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ABSTRACT

River sediment is the product of a sedimentation process in the river environment that originates
from the weathering of bedrock or erosion processes, organic materials, particles, or
anthropogenic substances. Previous research shows the magnetic mineral content in the
sediments of the Citarum River and its tributaries. Suspended sediment was collected from the
Citarum River and its tributaries in West Java, Indonesia, for mineralogical and granulometric
analysis. The aim of this research is to distinguish between magnetic mineral sources, a scanning
electron microscope equipped with energy dispersive X-ray spectroscopy (SEM-EDX), and
rock magnetism. The hysteresis parameter verifies that the XRD measurement results show that
the main magnetic minerals in suspended sediments are ferrimagnetic minerals such as
magnetite (FesO.). According to the results of the SEM-EDX investigations, the magnetic
granules in the Citarum River and its tributaries derive from two distinct sources: pedogenic and
anthropogenic. The Citarum River and its tributaries’ magnetic granules are generally octahedral
or angular in shape, with broken corners, indicating a pedogenic origin.
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INTRODUCTION

The application of magnetic minerals in environmental studies to interpret pollution in soil,
sediment, and vegetation has been carried out since the 1980s . The application of
magnetic minerals to study environmental magnetism in river sediments to interpret the
presence of pollutants has been widely carried out 23], as have studies on soil 2471, dust
(18201 ‘and leachate [21-22],

The application of magnetic mineral morphology studies, especially iron oxide, has been
widely used in environmental magnetic studies [2-%1, Iron oxide is used in this study because
iron oxide can experience an increase or depletion due to environmental changes, which can
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also predict pollutant sources %2, Previous studies in various environments indicated the
presence of different iron oxide morphologies in dust and fly ash due to combustion

processes in various industries and motorized vehicles 2521, A different morphology of iron
oxide was also found, indicating pollution due to human activities in river sediments M0
marine sediments 4, lake sediment B, soil #2331 and leachate [2],

River sediment is the result of a sedimentation process in the river environment that
originates from the weathering of bedrock or from erosion processes, organic materials,
particles, or anthropogenic compounds (waste resulting from human activities). The
problem that arises in river sediment is the presence of materials (substances) that are
harmful to the environment (pollutants). The primary source of contaminants in river
sediments is human activity, which includes land use activities (both urban and rural)
adjacent to rivers, as well as the dumping of industrial, domestic, mining, and agricultural
waste B4, It has previously been proven that magnetic minerals exist in the sediments of the
Citarum River and its tributaries 571, Furthermore, if the sediment contains enough
magnetic minerals, the magnetic susceptibility is strongly associated with the heavy metal
level. However, magnetic minerals in river sediments can be derived from a variety of
sources, including local soil and waste. In this study, we use SEM-EDX and magnetic
analysis to investigate the origin of magnetic minerals in river sediments and identify the
major contributors to the magnetic signature. It is believed that this knowledge would help
us better understand how to employ magnetic analysis to identify and quantify pollutants.

METHOD

Figure 1 illustrates the sampling points location of the suspended sediment samples. The
suspended sediment samples used in this research came from previous study samples [361,
We selected the samples in this research based on certain magnetic parameter values,
including their magnetic susceptibility value. Detailed information on the location, geology,
soil type, climate, and sampling methods has been published 1. Selected samples from the
Citarum River and its tributaries were extracted using a magnetic stirrer following
procedures elsewhere 71 to determine the morphology, magnetic mineral composition, and
determined magnetic mineral domains of the samples.
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Figure 1. A map of the land use of studied area shows the sampling sites along Citarum River from
Balekambang (1) to Nanjung (14) as well as the tributaries (A to G) (modified from 1),
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XRD SmartLab (Rigaku, Japan) equipment identified magnetic materials in extracted
samples. Magnetic hysteresis parameters (Bc, Bcr, Ms, and Mrs) were determined using a
vibrating sample magnetometer (VSM 1.2 H/CT/HT by Oxford Instrument, Oxfordshire,
UK) at a maximum applied field of 1 T. A small amount of bulk sample was used for the
analysis. At room temperature, magnetization was measured in relation to applied field for
each sample. The ratios of Mrs/Ms against Bcr/Bc indicate the sample's primary magnetic
domain state. The extracted magnetic minerals were attached to a sample holder made of
metal using carbon tape, then analyzed using SEM (JSM 6360LA) JEOL, Tokyo, Japan.
This instrument is equipped with an EDX system for semi-quantitative compositional
analysis.

