 13.84 0.016 8.660

Mean 31.61 81.49 148 69.98 1.633 1.294 13.64 360 26.65 387 2.590 0.679 0.801 63.45 13.96 0.018 6.715

24 April 13 ST3 3144 76.00 184 73.83 1.816 1.088 14.95 389 26.01 415 2.300 1.190 0.802 69.85 1543 0.018 4.870
ST4 2093 4546 179 71.80 1.684 0.900 18.32 403 22.15 425 3.100 0.967 0.835 50.51 11.00 0.575 4.660

ST5 18.82 96.37 372 78.10 3.090 1.560 13.80 655 47.50 703 1.590 1.270 0.873 61.77 12.48 0.890 8.810

Mean 23.73 72.61 245 74.58 2.197 1.183 15.69 482 31.89 514 2330 1.142 0.836 60.71 12.71 0.494 6.113

ST6 8940 103 499 114 3.030 1.730 17.61 892 50.00 942 2.580 1.240 0.680 59.50 16.13 1.205 4.780

ST7 2460 224 604 139 6.080 2.450 13.53 1174 86.79 1261 1.730 0.880 0.830 91.42 16.43 1.066 11.89

Mean 5.700 164 552 127 4.555 2.090 1557 1033 68.40 1102 2.155 1.060 0.755 75.46 16.28 1.136 8.335

ZMean 20.83 101 305 88.10 2.710 1.474 15.07 605 40.82 646 2.354 0.986 0.803 65.71 14.19 0.541 6.920

s.d 11.75 57.24 188 2736 1.620 0.520 2.130 321 2321 343 0.640 0.258 0.080 12.95 1.980 0.526 2.880

ST1 3241 201 325 140 16.84 3.880 1391 1146 82.00 1228 3.58 0.340 2.600 51.80 17.54 0.067 5.180

ST2 3197 176 274 125 5.530 2.790 1561 1041 66.70 1108 3.72 0.300 1.080 63.08 21.41 0.073 4.860

Mean 32.19 189 290 133 11.19 3.335 1476 1094 7435 1168 3.65 0.320 1.840 57.44 19.48 0.070 5.020

16 July 13 ST3 3229 263 244 125 1526 16.85 6.68 977 146 1123 1.880 0.290 2.230 3.750 20.07 0.135 7.650
ST4 1525 464 281 210 13.29 9.940 23.10 3855 167 4022 10.34 0.060 1.150 46.68 1598 2.562 14.72

ST5 9.060 569 352 327 1237 7.760 10.45 2045 196 2241 3.960 0.200 0.730 73.32 22.14 2.437 26.36

Mean 18.87 432 292 221 13.64 11.52 1341 2292 170 2462 5.393 0.183 1.370 41.25 19.40 1.711 16.24

ST6 2.240 811 1430 538 33.82 15.64 12.11 3876 320 4196 4.110 0.560 1.290 64.64 29.14 2.000 21.66

ST7 0240 410 938 275 36.32 4.120 17.49 2359 135 2494 5.430 0.617 2.330 99.50 24.20 0.990 13.65

Mean 1.240 611 1184 407 35.07 9.880 14.80 3118 228 3345 4.770 0.589 1.810 82.07 26.67 1.495 17.66

ZMean 17.64 413 549 249 19.06 8.711 14.19 2186 159 2344 4.717 0.338 1.630 57.54 21.49 1.181 13.44

s.d 14.45 226 457 149 11.52 5.720 5.280 1261 84.18 1326 2.690 0.195 0.736 29.25 4.360 1.130 8.280

ST1 31.84 169 307 119 30.24 25.64 7.660 1867 244 2111 3.085 0.164 2.520 6.590 4.790 1.685 14.72

ST2 31.75 27.25 84.00 35.14 10.03 7.550 5.550 371 66.50 438 1.470 0.258 4.080 3.610 4.460 1.058 18.07

Mean 31.80 98.13 196 77.07 20.14 16.60 6.605 1119 155 1274 2.278 0.211 3.300 5.100 4.625 1.372 16.40

