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Abstract: The Citarum River has a volcanic catchment area in West Java Province, and is one of
the nationally strategic rivers in tropical Indonesia due to its roles in water supply and in power
generation. The river is economically important, but it is also polluted by industrial, agricultural,
and residential wastes. Suspended sediment samples were collected along a certain section of the
Citarum River, starting in Balekambang through the area of Bandung Regency to the downstream
village of Nanjung, where the river is dammed. Similar samples were also collected from seven
tributaries of the Citarum River. Magnetic and heavy metal analyses show that unlike river sediments
from a non-volcanic catchment area in temperate climates, magnetic susceptibility values tend to
decrease downstream, showing that the magnetic minerals in the upstream area are mostly lithogenic
in origin, containing more Fe-bearing minerals compared to those in tributary samples which are
anthropogenic in origin. Anthropogenic pollution is also represented by the increase of Zn content
along the river. The results suggest that applying magnetic methods for monitoring river pollution in
the tropics or in the volcanic areas should be carefully analyzed and interpreted.

Keywords: Citarum River; volcanic area; magnetic method; magnetic susceptibility; Zn content;
West Java; heavy metal pollution; tropical climate conditions

1. Introduction

Magnetic methods have been widely used to monitor anthropogenic pollution, including heavy
metals (especially heavy metals in soil and sediments), as these methods are considered simple, fast,
and non-destructive [1-11]. Several studies [12,13] observed significant increases in the quantity of
magnetic minerals in the surface of soils and sediments caused by industrial activities that released
heavy metals. Increases in both heavy metals and magnetic minerals have also been found in
agricultural soil irrigated by river water that runs through a steel factory [14]. Other studies [15,16]
looked at sedimentary cores from Minjiang River in Southeast China and showed that during the
growth of modern industry in the area from 1950 to 2010, the increases in the concentration of Cu and
Pb were accompanied by the increase in magnetic mineral concentration. Most of the aforementioned
studies were carried out in temperate climate and in non-volcanic catchment areas. At least one of
these studies [11] dealt with changes in magnetic concentration in the main river and the influence of
the tributaries.

Geosciences 2017, 7, 66; d0i:10.3390/ geosciences7030066 www.mdpi.com/journal/geosciences


http://www.mdpi.com/journal/geosciences
http://www.mdpi.com
https://orcid.org/0000-0001-6901-5065
https://orcid.org/0000-0001-6374-4128
https://orcid.org/0000-0003-3839-081X
https://orcid.org/0000-0002-9661-137X
http://dx.doi.org/10.3390/geosciences7030066
http://www.mdpi.com/journal/geosciences

Geosciences 2017, 7, 66 20f 13

Figure 1a shows that the Citarum River in West Java has a volcanic catchment area. In tropical
Indonesia, such an area would have intense bedrock weathering that produces highly magnetic
particulates. Therefore, in such an area, anthropogenic pollution will not necessarily increase the
magnetic minerals and heavy metal contents in the river sediment. Depending on the nature of the
anthropogenic pollutants, mixing of relatively less-magnetic pollutants (e.g., Zn bearing phases) with
lithogenic ferromagnetic minerals originating from the river sediments might dilute the susceptibility
signal of sediments as the river passes through industrial and residential areas.

In this study, magnetic minerals and heavy metal contents in suspended sediment from the
Citarum River and its tributaries in West Java, Indonesia, were measured to identify how they vary
from the relatively pristine area upstream to the heavily polluted area downstream. This information is
especially important in determining the feasibility of using magnetic methods for monitoring pollution.
The Citarum River is classified as an Indonesian National Strategic River due to its roles in providing
water supply for residential and industrial areas, for agricultural irrigation, and for power generation
through three dams (Saguling, Cirata, and Jatiluhur) supporting about 25 million people [17].