RESULTS AND DISCUSSION

Figure 2 shows the diffractogram results of selected extraction samples from the Citarum
River sediments and its tributaries, which show that the magnetic mineral content of the
Citarum River sediment samples and its tributaries is dominated by magnetite minerals. This
result was obtained after the XRD data of the sample in the form of different diffraction
peaks, which are the hkl values of each mineral in the sample, was evaluated based on the
mineral data base. However, it was also seen that the tributary samples contained the mineral
albite (NaAlSizOg), which was not present in the Citarum River sediments.
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Figure 2. Diffractogram shows the mineral magnetite (FesO4) in suspended sediment samples from
a tributary (Cikasungka River) (a) and Citarum River (location 15) (b).

Based on the results of XRD analysis, the magnetic mineral contained in sediment samples
from the Citarum River and its tributaries was magnetite. This is in accordance with its
geological condition, where The Citarum River and its tributaries were located in the
Cibeureum Formation, Kosambi Formation and Cikapundung Formation. The Cibeureum
Formation consists of volcanic breccia composed of scoria fragments, andesite igneous
rock, basalt and pumice (the result of undecomposed volcanoes, part of Mount Tangkuban
Perahu), and tuff with a low level of consolidation, as well as several basalt lava inserts,
with Late Pleistocene-Holocene age. The Kosambi Formation consists of mudstone,
siltstone, and sandstone that has not yet compacted with the Holocene age. The
Cikapundung Formation consists of conglomerate and compact breccia, tuff and andesite
lava inserts of early Pleistocene age, and volcanic (quaternary) rock deposits (which are
volcanic rock deposits) %, The magnetic mineral magnetite is most abundant in igneous
rocks (9. The sediment of the Citarum River and its tributaries comes from the weathering
of these igneous rocks. As is known, the Citarum River sediment also comes from its
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tributaries, so the magnetite mineral indicated in the Citarum River sediment samples can
also come from its tributaries 1,

Figure 3 shows the results of VSM measurements for the extracted suspended sediment
samples in the form of hysteresis curves. This curve can be thought of as having two parts:
an upward curve that depicts an increase in the magnetic field (H), and a downward curve
that depicts a decrease in the magnetic field. The dotted line is the result of the initial VSM
measurement, indicating a mixture of paramagnetic and ferrimagnetic materials. This is the
same as that obtained by Dillona and Franke !, who obtained a hysteresis graph like the
results of this research with saturation magnetization, which is usually reached in low to
moderate fields (<500 mT), which is indicative of the presence of a soft ferrimagnetic
mineral phase.
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Figure 3. Magnetic hysteresis curves before the correction for the paramagnetic contribution (represented by
the dotted line) and after the correction (represented by the dotted line) for selected samples.

To investigate further, SEM-EDX analysis was carried out to determine the details of the
morphology and texture of magnetic mineral grains contained in sediment samples from the
Citarum River and its tributaries that had been extracted using a magnetic stirrer. This is
important because the specific morphology of anthropogenic magnetic particles can be
distinguished from that of pedogenic particles “2. Fig. 4 (a-d) show the magnetic grains
from Citarum River sediments, while Fig. 4 (e-h) shows the magnetic grains of the tributary
sediments. Based on the morphological details, magnetic grains from Citarum River
sediments are dominated by octahedral and angular shapes. Meanwhile, magnetic grains
from tributary sediments show an octahedral and angular shape with damage at the corners
and a perfectly round shape. In terms of grain size, magnetic mineral grains from Citarum
River sediments have a size of 2.5-20.1 mm, as well as from tributaries 6.4-59.9 um). The
size of the magnetic minerals has been measured using the ImageJ application. EDX
analysis of the magnetic grains from both sites shows that the main magnetic grains are iron
oxide. EDX analysis on the selected grains in Fig. 4 (a-d) shows that the main elements are
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Fe with Ti, Al, Co, Cd, Zn, Pb, Hg, Ni, Cu, and Mn as minor elements. A similar analysis
of magnetic grains originating from the tributaries of Fig. 4 (e-g), indicates that the main
element is Fe with Ti, Al, Co, Cd, Zn, Pb, Hg, Ni, Cu, and Mn as minor elements (Table 1).