1 Nov 13 ST3 31.64 6456 181 59.17 9.630 6.580 7.330 490 66.5 557 1.460 0.547 2.980 9.810 10.07 1.284 27.98
ST4 9.300 80.52 299 106 17.13 10.09 9.570 1067 111 1178 2.520 0.336 2.760 7.980 6.783 5.447 17.70
ST5 9.000 6826 250 8583 9.170 5970 12.64 813 6420 877 3.240 0.380 2.560 11.43 13.26 4.928 12.87
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Continued
Mean 16.65 71.11 243 83.67 11.98 7.547 9.847 790 80.57 871 2.407 0.421 2.767 9.740 10.04 3.886 19.52
ST6 4.200 5198 198 63.61 8.840 5.850 9.320 542 57.60 599 1970 0.521 3.030 8.880 12.66 8.361 14.83
ST7 1.410 128 611 202 16.74 7.790 10.63 1140 107 1247 1.070 1.330 2.330 16.43 39.55 2.036 26.52
Mean 2.805 89.99 405 133 1279 6.82 9.975 841 82.30 923 1.520 0.926 2.680 12.66 26.11 5.199 20.68
ZXMean 17.02 84.22 276 95.88 14.54 9.920 8.860 899 102 1001 2.116 0.505 2.894 9.247 13.08 3.543 18.96
s.d 14.04 4838 166 54.90 7.790 7.080 2.340 518 23.65 579 0.850 0.388 0.580 4.026 12.02 2.760 5.960
ST1 27.60 449 1443 472 36.89 13.18 14.25 3663 257 3920 2.820 1.080 2.350 34.07 8.080 0.816 12.36
ST2 20.73 382 1757 657 36.89 13.58 18.04 4520 250 4770 5.170 0.881 1.880 28.13 10.29 0.455 16.30
Mean 24.17 416 1600 565 36.89 13.38 16.15 4092 254 4345 3995 0.981 2.115 31.10 9.185 0.636 14.33
15 Jan 14 ST3 7.480 169 717 405 14.00 10.03 20.59 2682 131 2813 8.040 0.315 1.800 16.91 5.996 0.230 9.990
ST4 2.110 347 1788 1273 52.82 11.22 22.00 5648 257 5905 9.770 0.426 1.180 18.84 10.18 1.239 11.34
ST5 1.960 145 649 380 11.76 7.450 23.23 2322 100 2422 7.410 0.437 2290 19.42 5.590 0.230 8.290
Mean 3.850 220 1051 686 26.19 9.567 21.94 3551 163 3713 8.410 0.393 1.760 18.39 7.260 0.566 9.870
ST6 1.310 378 3237 1768 67.37 20.70 22.00 8724 397 9121 5.370 0.514 1.510 18.26 9.600 0.670 3.180
XMean 1020 311 1598 826 36.62 12.69 20.02 4593 232 4825 6.430 0.609 1.835 22.60 8.289 0.607 10.24
S.d 1125 125 943 569 21.62 4.510 3.340 2360 106 2460 2.470 0.300 0.450 6.890 2.090 0.388 4.385
ST1 3248 403 1900 764 85.00 4291 10.50 5193 495 5688 2.390 0.556 2.950 9.390 0.773 0.102 2.550
ST2 3240 292 1314 394 29.74 1527 13.61 3237 238 3475 3.920 0.662 1.540 19.12 0.477 0.027 1.560
Mean 3244 348 1607 579 57.37 29.09 12.06 4215 367 4582 3.155 0.609 2.245 14.26 0.625 0.065 2.055
24 April 14  ST3 31.75 311 593 292 17.89 1394 8.860 1507 170 1677 1.530 0.221 1.700 22.31 0.868 0.066 1.300
ST4 23.68 247 580 201 15.79 11.52 1096 1547 141 1688 2.530 0.566 1.640 21.44 0.814 0.036 2.460
ST5 22,50 136 555 255 21.24 14.06 10.15 1436 141 1577 1.950 0.629 2.390 9.670 0.707 0.025 1.450
Mean 2598 231 576 249 1831 13.17 9.990 1497 151 1647 2.003 0.472 1910 17.81 0.796 0.042 1.740
ST6 20.07 137 509 204 14.34 9.820 12.18 1222 100 1322 2.360 0.700 2.140 13.91 0.750 0.028 4.550
ST7 6.820 120 607 234 16.84 9.700 13.50 1476 109 1585 2.720 0.673 1.820 12.42 0.405 0.004 2.250
Mean 1345 129 558 219 1559 9.760 12.84 1349 105 1454 2.540 0.687 1.980 13.17 0.578 0.016 3.400
XMean 2424 235 865 335 28.69 16.75 11.39 2231 199 2430 2.486 0.572 2.025 15.46 0.684 0.041 2.300
s.d 9.260 108 535 200 25.14 11.74 1.780 1472 138 1607 0.750 0.164 0.505 5.450 0.175 0.033 1.112
ST1 3226 153 219 163 3.680 2.060 19.09 778 40.76 818 2.960 0.450 1.150 74.00 1.071 0.240 3.600
ST2 2638 160 331 253 4.340 2.090 24.58 1174 47.76 1221 4.400 0.429 0.921 77.00 0.975 0.112 2.190
Mean 29.32 157 275 208 4.010 2.080 21.84 976 44.26 1020 3.680 0.440 1.036 77.50 1.023 0.176 2.900
17 July 14  ST3 2428 233 642 851 16.05 3.390 24.68 2774 113 2887 8.090 0.309 1.080 69.00 0.779 0.051 1.930
ST4 2.650 583 1130 1045 2592 7.631 18.33 3831 209 4040 4.150 0.438 1.090 76.00 1.600 0.6091 4.690
ST5 2.110 158 452 797 18.16 5.660 25.14 2590 103 2693 11.42 0.215 1.290 28.00 2.960 0.811 6.490
Mean 9.680 325 741 898 20.04 5560 22.72 3065 142 3207 7.887 0.321 1.150 57.67 1.780 0.490 4.370
ST6 1.530 347 1049 1178 30.53 5.170 22.63 4644 206 4850 11.57 0.297 1.040 67.00 4.670 0.252 6.220
XMean 14.87 272 637 714 16.45 4.334 2241 2632 120 2752 7.098 0.356 1.095 65.17 2.009 0.345 4.190
s.d 1424 170 378 457 1096 2.210 3.000 1488 73.60 1560 3.810 0.096 0.122 18.63 1.520 0.299 1.955
ST1 33.09 693 2765 1013 62.00 60.00 10.86 6439 593 7032 1.950 0.750 1.740 11.55 0.939 0.280 2.540
ST2 30.02 314 2556 849 50.53 30.67 15.56 4832 310 5142 2.450 1.230 2.200 10.23 1.032 0.782 3.180
Mean 3156 504 2661 931 56.27 4534 1321 5636 452 6087 2.20 0.990 1970 10.89 0.986 0.531 2.860
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Continued