2. Materials and Methods

2.1. Description of the Research Area

The 269-km-long Citarum River is the longest river in West Java Province. The Citarum River
has been experiencing serious pollution problems originating from agricultural, residential, and
industrial wastes [18]. In this study, we concentrate our attention on the river segment between the
relatively pristine areas of Balekambang to Nanjung, where the river is dammed at the Saguling Dam
(Figure 1a). Between these two points, the Citarum River passes through the southern part of the city
of Bandung—the third largest city of Indonesia, which is heavily populated and industrialized (see
Figure 1b for land use around the study site). There are also several tributaries at this segment. The
sampling sites (shown as red dots in Figure 1a) are located in the Kosambi Formation interpreted as
lake deposits, with a composition of volcanic clays, siltstones, and sandstones. The age is around the
Upper Pleistocene up to the Holocene [19]. The area is surrounded by Quaternary volcanic sediments
and the Cikapundung and Cibeureum Formations. The Cikapundung Formation consists of layers of
volcanic breccia that are of Pleistocene up to Middle Pliocene in age, while the Cibeureum Formation
consists of layers of volcanic breccia which are Late Pleistocene—Holocene in age [19]. The area to the
North of the Citarum River has predominantly industrial and residential use, whereas the area to the
south of the Citarum River is predominantly used for agriculture (Figure 1b). The predominant soil
type in the study areas is Inceptisol [17].

The Citarum River region is in a tropical climate with high rainfall and humidity throughout the
year. For Bandung, the average annual temperature is 26.8 °C, while the average annual rainfall is
2120 mm [20]. In the higher elevations in the southern part of Bandung, however, the average annual
rainfall could be as high as 4000 mm [17]. Volumetric flow rates recorded in the inlet of Saguling Dam
vary greatly from 578 m3/s in the peak of rainy season to only 2.7 m?/s in dry season [21].

2.2. Collection and Analysis of Samples

There are fourteen sampling sites (numbered 1-14) along the Citarum River and seven samples
from the tributaries (marked A-G). A refers to the Cikapundung River, B to the Ciodeng River, C to
the Citepus River, D to the Cimariuk River, E to the Cicukang River, F to the Cikambuy River, and
G to the Cikasungka River. Suspended sediment samples were collected during the rainy season of
2016 using specially-designed sediment traps placed underneath bridges for 3 weeks. The traps were
located 30 cm from the river bed (Figure 2). Each trap was made of a metal ring and metal stand casted
in a concrete cylinder (see Figure 2 for the schematic of the trap). The ring was covered by a metal
screen with opening diameter of 4 mm and was placed perpendicular to water flow. The suspended
sediment was collected in a cotton cloth bag tied to the metal ring.
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Figure 1. (a) Geological map of the studied area shows the sampling sites along the Citarum River
from Balekambang (1) to Nanjung (14), as well as the tributaries (A to G) and (b) a map of the land use
(modified from [19]). See text for further information.

Once collected, samples of suspended sediment (about 2 L in volume) from each site were
brought to the laboratory for sieving using a 325 mesh-size sieve (44 um in diameter). For each site, a
small portion of sample was then subjected to magnetic extraction using a magnetic stirrer following
a technique described elsewhere [22]. The remaining part would be referred to as bulk samples.
The extracted magnetic grains from selected samples (sample 1 and sample 14) were later used for
thermomagnetic measurements using a magnetic balance instruments (NMB-89 by Natsuhara Giken,
Osaka, Japan) at Kochi University, Japan, which is equipped with a special power supply and furnace.
Magnetization of the sample was measured during heating in vacuum air from 50 to 700 °C in steps of
1 °C and then subsequently during cooling back to room temperature. Later, extracted magnetic grains
from three selected samples representing the upstream position (sample 1), middle position (sample 7),
and downstream position (sample 14), were subjected to XRD (X-ray diffraction) analyses using X-ray
diffractograms (SmartLab X-ray Diffractometer by Rigaku corporation, Tokyo, Japan). This instrument
is equipped with a Cu tube, using Rigaku PDXL software (Version 2.0, Rigaku Corporation, Tokyo,
Japan) to identify crystal structures, lattice parameters, and to perform mineral quantification.