Table 1. EDX analysis on the selected grains from the suspended sediments of the Citarum River and its

tributaries.

Element Citarum River Tributaries
Grain Grain  Grain Grain Grain Grain Grain Grain Grain
M1 M2 M3 M4 M5 M6 M7 M8 M9
0 29.64 2735 30.85 31.92 35.54 4.01 40.94 43.80 54.29
Al 3.06 2.90 2.55 3.52 1.13 1.69 0.44 2.50 10.91
Ti 10.20 11.55 9.75 8.28 1.20 1.47 0.26 0.31 0.89
Mn - - 0.16 - - 0.77 0.05 0.07 0.24
Fe 47.38 52.81 49.74 47.56 53.60 91.56 57.79 52.68 33.25
Co 4,54 4,52 4.25 4.66 4.33 - 0.27 0.23 0.06
Ni 0.78 0.28 0.18 - 0.93 0.10 0.21 0.14 0.10
Cu 0.10 0.04 - - 0.56 - 0.04 - -
Zn 1.10 0.51 0.84 0.47 - - - 0.01 0.01
Cd 0.58 0.04 0.27 0.25 0.14 0.05 - 0.22 0.06
Hg 1.06 - 0.76 1.84 1.48 0.03 - 0.04 0.19
Pb 1.56 - 0.65 1.01 1.09 0.32 - - -
Total 100.00 100.00 100.00 99.51 100.00 100.00 100.00 100.00 100.00

Based on the results from the SEM and EDX analyses, it is shown that the magnetic grains
from the Citarum River and its tributaries come from two sources, namely pedogenic and
anthropogenic. Based on their morphology, the magnetic grains from the Citarum River are
predominantly octahedral or angular in shape and broken at the corners, indicating a
pedogenic origin. Octahedral and angular shapes are typical of titanomagnetite fragments
[%21 Based on the size of the magnetic mineral grains from the Citarum River, which show
a relatively small grain size, it also confirms that the magnetic grains from the Citarum River
are dominated by pedogenic sources. Additionally, the presence of magnetic mineral grains
in the shape of spherules suggests their anthropogenic origin, likely from river tributaries.
This is attributed to the fact that the sediment from the Citarum River also originates from
its tributaries.

Magnetic mineral grains from tributaries show that at each site taken, it contains magnetic
minerals that are octahedral and broken at the corners, which indicates that these magnetic
minerals are of pedogenic origin but have undergone weathering [“21. Besides that, there are
also magnetic minerals that are perfectly spherical in shape, which indicates that these
magnetic minerals originate from anthropogenic processes. Numerous studies have shown
that magnetic spherules are common in fly ash, roadside dust, and sediments, which

originate from burning fossil fuels from vehicles or furnaces at high temperatures
[29]’[36]’[3]7’[42].
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Figure 4. Scanning electron microscopy (SEM) images of the magnetic extracts in sediment samples: (M1-
M5) magnetic particles from Citarum River and (M6-M9) magnetic particles from the tributaries Based on
EDX analyses, the particles shown on the picture are iron oxides, probably magnetite and titanomagnetite.
(M1-M5), the grains are predominantly octahedral (yellow rectangle) and spherules (green circle). The grains
M6-M9 are spherules.
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The results above are in accordance with what was explained by Huliselan and Bijaksana
[421 regarding the shape of magnetic mineral grains in the soil around the study area, which
are octahedral or angular in shape and damaged at the corners due to weathering. Based on
this, it can be concluded that the magnetic minerals contained in the suspended sediments
of the Citarum River and its tributaries are of pedogenic and anthropogenic origin. This is
also supported by the EDX analysis of magnetic mineral grains in sediment samples. This
semi-quantitative composition analysis shows that the elemental composition of the
magnetic mineral grains in the Citarum River sediments is comparable to that in the tributary
sediments. An indication that the magnetic mineral grains from Citarum River sediments
and its tributaries are of anthropogenic origin is supported by the EDX results, which show
the presence of Fe with Ti, Al, Co, Cd, Zn, Pb, Hg, Ni, Cu, and Mn as minor elements (Table
1). However, there are differences in the content of the element Mn in the magnetic mineral
grains; not all magnetic mineral grains originating from the Citarum River contain Mn, but
all magnetic grains originating from tributaries do.