1Nov14  ST3 25.67 253 1371 230 34.61 17.27 1143 2445 214 2659 1.720 1.330 2.440 14.65 1.420 0.259 3.850
ST4 1497 742 1108 525 36.84 11.15 8.280 2544 307 2851 1.310 0.870 2.260 66.54 1.570 0.933 2.980
ST5 13.7 386 1088 412 35.78 14.12 1336 2623 196 2819 2420 0.757 2.040 27.18 1.014 0.537 2.660
Mean 18.11 460 1189 389 3574 14.18 11.02 2537 239 2776 1.820 0.986 2.250 36.12 1.334 0.576 3.163
ST6 1091 326 1011 379 37.50 14.97 1035 2393 231 2624 2.670 0.740 2.070 21.78 0.775 0.341 3.510
ST7 4450 469 1866 798 47.24 16.67 19.39 4841 250 5091 4.580 0.590 2.110 28.08 0.536 0.241 1.900
Mean 7.680 398 1439 589 42.37 1582 14.87 3617 241 3858 3.625 0.665 2.090 24.93 0.656 0.291 2.705
XMean 1897 454 1680 601 43.50 23.55 12.74 3731 300 4031 2.443 0.896 2.122 25.72 1.041 0.482 2.945
S.d 10.69 192 730 288 10.20 17.23 3.730 1626 136 1736 1.050 0.300 0.220 19.38 0.360 0.278 0.650
ST1 31.81 259 397 231 11.32 3.390 14.76 1101 74.62 1176 4.290 0.572 1.640 76.40 1.016 0.008 1.740
ST2 25.86 150 281 165 9.340 1.700 1495 758 50.70 809 4.310 0.600 2.180 88.20 0.400 0.004 0.920
Mean 28.84 205 339 198 10.33 2540 14.86 930 62.66 993 4.300 0.586 1.910 82.30 0.708 0.006 1.330