A small amount of the bulk samples of each site was then inserted into standard cylindrical plastic
sample holders (25.4 mm in diameter, 22 mm in height, and 10 cm?® in volume) and weighed using an
analytical Ohaus balance. Later, these samples in plastic holders were subjected to various magnetic
measurements. First, the samples were measured for mass-normalized magnetic susceptibility ()
using dual frequencies with a magnetic susceptibility meter (MS2 susceptibility meter by Bartington
Instrument Ltd., Witney, UK) producing low-frequency mass-specific magnetic susceptibility (xrr)
and high-frequency mass-specific magnetic susceptibility (xpr). From the values of x;r and xpr, a
new parameter termed xrp (%) defined as xrp (%) = 100% x (xLr — xur)/ xLr [23] could be derived.
xrp (%) indicates the presence of superparamagnetic (SP) grains [24]. Later, all of the samples were
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subjected to IRM (acquisition of isothermal remanent magnetization) analyses. IRM was imparted by
placing the samples in increasing magnetic fields generated by an electromagnet at room temperature.
After each magnetizing step, the IRM intensity was measured using a spinner magnetometer (Minispin
magnetometer by Molspin Ltd., Newcastle Upon Tyne, UK). The intensity of remanence during the
induced field is 1 T, which is termed as SIRM (saturated isothermal remanent magnetization).

nylon rope
to the bridge
metal screen

4 mm opening cotton cloth

water flow

metal stand —> 30 cm in diameter

20 cm high

concrete cylinder
40 cm in diameter, 10 cm thick

Figure 2. Sample trap and its positioning on the site. Inset is the schematic of the sample trap.

A small quantity of bulk sample was then used for the analyses of magnetic hysteresis with
the following hysteresis parameters: B, (coercive force), B, (coercivity of remanent), M; (saturation
magnetization), and M,s (magnetic saturation remanence), determined using a vibrating sample
magnetometer (VSM 1.2 H/CT/HT by Oxford Instrument, Oxfordshire, UK, performed at the
laboratory of the Indonesian National Nuclear Energy Agency) at maximum applied fields of 1 T.
For each sample, the magnetization versus the applied field was recorded at room temperature. The
ratios of M,s/M;s versus B, /B, infer the predominant magnetic domain state of the sample. Other
bulk samples were also subjected to XRF (X-ray fluorescence) analyses using a handheld XRF S1 Titan
by Bruker (Berlin, Germany). This instrument uses up to 10 g of dry powder (maximum 74 um in
diameter) and identifies major, minor, and trace elements contained in the sample. The results could
be presented as either oxides or elements. In this study, only the following elements were presented:
Fe, Ti, Zn, Cu, and V.

3. Results and Discussion

3.1. Results

Figure 3a shows the results of IRM analyses. The IRM acquisition curves for representative
samples (1,7, 14, D, and F) show that the IRMs saturated below 300 mT, inferring that the predominant
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magnetic mineral in the samples is a low coercivity magnetic mineral such as magnetite (Fe304). The
presence of magnetite was also confirmed by the results of XRD analyses for extracted samples in
the representative samples (1, 7, and 14) (see Figure 3b). Results from thermomagnetic analyses for
extracted samples (1 and 14) also confirmed the predominance of magnetite, as shown by the Curie
temperature around 580 °C (Figure 3c).

Since magnetite was the predominant magnetic mineral in the samples, the abundance of
magnetite in the samples can be estimated from %magnetite, which is SIRM divided by Jsuagnetites
where Jsyagnetite is the saturation magnetization for magnetite (9.2 Amz-kg’l) [25]. Table 1 shows
the magnetite contents in the samples estimated from SIRM/]syuagnetite that varied for the Citarum
River from 0.81%o (sample 9) to 4.16%o (sample 11), while the tributaries samples varied from 1.8%o
(sample C) to 7.89%o (sample G).

Table 1 summarizes the results of magnetic and geochemical analyses for all samples (1-14,
and A-G). The values of x;r for Citarum River samples (1-14) varied from 319.6 X 108 m3-l<g_1
(sample 14) to 1076.6 x 1078 m3.kg~! (sample 7), while the tributary samples (A-G) varied from
256.0 x 1078 rr13-kg’1 (sample D) to 652.4 x 10-8 m3-kg’l (sample F).

Table 1 also shows the variation of xrp (%) values for Citarum River samples that vary from 3.1%
(samples 7 and 8) to 6.1% (sample 14), while the tributary samples vary from 2.1% (sample D) to 4.3%
(sample C). These results show that all samples contain SP grains [26]. The presence of SP grains is also
confirmed by the plots of magnetic hysteresis parameters (Figure 4) showing that all representative
samples (2, 6,9, 10, 13, and 14) in the area are of SP and SD (single-domain) mixture. The value of xrp
(%) did not change much, except in samples 4 and 14. The values of xrp (%) for the Citarum River
suspended sediments indicate the presence of SP.

