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Abstract

Tambora Volcano is known as a volcano that had a catastrophic eruption in 1815, with an enormous amount of material
released, including pyroclastic flows and fall deposits. From these volcanic products, erosion and transportation pro-
cesses acted towards the coastline and formed iron sand, which contains economically valuable minerals such as mag-
netite. Iron sand is one of the important elements/components for the production of steel and titanium, but its use is
still limited. In Indonesia, iron sand has only been mined and used as a mixture in the production of cement and build-
ing materials because of its low iron content (45-48%). Therefore, it is important to know the characteristics and content
of iron sand to maximise the results of iron sand mining. The characteristics of iron sand deposits from Mount Tambora
are still unclearand have never been studied. Therefore, we conducted a study to identify the geochemical characteristics
and magnetic properties of iron sand around Tambora Volcano to determine the concentration of economic elements
from different volcanic products. This study uses magnetic susceptibility measurements, X-Ray Diffraction (XRD), X-Ray
Fluorescence (XRF), and Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES) measurements. Sam-
pling was carried out at three locations in the area, namely Nanga Miro, Baringin Jaya, and Hodo. The Nanga Miro and
Baringin Jaya areas are the lava flow deposit zones of the 1815 eruption and lava flows from previous eruptions, while the
Hodo area is just the pyroclastic flow zone of the 1815 eruption. The results showed that the distribution of sand grain
sizes in Baringin Jaya and Nanga Miro that are from the lava flow deposit zones are dominantly medium sized (MS) and
fine sized (FS). Meanwhile, in Hodo, which is from the pyroclastic flow deposit zone, it is dominantly coarse sized (CS)
and medium sized (MS). Areas from the lava flow zones have high susceptibility values, high Fe concentrations, and
magnetic mineral content of magnetite and haematite. In addition, the REE elements (Ce, Gd, and Pr) have a high con-
centration in iron sand from the lava flow area and have a good Pearson correlation value. The combination of grain size
distribution and magnetic and geochemical properties has shown differences in the characteristics of iron sand in the
Tambora Volcano area.
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arcs (Wang et al., 2015; Nugraha et al., 2016; Tiwow
et al., 2017; Satria et al., 2021; Zahra et al., 2023). The
formation of sand deposits is determined by several fac-
tors, including the original rock, the alteration process,
the transportation media, and its deposition (Maghfiroh
et al., 2023). Iron sand can come from volcanic erup-
tions or be formed from weathering of original rocks by
weather and surface water, which are then transported
and deposited along the coast or rivers (Rahmi et al.,
2022). In general, iron sand deposits resulting from vol-
canic eruptions have a higher iron content compared to
iron sand deposits resulting from weathering (Brath-
waite et al., 2017; Satria et al., 2021; Zahra et al.,