The magnetite grains that do not contain Mn in the Citarum River samples come from
locations 1 and 2, which are located in the upstream area. Meanwhile, downstream sediment
samples (location 15) from the Citarum River revealed the presence of Mn-containing
magnetic grains. This shows that sediment originating from tributaries will influence the
sediment of the Citarum River. This also indicates that the magnetic mineral grains
originating from tributaries are more anthropogenic in origin because these tributaries
originate from industrial areas, dense settlements, heavy traffic, and areas exposed to air
polluted by industrial exhaust. This is in accordance with what was stated by previous
researchers: that the presence of Mn was caused by human activities (anthropogenic) in
industrial areas [“®1 densely populated areas [“4, fossil fuel and traffic emissions I,
Therefore, investigating river sediments using SEM EDX is useful for estimating the sources
of anthropogenic processes, especially for the Citarum River and its tributaries. The
application of this investigation in other areas requires comprehensive research to confirm
these results.

CONCLUSION

Detailed morphological and mineralogical analyses were carried out on suspended
sediments from the Citarum River and its tributaries in Bandung, Indonesia. Based on
hysteresis and XRD analysis, magnetic grains in suspended sediments are dominated by
ferrimagnetic minerals such as magnetite (FesOs). SEM observations identified that
magnetic grains in suspended sediments from the Citarum River were mostly octahedral and
angular in shape, indicating their lithogenic origin, whereas magnetic grains from its
tributaries were imperfectly spherical in shape, indicating an origin from anthropogenic
processes. These results indicate that river tributary sediments contain magnetic minerals
resulting from human activities, which have the potential to be a polluting factor. This study
warns us of the potential for contamination of the sediment of the Citarum River tributaries,
which will also affect the sediment of the Citarum River and the surrounding environment.

Copyright © 2024 Universitas Sebelas Maret



Scanning Electron Microscopy ... page 216

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

Thompson, R. & Oldfield, F. Environmental Magnetism. (Allen and Unwin Ltd Publisher,
1986). doi:10.22498/pages.11.2-3.34

Jordanova, D., Ho, V. & Thomas, K. Mineral magnetic characterization of anthropogenic
magnetic phases in the Danube river sediments ( Bulgarian part ) 8. 221, (2004).

Desenfant, F., Petrovsky, E. & Rochette, P. Magnetic Signature of Industrial Pollution of
Stream Sediments and Correlation with Heavy Metals: .... Water 297-312 (2004).

Yi, L. et al. The source of natural and anthropogenic heavy metals in the sediments of the
Minjiang River Estuary (SE China): Implications for historical pollution. Sci. Total Environ.
493, 729-736 (2014).

Franciskovié¢-Bilinski, S., Scholger, R., Bilinski, H. & Tibljas, D. Magnetic, geochemical and
mineralogical properties of sediments from karstic and flysch rivers of Croatia and Slovenia.
Environ. Earth Sci. 72, 3939-3953 (2014).

Knab, M. et al. Surveying the anthropogenic impact of the Moldau river sediments and
nearby soils using magnetic susceptibility. Environ. Geol. 49, 527-535 (2006).

Lu, S. G. & Bai, S. Q. Study on the correlation of magnetic properties and heavy metals
content in urban soils of Hangzhou City , China. 60, 1-12 (2006).

Marinelli, C., Chaparro, £. M. A. E. & Murugesan, S. M. /. S. Magnetic measurements and
pollutants of sediments from Cauvery and Palaru River , India. 425-437 (2008).
doi:10.1007/s00254-007-1180-1

Chaparro, M. A. E., Chaparro, M. A. E., Rajkumar, P., Ramasamy, V. & Sinito, A. M.
Magnetic parameters , trace elements , and multivariate statistical studies of river sediments
from southeastern India: a case study from the Vellar River. 297-310 (2011).
d0i:10.1007/s12665-010-0704-2

Chaparro, M. A. E., Suresh, G., Chaparro, M. A. E., Ramasamy, V. & Sinito, A. M. Magnetic
studies and elemental analysis of river sediments : a case study from the Ponnaiyar River (
Southeastern India ). Environ. Earth Sci. 70, 201-213 (2013).