31Jan15 ST3 9.520 147 174 133 9.210 1.330 12.56 565 45.01 610 2.810 0.460 2.240 111 0.394 0.023 2.050
ST4 7910 219 240 170 11.45 2.060 14.11 850 60.22 910 3.320 0.383 2.490 106 2.360 0.037 2.170
ST5 2144 295 350 409 15.13 3.520 18.59 1631 87.74 1719 5.210 0.270 1.450 83.80 0.446 0.009 1.350
Mean 1296 220 255 237 11.93 2303 15.09 1015 64.32 1080 3.780 0.371 2.060 100 1.070 0.023 1.860
ST6 5630 335 561 537 20.79 4.610 20.06 2309 115 2424 5.190 0.307 1.290 72.67 1.520 0.008 4.090
ST7 1.260 656 1523 793 26.32 9.700 23.84 4210 177 4387 4.010 0.570 1.030 67.63 1.039 0.007 1.700
Mean 3450 496 1042 665 23.56 7.160 21.95 3260 146 3406 4.600 0.440 1.160 70.15 1.280 0.008 2.890
Zmean 14.78 294 504 348 14.79 3.759 1698 1632 87.18 1719 4.163 0.452 1.760 86.53 1.025 0.013 2.003
s.d 11.54 174 466 246 6.490 2.860 4.000 1284 46.25 1331 0.890 0.135 0.548 16.53 0.725 0.012 1.012

0.240 - 27.25 -84.00 -68.38 -1.500 -0.900 - 5.198 - 344 - 23.50 - 368 - 0.690 - 0.200 - 0.377 - 3.610 -0.400 -0.004 -0.920 -
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ange 33.09 693 3237 1768 85.00 60.00 22.41 8724 593 9121 11.57 1.330 4.080 190 39.55 8.361 27.98
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o€ Mean 1661 275 761 399 21.20 9.333 14.13 2168 160 2328 3.650 0.622 1.662 52.99 8.504 0.781 7.564

s.d 12.23 142 510 289 14.30 7.842 3.198 1346 88.66 1442 1.872 0.242 0.449 21.29 4.446 1.028 3.937
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Figure 2. Rainfall distribution data contains monthly, daily and number of raining day
adopted from the MMD year 2013 to year 2015 at Kuantan Station. Fortunately on 24
April 2014 and 17 July 2014 have only shown daily rainfall (blue color).
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solved toward sampling seasons and (a) mean concentration of SPM, (b) mean salinity in
coastal zone, (c) estuarine zone and (d) river zone.