Table 1 also shows the results of XRF analyses for selected compounds and metals (Ti, Fe, Cu,
Zn, and V), where Fe and Ti contents are important for understanding the magnetic properties of the
sediment samples. The other three elements (Cu, Zn, and V) were listed, as they vary greatly from one
site to the others. Other heavy metals were not listed because they were undetected, or their values
showed relatively little variation.

The content of Fe for the Citarum River samples varied from 7.55 £ 0.07 (%) (Sample 14) to
8.96 £ 0.07 (%) (Sample 7), while the tributary samples varied from 6.27 £ 0.07 (%) (Sample D)
to 8.72 £ 0.06 (%) (Sample F). The content of Ti for the Citarum River samples varied from
0.60 £ 0.02 (%) (Sample 5) to 0.77 £ 0.02 (%) (Sample 7), while the tributary samples varied from
0.65 £ 0.02 (%) (Sample D) to 0.74 =+ 0.02 (%) (Sample F).

The content of Cu for the Citarum River samples (1-14) varied from 64 + 15 (mg-kg’l)
(sample 3) to 85 = 16 (mg~kg_1) (sample 14), while the tributary samples (A-G) varied from
61 £ 15 (mg-kg~!) (sample G) to 173 + 20 (mg-kg ') (sample C). The content of Zn for the Citarum
River samples varied from 74 + 14 (mg-kg ') (sample 2) to 314 + 23 (mg-kg ') (sample 14), while
the tributary samples varied from 103 & 15 (mg-kg~!) (sample B) to 628 + 31 (mg-kg~!) (sample C).
The content of V for the Citarum River samples varied from 116 + 61 (mg-kg~!) (sample 14) to
224 + 69 (mg-kg ') (sample 4), while the tributary samples varied from 141 4 66 (mg-kg ') (sample C)
to 196 + 66 (mg-kg’l) (sample F).

3.2. Discussion

Comparing the river sediment to that from elsewhere [5,8,9,27-29], the values of xr in the
Citarum River were relatively high. This is to be expected, as the samples used in the other studies
were taken from a non-volcanic catchment area. The xr values do not directly correlate with the
estimated magnetite content, as other magnetic minerals might contribute to the overall magnetic
susceptibility. Therefore, there is a possibility that other magnetic minerals might be present in the
samples. Both thermo-magnetic curves (Figure 3c,d) show inflection at ~400 °C, which reflects a
relatively high Ti/Fe ratio in the composition of the titanomagnetites. For sample 14, the wiggly curve
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at low temperature (<100 °C) might indicate various phases of Ti-rich titanomagnetite that repeatedly
change their compositions [30].
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Figure 3. (a) Isothermal remanent magnetization (IRM) acquisition curves for typical selected sediment
samples from the Citarum River (1, 7, and 14) and its tributaries (D and F); (b) Diffractograms of
magnetic separate of the suspended sediment samples shows the peaks of magnetite (Fe30,); and
Behaviors of the magnetization versus temperature of magnetic separate for typical selected samples of
Citarum River: (c) sample 1, (d) sample 14.
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Table 1. Summary of magnetic parameters and X-ray fluorescence (XRF) analyses of suspended sediment samples of the Citarum River and its tributaries. SIRM:

saturated isothermal remanent magnetization.

Magnetic Parameters Component
Sample _s o SIRM % maenetite SIRM/xLF . o o Cu Zn A%
ey O cotamkgy G amh T T g gk mgrkg ™