1. Introduction

Iron sand is a type of sand that has a higher concentra-
tion of iron; the main compositions can be magnetite,
ilmenite, and titanomagnetite, and it contains small
amounts of silica, titanium, manganese, calcium, and va-
nadium (McDougall, 1961; Templeton, 2025). Iron
sand is a type of titania-ferrous solution (TFSO), which
is formed from the rapid cooling of volcanic lava and is
widely distributed in coastal areas (Wright, 1964). Iron
sand is generally found in coastal areas, rivers, and
volcanic mountains with various geological settings, in-
cluding magmatic arcs, volcanic islands, or continental
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2023). Differences in iron type and composition can af-
fect other properties of iron sand (Leveneur et al.,
2021). According to Rochani et al. (2007), Indonesia
has a large potential for iron mineral resources, consist-
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ing of iron sand (8%), iron ore (17%), and laterite iron
ore (75%). Indonesia, with its unique geology, is home
to iron sand deposits from Aceh, at the northern tip of
Sumatra, to Sarmi, on the northern coast of Papua (Sa-
tria et al., 2021; Yulianto et al., 2003; Zahra et al.,
2023; Kurnio, 2007; Rahmi et al., 2022). The close dis-
tance between iron sand deposits and active volcanoes
indicates that most iron sand deposits originate from re-
cent volcanic eruptions, such as on volcanic islands Su-
matra, Java, Bali, the Lesser Sunda Islands, Maluku, and
Papua (Rahmi et al., 2022; Nugraha et al., 2016; To-
gibasa et al., 2018), while iron sand deposits in Sulawe-
si and Papua originate from the destruction of much
older rocks (Kurnio, 2007). Iron sand is one of the im-
portant elements/components for the production of steel
and titanium, but its use is still limited (Leveneur et al.,
2021). In addition, iron sand can be used to replace up to
15 mass% of magnetic materials for the production of
the composite magnetic without reducing its perfor-
mance, thereby reducing the cost of production materi-
als (Leveneur et al., 2021). Currently, the only country
in the world that makes steel from iron sand is New Zea-
land (Templeton, 2025). Unfortunately, because iron
sand in Indonesia has a low iron content (45-48%), so
far iron sand has only been mined and used as a mixed
ingredient in the production of cement and building ma-
terials (Yulianto et al., 2003; Rochani et al., 2007).
This type of utilisation has low economic value. One of
the iron sand deposit locations in Indonesia is on the
coast around Mount Tambora, Sumbawa Island. Sum-
bawa Island is located in the Lesser Sunda Arc, which is
a transition zone from oceanic subduction to continent-
island arc collision (Darman, 2012; Minarwan, 2012).
The source of iron sand in this area is likely from erup-
tion products and from the weathering of the eruption
products of Mount Tambora, which is famous for its
devastating eruption in 1815 (Rampino, 1982). The
eruption produced pyroclastic flows and fall deposits
with a volume of more than 50 km?* (Dense-Rock Equiv-
alent (DRE), 1.4 x 10'* kg) (Self et al., 1984; Sigurds-
son and Carey, 1989; Kandlbauer and Sparks, 2014).
The pyroclastic flow deposits from this eruption spread
around Mount Tambora (Self et al., 1984; Abrams and
Sigurdsson, 2007; Suhendro et al., 2021). In addition,
the eruption products of Mount Tambora also spread to
the Bengkulu region (Sumatra Island), Banda Island,
and Brunei Darussalam (Kandlbauer and Sparks,
2014). The eruption of Mount Tambora is included in the
category of the largest and most powerful eruptions in
history on Earth with a Volcanic Explosivity Index (VEI)
of 7 (Newhall and Self, 1982; Sigurdsson and Carey,
1989; Kandlbauer and Sparks, 2014). This eruption
also created a caldera with a diameter of 7 km with a
depth of 1.4 km (Sutawidjaja et al., 2006) (see Figure
1). There has never been any research done on the phys-
ical and chemical characteristics of iron sand deposits
from Mount Tambora. Therefore, it is important to con-

duct studies related to this at Tambora Volcano. The pur-
pose of this study is to evaluate the geochemical, mag-
netic, and physical characteristics of iron sand in the
Mount Tambora area. In order to accomplish this, iron
sand samples were subjected to a number of measure-
ments, such as identification of grain size distribution,
magnetic susceptibility measurements, geochemical
analysis (major elements and rare earth elements), and
mineralogical analysis. Thus, it is expected that the re-
sults of the combination of magnetic and geochemical
characteristics are used to determine the distribution of
economic elements (i.e. REE) and increase the value of
iron sand around Mount Tambora. By knowing the geo-
chemical and magnetic characteristics, grain size, and
sources of iron sand, it can be used as a magnetic mate-
rial, and not just as a mixture in building materials.

2. Material and Methods

Field sampling was carried out in December 2018 at
three locations, i.e. Nanga Miro (8°9°19.36 S; 117° 44’
4.45” E), Baringin Jaya (8°17°10.54” S; 117°45°32.51”
E), and Hodo (8°27° 1.44” S; 118° 4° 52.75” (see Figure
1). These sampling sites are located within the Pekat
District in the Regency of Dompu, which is one of the
ten regencies in the Nusa Tenggara Barat Province of
Indonesia. Three samples were taken from each location
so that a total of 9 samples were analysed in this study.
The iron sand samples were measured in conditions
without pretreatment (no grain size separation), also
called bulk samples. In addition to measurements on
bulk samples, a grain size sorting process was also car-
ried out from the iron sand that was previously selected.
Each sample was taken as a representative for each area.
The collected samples were then prepared, and their
magnetic susceptibility was measured at the Laboratory
of Characterisation and Modelling of Physical Proper-
ties of Rocks, Institut Teknologi Bandung, West Java,
Indonesia. Preparation began by washing the samples
using running water and drying at room temperature.
Furthermore, the samples were divided into 2 groups,
namely the bulk sample group and the sample group for
grain size analysis.