Figure 3.
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The same scenarios were also observed by the other elements e.g., Ce, Nd, Eu
and Ho in the coastal zone especially during monsoon events because of the ab-
undant inorganic carbon in seawater during semidiurnal tides and the tidal
pump phenomenon [20]. The river zones occupied by station 2 and station 3
have a water depth of less than 5 m along the sand bar. Hence, these stations ex-
perienced higher deposition of sediments and particles from the sand bar (Figure
1; Table 1). However, the fluctuating rainfall events affected the concentrations
of suspended particulate matter in surface river discharges (Figure 3(a)).

According Agaki (2013) [21], it was indicated that the silicate or opal has the
potential as an REE scavenger in the seawater column. Notwithstanding the
presence of abundant biogenic SiO, also has a linear relationship with organic
matter or organic carbon in the estuarine or marine environment. The distribu-
tion of silicate originated from terrestrial sources and detrital minerals from li-
thogenous and hydrogenous phases [22]. Sungai Balok is surrounded by a man-
grove habitat and studies of estuarine fluxes by using REE proxies around the
world found that the tropical river flux of trace metals in the dissolved phase
have a high possibility of being from rainfall runoff and submarine groundwater
discharge [23]. The concentration of biogenic SiO, from the wet season in Janu-
ary 2014 to dry season during April 2014 and July 2014 (Table 3) found that the
high distribution of REEs in January 2014 was associated with the increase of
biogenic SiO,. While the decrease of REE concentrations in April 2014 and July
2014 were associated with decreasing biogenic SiO,, which is known as an REE
scavenger in the marine environment.

The high ratio value of HREEs in the dissolved phase especially at station ST 1
(Figure 4(h)) might be because of inorganic carbonate from seawater. The in-
organic carbonate has been depicted as the greatest positive factor of Tm ano-
maly (>28) with similar patterns in Figures 4(d)-(f). A positive Gd anomaly in
Figure 4(a) & Figure 4(b) with a range value of lower than 6 also indicated
more natural freshwater from the hinterland to the study location [24], and the
high positive anomaly value (>5) of Pr in Figure 4(d) was due to regenerated
particle matter from surface sediments and nutrients [25]. Similarly, researchers
have already discussed the enrichment pattern of MREEs and the enrichment
pattern of MREE in this sampling locations also showed abundant positive ano-
maly of Eu (e.g., Figure 4(a); Figure 4(e) and Figure 4(i)) (ie, [3] [14]).

Table 3. Concentrations level of dissolved biogenic SiO,, (ppm) in Sungai Balok at vari-
ous times of sampling.

Sampling zones

Period
River Estuarine coastal
15-Jan-14 5.30 +0.17 5.09* 0.55 + 0.06
24-Apr-14 5.16 £ 0.17 4.95* 0.39 +0.05
17-Jul-14 3.50 +0.48 1.86 +£0.23 0.13 +0.03

() single reading without replicate.
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Figure 4. REE normalized PAAS patterns (a) Jan 2013; (b) April 2013; (c) July 2013; (d)
Nov 2013; (e) Jan 2014 (f) April 2014; (g) July 2014; (h) Nov 2014; (i) Jan 2015.

3.2. Terrestrial Input Proxies

Sungai Balok drains towards the southern South China Sea (sSCS) and the effect
of salt water intrusions is higher compared to the west coast of Peninsular Ma-
laysia ie., the Straits of Malacca [26]. The dissolved REEs have a strong affinity
to particulate REEs and reactive particles in the marine environment [1]. Terre-
strial runoff occurring during heavy rainfall may have brought an abundance of
terrigenous detrital matter and particulate organic matter into the river and
ocean environments. The negative statistical correlation was observed between
particles and rainwater, which means particles such as dust, particulate matter
and volatile gases were scavenged during wet deposition [27].