Citarum River
1 1005.8 3.3 3828.3 416 380.6 0.77+£0.02 877 £0.07 73 £16 81+14 174 £+ 74
2 876.5 3.5 1861.6 2.02 2124 0.75£0.02 878 £0.07 66 1 16 74 £ 14 205 + 69
3 905.3 4.5 2213.0 241 244.5 072+£0.02 8.63+0.07 64 +£15 78 £13 203 +7
4 757.0 52 1943.8 211 256.8 071 £0.02 8.88+£0.07 64 £ 16 78 £19 224 + 69
5 904.1 41 2113.4 2.30 233.8 0.60 £0.02  8.30 £ 0.07 67+ 15 91+14 131 + 65
6 772.3 3.6 1668.8 1.81 216.1 0.69 +£0.02  8.40 £0.07 78 £16 242 £21 190 + 64
7 1076.6 3.1 835.7 091 77.6 0.77 £0.02 896 £0.07 70 £17 169 =19 186 & 68
8 637.1 3.1 753.4 0.82 118.2 070 £0.02 7.89 £0.07 72+ 15 314+ 23 175 £ 66
9 580.4 4.6 742.4 0.81 127.9 0.68 £0.02 7.97 £0.07 71+£16 300 £ 24 179 + 63
10 739.6 3.7 2756.4 3.00 372.7 0.73 £0.02 845 +£0.07 69 £ 16 220 £ 21 172 £ 65
11 582.5 4.2 2452.5 2.67 421.0 0.67 £0.02 8.08 +0.07 77 £ 16 290 + 23 117 + 64
12 482.2 4.5 1856.0 2.02 384.0 0.68 £0.02 7.81£0.07 70+ 15 260 £ 22 177 £ 65
13 646.4 34 2430.4 2.64 376.0 070 £0.02  8.26 = 0.07 77 £16 262 +22 158 £ 63
14 319.6 6.1 1477.1 1.61 461.2 0.61 +£0.02 7.55 £0.07 85+ 16 241 £21 116 61

Tributaries
A 509.2 3.3 5861.7 6.37 1151.2 0.68 £0.02 7.31£0.07 108 + 17 233 £21 162 + 66
B 632.9 4.2 7127.9 7.75 1126.2 073 £0.02 8.46 £ 0.07 68 15 103 £ 15 162 £ 66
C 387.5 43 1659.9 1.80 428.4 0.66 £0.02 6.86 = 0.07 173 £20 628 + 31 141 £ 66
D 256.0 2.1 2894.6 3.15 1130.7 0.65+0.02 6.27 £0.07 158 +23 623 £ 36 156 + 66
E 398.9 34 4582.3 4.98 1148.7 071 £0.02 8.64 £0.07 80 +17 206 + 20 188 & 65
F 652.4 35 6762.9 7.35 1036.7 074+0.02 872+0.06 69 £16 156 + 18 196 + 66
G 650.2 3.4 7260.6 7.89 1116.7 071 £0.02 797 +£0.07 61 £15 130 + 16 191 + 62
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The ratio of SIRM/xrr shows a large contrast between the Citarum River samples and the tributary
samples. The tributary samples (except from sample C) had significantly higher SIRM/x1r values
compared to the Citarum River samples. Nevertheless, the range of SIRM/xr values for all samples
fell within the range of (titano) magnetite [31].

In general, these Fe and Ti contents were relatively higher than those of the report in the literature
for other rivers (Fe in [8,9,28,29,32-34], and Ti in [32,33]). Moreover, the Fe contents in the suspended
sediment samples exceeded the environmental safety threshold, which is 20 mg/kg according to [35].

In general, these Cu, Zn, and V contents were relatively higher than those of the reports in the
literature for other rivers (Cu and Zn [8,9,28,29,32,34] and V [8,34]). The values of Cu content were
generally lower than the environmental contamination threshold, which is 110 mg/kg according
to [36], except for samples C and D, which represent densely-populated tributaries in the southern
part of Bandung. The values of Zn content were generally higher than the environmental safety
threshold, which is 124 mg/kg according to [37], except for samples 1—5 and B taken from agricultural
areas which are not as densely populated. Meanwhile, the values of V content were all below the
environmental safety threshold, which is 330 mg/kg according to [38]. Figure 5 shows the coefficient
of determination of xrr and the contents of Fe, Ti, Zn, Cu, and V. It shows that the values for R? vary
between R? = 0.176 (for V) and R? = 0.592 (for Fe). Such a good positive correlation between xrr and Fe
is to be expected, as x1r approximates the total concentration of Fe-bearing minerals in the sample [23].
Titanium also has a relatively good visual correlation with x;r values, except for point 5, where the Ti
content is rather low. Point 5 is located in the area where river sand is collected for building materials.