First, magnetic susceptibility measurements were car-
ried out for all bulk samples (see Table 1). About 1 kg of
three bulk samples from each location were set aside as
bulk samples. The magnetic susceptibility is measured
in a Bartington MS2 magnetic susceptibility system
(Bartington Instruments Ltd., Witney, UK) with a dual
frequency (470 Hz and 4.7 kHz) MS2B sensor. For this
measurement, a portion of bulk was then placed inside a
standard cylindrical holder (2.54 cm in diameter and 2.2
cm in height) and weighed using an Ohaus precision bal-
ance. Three holders were prepared for bulk from each
location. The results of magnetic susceptibility measure-
ments are expressed as mass-specific low and high fre-
quency magnetic susceptibility (x, . and y,,.). From the
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Figure 1. Sampling sites around Tambora Volcano, West Nusa Tenggara, Indonesia. Based on Sigurdsson and Carey (1989),
the yellow colour shows the distribution area of pyroclastic flow around Tambora Volcano. Wind direction is indicated by the
red arrow, and administrative locations are marked by the black circle. Isopach of tephra fallout (pyroclastic fall) during the
1815 eruption of Tambora based on Sigurdsson and Carey (1989) and Self et al. (1984). The isopach is symbolized by a
dashed line with colour variations that indicate differences in layer thickness: blue (50 cm), orange (25 cm), green (20 cm),
purple (5 cm), and brown (1 cm). There are three iron sand sampling locations shown with earth surface imagery from Google
Earth (https://earth.google.com/): a) Nanga Miro, b) Baringin Jaya, and c¢) Hodo.

two high and low frequency values, the frequency-de-
pendent susceptibility (y,,) value is calculated accord-
ing to Suryanata et al. (2023). Second, about 3 kg of the
selected bulk samples from each location were then sub-
jected to grain-size analyses following the Wentworth
(1992) scale. The highest magnetic susceptibility value
is used to determine one sample to be selected to repre-
sent each location for grain size distribution analysis.
This selection was made because it was assumed that the
sample with the highest susceptibility value in the same
area would have a higher magnetic mineral content, and
further analysis would be carried out. Samples were
sieved using ASTM (American Society for Testing and
Materials) standard sieves. A 10-mesh sieve was first
used to eliminate particles larger than sand size. Subse-
quently, the samples were sieved through a series of
mesh sieves. Furthermore, each result of grain size sepa-
ration for different sizes will be called sub-samples.
There were five sub-samples based on their grain size,
i.e. very coarse sand (VCS), which has a grain size > 18
mesh; coarse sand (CS), which has a grain size between
18 and 35 mesh; medium sand (MS), which has a grain
size between 35 and 60 mesh; fine sand (FS), which has

a grain size between 60 and 120 mesh; and very fine
sand (VFS), which has a grain size < 120 mesh. This
sub-sample division refers to previous research conduct-
ed by Satria et al. (2021). The sub-samples were
weighed using a digital scale. Their weight percentages
(mass%) were then determined by dividing their weights
by the total weight before sieving. The values of mass%
for the sub-samples will be referred to as grain size dis-
tribution (GSD) (see Figure 2a). After the grain size
separation of iron sand was carried out, magnetic sus-
ceptibility measurements were carried out for all sub-
samples.

Figure 2b shows the particle size distribution for se-
lected samples. The coefficient of uniformity (CU) and
the coefficient of curvature (CC) of each sub-sample
could easily be calculated from the curves in Figure 2b.
These two coefficients are defined respectively as CU =
D./D,,and CC = (D,, x D,))/(D, x D,,), where 10% of
the particles are finer and 90% of the particles are coars-
er than D size, 30% of the particles are finer and 70%
of the particles are coarser than D, size, and 60% of the
particles are finer and 40% of the particles are coarser

than D size as indicated by D, D,, and D, , respec-
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Table 1. List of measurements on Bulk samples
and sub-samples of iron sand in this study

Magnetic

Susceptibility XRD

Sampling Code

BJ-1 |Bulk A
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VCS

Baringin BI2 CS

Jaya MS
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NM-2 | Bulk
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HD-3 | Bulk

tively (Chapuis, 2021). The values of CU for Nanga
Miro, Baringin Jaya and Hodo samples are 2.32, 2.00,
and 2.13, respectively, while the values of CC are 0.44,
0.40 and 0.32, respectively. Despite slight differences in
their values of CU and CC, all samples could be classi-
fied as poorly graded, as expected for beach sand.
Based on the results of magnetic susceptibility meas-
urements, we selected samples with the highest magnet-
ic susceptibility values for the same location (NM-1, BJ-
2, and HD-1) to conduct geochemical measurements
(XRF and XRD) for bulk samples and all sub-samples
and previous studies. We selected these samples to ena-
ble correlation with the amount of magnetic minerals.
XRD analyses were carried out using a SmartLab X-Ray
Diffractometer (Rigaku Corporation, Tokyo, Japan)
equipped with Cu and Rigaku PDXL software (version
2.0) to identify crystal structures, lattice parameters, and
perform mineral quantification. XRF analyses were car-
ried out using a Supermini 200 X-ray fluorescence
(Rigaku Corporation, Tokyo, Japan) that identifies ma-
jor, minor, and trace elements contained. In this study,
only the following elements were presented: Fe, Si, Ca,
Al, Mg, Ti, Na, and K. The XRD and XRF measure-
ments are conducted at the Laboratory of the Centre for
Mineral and Coal Resources in Bandung, Indonesia.
Furthermore, we also use the ICP-OES (Inductively
Coupled Plasma Atomic-Optical Emission Spectrome-