Ce species is dominant in certain conditions due to abundance among the
REEs and in the environment it can be applied to determine the oxidation and
reduction stage of cerium either Ce/Ce* < 1 and Ce/Ce* > 1 by Ce*" and Ce™,
respectively. The adsorption of dissolved REEs will be scavenged to surface se-
diments, and the negative Ce anomaly (Ce/Ce*) along the stations ranging from
0.2 to 1.33 showed that oxidation process of stage IV occurred at Sungai Balok.
Researchers Nozaki et al. (1997) [28] and Sholkovitz et al (1999) [2] also ex-
plained the adsorption process could be detected by process of Ce oxidation in
the marine environment. However, De Baar (1983) [29] noted that in the pres-
ence of oxygen, the seabed regeneration can reduce the Ce (IV) to Ce (III) espe-
cially in the river and terrestrial area. Sungai Balok also showed that the positive
Ce/Ce* was abundant at the stations in the river and estuarine zones (i.e., ST3 to
ST7) ranging from 1.0 to 1.33. The highest was recorded at ST7 in November
2013 and might be due to the weathering process as shown by lowest ratio value
of Y/Ho (9.247 + 4.026) and high contents of Mn (3.543 + 2.74 pmol-L™") com-
pared to other sampling periods. According to Sholkovitz (1992) [4], the in-

creased Mn oxide acts as the catalyst for supplying oxygen demand in surface
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water in order to maintain the dissolved REE in III charge. The moderate and
strong significant correlations were determined among Ce, Eu, Nd and Ho,
however, strong correlation (p < 0.001) was observed between LREE and total
REE indicating chemical charge of REE (III) has strong binding affinity among
dissolved REE members.

Europium (Eu) is a suitable terrestrial dust proxy available from the lithogenic
sources such as igneous, granite rock, dust, hydrothermal and volcanic land
(e.g., [4] [14]). The Eu anomaly has the ability to evaluate the lithogenic input
through the ratio of Y/Ho [30], where the ratio Y/Ho < 55 in the study suggests a
lot of freshwater input in the Sungai Balok river system (Figure 5) especially
during the Northeast monsoon. The values of Eu anomalies also fluctuated in all
the zones ranging 0.489 to 3.3 in the coastal zone, 0.836 to 2.767 in the estuarine
zone, and 0.755 to 2.68 in the river zone (Table 2) which might be due to the
fluctuation of monsoon events in the sSCS region.

The ratio of La/Yby is a common indicator to determine the enrichment of
LREE over HREE [31] and the ratio was also used as a lithogenic proxy in Tokyo
Bay by Takahashi and Noriki (2007) [6]. Meanwhile, the fluctuating rainfall
events in the East coast of Peninsular of Malaysia have significant statistical cor-
relation (p = 0.05) with La/Yby ratio and the ratios were high in January 2014
and July 2014 with values of 6.43 + 2.47 and 7.098 + 3.81, respectively. The over-
all ratios of La/Yby ranged between 0.69 to 11.57 throughout the sampling pe-
riods. The high amount of monthly rainfall distribution in January 2014 in-
creased the soil humidity and dissolution of dissolved REE. Hence, the highest
total concentration of 4825 + 2460 pmol-L™" was observed during that time.
However, the high ratio of La/Yby in July 2014 (ie., lower monthly rainfall)
might be due to sudden rainfall during the sampling day along with concentra-
tion of 11 mm per day as reported by MMD (2015) [32] (Figure 2).
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Figure 5. Diagram showing the relationship between dissolved Y/Ho ratio and salinity.
Open diamond is below PAAS which distributed from 31 samplings while closed di-
amond upper that PAAS which distributed from 28 sampling points in the Sungai Balok.
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3.3. Rare Earth Elements Budget into the Southern South China
Sea

Sungai Balok falls into the southern South China Sea zone [14] and the amount
of REEs discharged are still not well documented. Due to the abundance of Ce
among REE members, it has been selected for the calculation of river fluxes. The
flux of REEs was estimated using formula (1), while an inventory could be de-
veloped by formula (2) adopted from the published journal [28]. The inventory
and flux of dissolved REEs were estimated using the Ce element in Table 4 and
Table 5. By consideration of the residence time of Ce [33] where the value of Ce
is 80 years while Nd is 270 years. Due to the unstable nature of Ce, it is not the
main choice for the geochemistry scientists to determine the residence time in

Table 4. The inventories of dissolved Ce over three years sampling periods in Sungai Ba-
lok.