Dillon, M. & Franke, C. Diagenetic alteration of natural Fe—Ti oxides identified by energy
dispersive spectroscopy and low-temperature magnetic remanence and hysteresis
measurements. Phys. Earth Planet. Inter. 172, 141-156 (2009).

Augustinus, P., Barton, C. E., Zawadzki, A. & Harle, K. Lithological and geochemical record
of mining-induced changes in sediments from Macquarie Harbour , southwest Tasmania ,
Australia. 1916, 625-639 (2010).

Hou, Q. et al. Annual net input fluxes of heavy metals of the agro-ecosystem in the Yangtze
River delta, China. J. Geochemical Explor. 139, 68-84 (2014).

Horng, C., Huh, C., Chen, K. & Huang, P. Air pollution history elucidated from
anthropogenic spherules and their magnetic signatures in marine sediments offshore of
Southwestern Taiwan. J. Mar. Syst. 76, 468-478 (2009).

Sea, A., Aloupi, M., Aloupi, M. & Angelidis, M. O. Geochemistry of natural and
anthropogenic metals in the coastal sediments of the island of Geochemistry of natural and
anthropogenic metals in the coastal. 113, 211-219 (2014).

Rachwat, M., Kardel, K., Magiera, T. & Bens, O. Application of magnetic susceptibility in
assessment of heavy metal contamination of Saxonian soil (Germany) caused by industrial
dust deposition. Geoderma 295, 10-21 (2017).

Chandrasekaran, A., Ravisankar, R., Harikrishnan, N., Satapathy, K. K. & Prasad, M. V. R.
Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy Multivariate
statistical analysis of heavy metal concentration in soils of Yelagiri Hills , Tamilnadu , India
— Spectroscopical approach. Spectrochim. ACTA PART A Mol. Biomol. Spectrosc. 137, 589—
600 (2015).

Lu, S., Yu, X. & Chen, Y. Magnetic properties, microstructure and mineralogical phases of
technogenic magnetic particles (TMPs) in urban soils: Their source identification and
environmental implications. Sci. Total Environ. 543, 239-247 (2016).

Copyright © 2024 Universitas Sebelas Maret



19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Scanning Electron Microscopy ... page 217

Liu, Q. et al. Characterizing magnetic mineral assemblages of surface sediments from major
Asian dust sources and implications for the Chinese loess magnetism. ??? (2015).
doi:10.1186/s40623-015-0237-8

Goddu, S. R., Appel, E., Jordanova, D. & Wehland, F. Magnetic properties of road dust from
Visakhapatnam ( India )— relationship to industrial pollution and road traffic. 29, 985-995
(2004).

Szuszkiewicz, M., Magiera, T., Petrovsky, E., Grison, H. & Go, B. Magnetic characteristics
of industrial dust from different sources of emission : A case study of Poland. 116, 84-92
(2015).

Kirana, K. H., Aufa, N., Huliselan, E. & Bijaksana, S. Magnetic and Electrical Properties of
Leachate. ITB Journal of Science 43(3), 165-178 (2011).

Franciskovi¢-Bilinski, S., Bilinski, H., Scholger, R., Tomasi¢, N. & Maldini, K. Magnetic
spherules in sediments of the karstic Dobra River (Croatia). J. Soils Sediments 14, 600-614
(2014).

Bijaksana, S. & Huliselan, E. K. Magnetic properties and heavy metal content of sanitary
leachate sludge in two landfill sites near Bandung, Indonesia. Environ. Earth Sci. 60, 409—
419 (2010).

Evans, G., Howarth, R. J. & Nombela, M. A. Metals in the sediments of Ensenada de San
Simon (inner Ria de Vigo), Galicia, NW Spain. Appl. Geochemistry 18, 973-996 (2003).
Jordanova, N. et al. Soil formation and mineralogy of a Rhodic Luvisol — insights from
magnetic and geochemical studies. Glob. Planet. Change 110, 397-413 (2013).