Grain Size Distribution (GSD) of the Iron Sand Samples a
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Figure 2. a) The percentage mass of iron sand grain size
distribution sub-samples and b) The graph of cumulative
mass of particle size distribution for selected samples.
Red lines and red texts illustrate how D , D30, and D
were determined for samples NM-1. See text
for further explanation.

try) measurement method to determine the rare earth el-
ement content contained in iron sand. In this measure-
ment, we only use the same bulk samples as the XRF
and XRD measurements. This is done to determine the
REE content in the selected sample as a whole, not just
at a certain grain size. This measurement used the Agi-
lent type 700/725 (Agilent Technologies, Santa Clara,
CA, USA). REE analyses were conducted at the Labora-
tory of the Centre for Mineral and Coal Resources in
Bandung, Indonesia, that used Bushveld granite from
Transvaal, South Africa, as reference material (see
Yunginger et al., 2018). In this study, only the following
elements were presented: Ce, Lu, Nd, Pr, and Gd.

3. Results

Table 2 shows the magnetic susceptibility values (y,
and %) of iron sand samples from around Tambora
Volcano. From Table 2, we can see that in general sam-
ples from the Baringin Jaya area have y, . values that are
much larger than samples from Nanga Miro and Hodo,
where samples from Hodo have the smallest values.

As shown in Figure 2, the GSD results for the BJ-2
and NM-1 samples are rather similar, while those of
HD-1 are rather different. The predominant grain sizes
in BJ-2 and HD-1 are MS and FS, while those in Hodo
are MS and CS. In all locations, the mass% values for
VCS are rather small (1 to 3%). In Table 3, the y, . val-
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Table 2. Magnetic susceptibility of all bulk samples in three sampling locations. Bulk samples selected for grain size
separation are marked in bold
. Bulk samples
Sampling Code ™5 ;) BJ-2 BJ3 | NM-1 | NM2 | NM-3 | HD-1 | HD-2 | HD-3
% (10® mi/kg) 5219.0 7253.2 3690.4 2670.9 2483.7 1217.9 1267.5 1037.0 1144.5
Yep 70 7.8 0.8 0.7 3.1 7.9 8.7 2.0 4.0 3.0
Table 3. Magnetic susceptibility of sub-samples from selected bulk samples subjected to grain size separation.
Sub-samples
Sampling Code VCS CS MS FS VES
Yo Xen 70 Yo Xen 70 Xue Xen 70 Yo Xen 70 Yo Xep 7
BJ-2 1148.9 43 1459.9 0.8 5471.4 0.9 1844.4 7.5 25188.0 0.8
NM-1 1970.8 2.3 1983.7 0.9 4766.0 0.7 1923.8 10.0 4224.6 9.7
HD-1 1319.6 1.9 1419.6 1.5 1331.3 1.7 1054.3 3.8 1328.8 4.9
Table 4. Results of XRF measurements of the major elements
Sample . s Elements (%)
Local:ion Grain Size Fe Si Ca Al Mg Ti Na K Total
BJ-2 Bulk 20.7 34.1 15.1 14.7 2.2 1.9 2.5 4.7 95.9
BJ-2 VCS 5.4 54.4 5.2 15.9 2.4 0.6 7.3 8.5 99.6
BJ-2 CS 2.7 58.2 5.7 21.0 2.1 0.4 7.5 2.2 99.8
Baringin Jaya BJ-2 MS 17.9 36.7 16.3 14.9 3.2 1.7 2.8 4.2 97.7
BJ-2 FS 30.4 29.8 15.0 11.9 3.6 2.5 2.1 23 97.6
BJ-2 VES 41.5 25.1 7.6 12.2 2.0 3.6 2.3 2.7 97.0
Average 19.8 39.7 10.8 15.1 2.6 1.8 4.1 4.1 97.9
Standard Dev. 13.5 12.3 4.7 3.0 0.6 1.1 2.4 2.2 -
NM-1 Bulk 40.8 26.4 10.3 12.4 1.2 3.5 0.8 2.9 98.3
NM-1 VCS 34 59.4 4.4 19.7 2.4 0.5 7.6 2.3 99.8
NM-1 CS 1.7 58.3 6.2 26.1 1.5 0.2 4.8 1.1 99.9
Nanga Miro NM-1 MS 25.7 335 17.8 12.9 1.9 2.0 1.1 3.5 98.4
NM-1 FS 58.4 17.4 6.5 8.6 1.6 4.7 0.5 1.1 98.8
NM-1 VES 65.3 14.0 2.5 9.1 0.8 5.2 0.4 1.3 98.5
Average 32.6 34.8 8.0 14.8 1.6 2.7 2.5 2.0 99.0
Standard Dev. 24.7 18.1 5.0 6.2 0.5 1.9 2.7 0.9 -
HD-1 Bulk 13.5 39.3 15.9 16.1 1.2 1.1 23 8.0 97.4
HD-1 VCS 4.9 57.0 4.6 15.5 1.9 0.6 8.0 7.2 99.6
HD-1 CS 5.1 543 9.8 15.5 9.8 0.5 4.0 0.8 99.8
Hodo HD-1 MS 11.6 40.6 17.6 16.5 1.5 1.0 2.6 6.7 98.0
HD-1 FS 14.6 37.8 17.0 14.2 0.7 1.4 1.4 9.6 96.7
HD-1 VFS 11.8 42.1 12.3 15.8 0.9 1.1 2.8 9.8 96.6
Average 10.2 45.2 12.9 15.6 2.6 1.0 3.5 7.0 98.0
Standard Dev. 3.9 7.5 4.6 0.7 3.2 0.3 2.1 3.0 -