Date/period Station ?;:;z%i_cl;e Average D* (m) (;:z:zzi)
16-Jan-13 St1-St5 433 34 147
24-Apr-13 St1-St7 305 3.83 117
16-Jul-13 St1-St7 549 3.83 210
1-Nov-13 St1-St7 276 3.83 106
15-Jan-14 St1-St6 1598 3.67 587
24-Apr-14 St1-St7 865 3.83 331
17-Jul-14 St1-St6 637 3.67 234
1-Nov-14 St1-St7 1680 3.83 643
31-Jan-15 St1-St7 504 3.83 193

*D; Average depth stations. Note: Inventory is obtained from Equation (2); The value of L is converted to
cm’ and m is converted to cm, where 1L is equals to 1000 cm® and 1m is equals to 100 cm.

Table 5. The dissolved Ce Fluxes over three years sampling periods in Sungai Balok.

Q(t)Average Daily river 1

ti) Average Ce Conversion Fluxes
Date/period d () m\:ol L%") discharged x 10°° N (nmol :;_2 )
p (L-s™.cm™2) factor (s-yr™) Y
24" April 2013 to
h 427 6.887 84 x 86,400 21.34
16" July 2013
1% Nov 2013 to
h 937 6.887 76 x 86,400 39.14
15® Jan 2014
24™ April 2014 to
h 751 6.887 85 x 86,400 37.98
17% July 2014
1% Nov 2014 to
1092 6.887 92 x 86,400 59.78

31% Jan 2015

Note: Period was divided to two seasons which were during monsoon from November to January while af-
ter monsoon from April until July of sampling periods. Average Ce is obtained from average concentration
within four months. The conversion factors 1/N of sampling periods are obtained by calculated the days of
sampling period time to value 86400 of second per days. Fluxes is obtained from Equation (1) after entering
the value of conversion factor, average daily river discharge and dissolved Ce concentration.
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marine, coastal and ocean areas and mostly use the Nd as a proxy. However,
from this finding the dissolved REE river flux was identified by measuring the
accumulation duration over the sampling period conducted in Table 5, but not

the remaining dissolved REE or resident at the sampling point.

Inventory = Cypp x D (2)

where, the Cis the concentration of dissolved REE (pmol-L™") in the water col-
umn, D is the depth of water column (m). Therefore, an inventory could also be
produced by multiplication of the C which is concentration of dissolved REE
(pmol-L™") in the water column with D which is the depth of water column (m).

The accumulation of dissolved REEs could be represented by the dissolved Nd
and Eu fluxes with the overall domination during the Northeast monsoon which
was also supported by the previous findings in November 1996 [34] and in Au-
gust 1997 [13]. Although Nd fluxes were widely used to measure the river and
seawater fluxes for dissolved REE deposition, the Eu flux could potentially be
used to measure the lithogenic input into the river system. According to Nozaki
et al. (1999) [28] the South China Sea is the origin of the fluvial and coastal input
that has been feeding the Northern South China Sea and also the Sulu Sea at a
rate of 1.7 Nd pmol-cm”yr™', while other Nd flux contributions were also 3.2
pmol-cm™yr™" [5] and 1.2 pmol-cm™yr™" [35]. Similarly, newer studies on the
dissolved Nd flux budget in the Bay of Bengal also reported 1.9 to 6.0 x 107
mol-m~yr™ or 1.9 to 6 mmol-cm™yr™" caused by high lithogenic input from the
Ganges-Brahmaputra river [8].