1 2 4 10 40
] — 1
-1 SD + MD mixtures - magnetite
05 0.5
SD + SP
- *
. R
<, 0.1 0.1
= .
7] PSD and
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. curves L
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0.01 T T T TTTT] T 001
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B./B.

Figure 4. Hysteresis properties of selected samples from the Citarum River (modified from [39]). SP:
superparamagnetic; SD: single domain; PSD:pseudo-single domain; MD: multi domain.
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Figure 5. Relationship among xrr and (a) Ti, (b) Fe, (c) Cu, (d) Zn, and (e) V for all samples in the
Citarum River and its tributaries.

Figure 6 shows the values of x;r and SIRM/xrr as well as Zn content along the Citarum River and
its tributaries. The values of x;r tended to decrease downstream, as the xir values of the tributaries
samples were lower than those of the river samples upstream, even as the tributaries pass by industrial
and residential areas. The xrr values of the tributaries samples (A-G) were comparable to those of the
sediment from polluted rivers in the literature [8,27,28,33,34]. This situation differs significantly with
the reported values in the rivers from a temperate climate and non-volcanic areas [28,29,33]. Therefore,
the use of magnetic methods for monitoring river pollution in the tropics or in the volcanic areas
should be carefully analyzed and interpreted. Sample 7 has the highest value of x;r. Apart from
its location near the junction where the tributaries of Ciodeng (B) and Citepus (C) meet the Citarum
River, this particular segment of the river had been normalized with the embankment in its north
and south sides so that the river is narrow and its water flow is relatively faster than any other parts.
This might influence the accumulation/dissolution/re-suspension of particles in that location. Faster
water flow might also influence the proportion of fine particles in the sediment, leading to higher
magnetic susceptibility.

Figure 6 also shows that Zn content tends to increase downstream. Zn inputs from the northern
tributaries (except for G) that flow through major industrial and residential areas of the city of Bandung
tended to be higher than those from the southern tributaries (B, E, and F) that flow through mainly
agricultural areas. The first five upstream samples (1-5) also had relatively low Zn content compared
to the samples after the Citarum River meets its major tributaries (samples 5, 6, 7, etc.). This shows that
Zn content in the suspended sediment is mainly anthropogenic rather than lithogenic, in origin. Earlier
studies show that Zn inputs through the rivers are mainly due to not only industrial and household
wastes, but also traffic waste [8,40,41].

As shown in Figure 7, the SIRM/xr values from the tributaries samples (except for C) were
generally higher than that of Citarum River samples. An earlier study used the SIRM/x  ratio merely
to infer the type of magnetic minerals in the river sediment [33]. However, there is a possibility
that in our study this ratio might also differentiate samples that are predominantly lithogenic in
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origin (relatively low SIRM/xr ratio) from those that are predominantly anthropogenic in origin
(high SIRM/xF ratio). We propose that future studies might consider using the ratio of SIRM/xr to
distinguish the anthropogenic origin in river sediments.
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Figure 6. Sketch of the change in values of xrr, Zn, and SIRM/x;r along the Citarum River and its
tributaries (modified from [19]).
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Figure 7. Plot SIRM/Xr and Zn of suspended sediment from the Citarum River and its tributaries.

4. Conclusions

As shown by samples taken from the Citarum River and its tributaries, the variation of x;r in
suspended sediment from volcanic areas in the tropics differed significantly from the sediment from
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non-volcanic areas in temperate climate areas. Although the predominant magnetic minerals remain
the same (i.e., (titano) magnetite), the x;r values in the upstream areas were higher than the samples
in the downstream areas, suggesting that the lithogenic components in the suspended sediment in
the upstream is more magnetic than the anthropogenic components in the suspended sediment from
the tributaries that flow through industrial and residential areas. Thus, the use of magnetic methods
for monitoring river pollution in the tropics or in the volcanic areas should be carefully analyzed and
interpreted. We propose the use of SIRM/xr as an indicator to test the importance of lithogenic or
anthropogenic contributions in magnetic minerals in the sediment. The higher the value of SIRM/xF,
the greater the contribution of anthropogenic components.
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