Lehndorff, E. & Schwark, L. Accumulation histories of major and trace elements on pine
needles in the Cologne Conurbation as function of air quality. Atmos. Environ. 42, 833-845
(2008).

Sudarningsih, S. et al. Magnetic susceptibility and heavy metal contents in sediments of Riam
Kiwa, Riam Kanan and Martapura rivers, Kalimantan Selatan province, Indonesia. Heliyon
9, e16425 (2023).

Kirana, K. H. et al. Karakterisasi Mineral Magnetik Sedimen Sungai Citarum Hilir Melalui
Analisa Sifat Magnetik, Mineralogi serta Morfologi Magnetik. Positron 10, 52 (2020).
Fran, S. & Bilinski, H. Magnetic spherules in sediments of the karstic Dobra River ( Croatia
). 600-614 (2014). doi:10.1007/s11368-013-0808-x

Yunginger, R. et al. Lithogenic and anthropogenic components in surface sediments from
lake limboto as shown by magnetic mineral characteristics, trace metals, and REE
geochemistry. Geosci. 8, (2018).

Rachwal, M., Wawer, M., Magiera, T. & Steinnes, E. Integration of soil magnetometry and
geochemistry for assessment of human health risk from metallurgical slag dumps. Environ.
Sci. Pollut. Res. 24, 26410-26423 (2017).

Geng, Y. et al. Assessment of heavy metals, fungicide quintozene and its hazardous impurity
residues in medical Panax notoginseng (Burk) F.H.Chen root. Biomed. Chromatogr. 33,
(2019).

Zhang, C., Qiao, Q., Piper, J. D. A. & Huang, B. Assessment of heavy metal pollution from
a Fe-smelting plant in urban river sediments using environmental magnetic and geochemical
methods. Environ. Pollut. 159, 3057-3070 (2011).

Sudarningsih et al. Magnetic characterization of sand and boulder samples from citarum river
and their origin. J. Math. Fundam. Sci. 49, (2017).

Sudarningsih, S. et al. Variations in the concentration of magnetic minerals and heavy metals
in suspended sediments from citarum river and its tributaries, West Java, Indonesia. Geosci.
7, (2017).

Novala, G. C. et al. Testing the effectiveness of mechanical magnetic extraction in riverine
and lacustrine sediments. in Journal of Physics: Conference Series 1204, (2019).
Sudarningsih, S. et al. Variations in the concentration of magnetic minerals and heavy metals
in suspended sediments from citarum river and its tributaries, West Java, Indonesia. Geosci.
7, (2017).

Copyright © 2024 Universitas Sebelas Maret



39.

40.

41.

42.

43.

44,

45.

Scanning Electron Microscopy ... page 218

Hutasoit, L. Kondisi Permukaan Air Tanah dengan dan tanpa peresapan buatan di daerah
Bandung: Hasil Simulasi Numerik. Indones. J. Geosci. 4, 177-188 (2014).

Dearing, J. A. Environmental Magnetic Susceptibility Using the Bartington MS2 System.
(British Library Cataloguing in Publication Data., 1999).

Dillon, M. & Franke, C. Diagenetic alteration of natural Fe — Ti oxides identified by energy
dispersive spectroscopy and low-temperature magnetic remanence and hysteresis
measurements. 172, 141-156 (2009).

Kristian, E., Bijaksana, S., Srigutomo, W. & Kardena, E. Scanning electron microscopy and
magnetic characterization of iron oxides in solid waste landfill leachate. J. Hazard. Mater.
179, 701-708 (2010).

Srivastava, V. et al. Agroecological responses of heavy metal pollution with special emphasis
on soil health and plant performances. Front. Environ. Sci. 5, 1-19 (2017).

Delbecque, N. et al. Geochemical fingerprinting and magnetic susceptibility to unravel the
heterogeneous composition of urban soils. Sci. Total Environ. 847, 157502 (2022).

Ayoubi, S., Samadi, M. J., Khademi, H., Shirvani, M. & Gyasi-Agyei, Y. Using magnetic
susceptibility for predicting hydrocarbon pollution levels in a petroleum refinery compound
in Isfahan Province, Iran. J. Appl. Geophys. 172, 103906 (2020).

Copyright © 2024 Universitas Sebelas Maret