The calculated inventories of dissolved Ce in January and November 2014
were 586.5 pmol-cm™ and 643.4 pmol-cm™, respectively (Table 4). The results
from Sungai Balok might be due to the dilution of river water because of fre-
quent heavy rain during the Monsoon and freshwater discharge during wea-
thering processes the in southern South China Sea. Hence, the river flux deposi-
tion increased during both periods of November 2013 to January 2014 and No-
vember 2014 to January 2015 along the value of 39.14 nmol-cm™yr™' and 59.78
nmol-cm™yr™" (Table 5). Moreover, the inventory of dissolved Ce also showed a
strong correlation with monthly rainfall distribution (R* = 0.52). This statistical
correlation showed the possibility of higher rainfall distributions in November
until January that might have caused the increased dissolved Ce flux compared
to other periods. Overall the dissolved Ce fluxes over seasons as shown in Table
5 were greater compare to previous reports from Nozaki et al (1999) [28]. The
Nd was used to budget the deposition fluxes in offshore areas and oceans by Yu
et al. (2017) [8] because of the longer residence time in deep locations ie., it was
estimated about 1.5 - 2.6 years. Therefore, it was not practical to state that where
the depth of the river is shallower, the residence time is shortest. Furthermore,
according to Greaves ef al. (1994) [35] the reason to use Nd for estimating flux is
because Nd and Sm are good indicators for river evolution. However, most of
the tropical rivers are still in pristine condition [36], probably due to wash out by

a lot of freshwater and abundant of rainfall. This consequently delivered abun-
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dant lithogenic sources especially Al and Ce from crustal and most of the Asean
continental parts. Despite the unstable Ce element caused by oxidation and re-
duction, the study has considered to choose it based on the findings of similar
river fluxes assessed by Sholkovit et al (1999) [2] where Eu followed the same
behavior of Ce.

According to Sholkovits and Szymczak (2000) [37], the Indonesian archipela-
gos, Papua New Guinea (PNG), Peninsular Malaysia and Borneo were believed
to supply more than 20% of global sediment input into the sea. The island wea-
thering activities explained that the terrestrial sources draining into rivers and
the huge river discharges of more than 2 x 10" m’s™" fold was due to storms and
inundation [2]. The PNG and Indonesia archipelagoes were also fed by sources
of volcanic and hydrothermal eruptions. Thus, river input has made the fluvial
flux amount increase to 1.4 x 10" pmol-yr™' of Eu or estimated to be about 1.4 x
10" pmol-cm™yr~". These values are greater compared to this present study and
might be due to lithogenic and terrigenous volcanic sources around the Indone-
sian archipelagoes. Furthermore, according to Yu et al (2017) [8], the amount of
fluvial fluxes were also affected by biological uptake from organisms such as
plankton, process of iron hydroxide co-precipitation and colloidal coagulation in
the marine environment and physical factors such as canyons and tidal changing
phenomena. However, the abundance of basaltic and granitic rocks [14] along
the East Coast of Peninsular Malaysia should be considered for the increased

dissolved Ce Fluxes as well as rainfall events that make Sungai Balok unique.

4. Conclusion

The fluctuations of monthly rainfall events directly control the concentration
and distribution of REEs in the dissolved phases at sampling locations especially
during the Northeast monsoon with the dominant element demonstrated by Ce.
The ratio of La/Yby in the dissolved phase of REEs was also found to be a suita-
ble proxy for evaluating lithogenic sources during rainfall events. The rainwater
runoff along lithogenic sources from terrestrial into the river found Y/Ho < 55
that also indicates a large volume of freshwater discharge into the river. The
strong significant correlation between Al and Fe also supports the lithogenic
sources being actively re-suspended in the water column during water mixing
due to the rainfall events. Therefore, the river inventories and fluxes could be es-
timated through the dominated element of Ce, which is related to the high rain-
fall distribution during the Northeast monsoon. REEs also have the ability to in-
dicate the changes of monsoon seasons and origins of lithogenic sources in riv-

ers through Ce fluxes and La/Yby ratio.
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