ues representing the magnetic susceptibility of the sub-
samples are listed. For BJ-2 sub-samples, the VFS has
the highest y, . value, while the NM-1 sub-sample has
the highest y, . value in the MS sub-sample. In all loca-
tions, finer grain sizes do not necessarily have higher , .
values and vice versa. Each location has its own pattern
of the y, . values and GSD. The bulk samples as well as
the VCS, CS, and MS samples from the three locations
have relatively low values of y,, (0.7 to 4.9%), infer-
ring the absence of SP (superparamagnetic) grains. The
Xse, Values tend to be higher in finer grain sizes of FS
and VES, inferring the presence of SP grains. However,
there is no clear pattern on y,, values with GSD. The

VFS sample from BJ-2 has the highest y, . value with a
very small y, ., value.

Geochemical test results consist of XRF, XRD, and
REE measurement results. The XRF analysis for the
bulk samples as well as the VCS, CS, MS, FS, and VFS
sub-samples is listed in Table 4. The Fe content varies in
bulk samples, ranging from 13.5% for HD-1 to 40.8%
for NM-1. Likewise for Ti element content, NM-1 bulk
samples generally have the highest Ti element content,
and HD-1 samples have the lowest Ti element content
(see Figure 3; Table 4). Looking into sub-samples, Fe
content tends to be higher in finer grain sizes, with the
exception of that in HD-1 sub-samples. The FS sub-sam-
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Figure 3. Element concentrations trends for bulk samples and sub-samples in three sampling locations

ple from HD-1 has higher Fe content compared to that of
the VFS sub-sample. The Ti content follows the same
trend as that of Fe content. However, Si content tends to
be smaller in finer grain sizes, with again the exception
of that in HD-1 samples. Meanwhile, Ca content consist-
ently tends to be smaller in finer grain sizes.

The results of XRD measurements are shown in Figure
4 in the form of diffractogram patterns on bulk iron sand
samples, VCS, CS, MS, FS, and VFS grain sizes. In the
diffractogram of sample NM-1, it can be seen that there
are magnetic minerals of the magnetite and haematite
types found in bulk iron sand samples and all sub-sam-
ples. Unlike sample NM-1, in sample BJ-2 only magnetite
minerals are found in all sub-samples. In the sample HD-
1, there is a magnetic mineral, namely magnetite, which
has a very small content. The highest magnetic mineral
content is in the CS sub-sample, seen from the larger dif-
fractogram spike (see Figure 4). All samples, bulk and
sub-samples, contain labradorite and augite. Only in sam-
ple HD-1 is there analcime, and only in sample BJ-2 is
there a bixbyite mineral. Overall, the results show differ-
ences in the characteristics of the three locations.

The measurement results using the ICP-OES method
to test the presence of REE are listed in Table 5. REE
concentrations are presented in the form of element con-
centrations in ppm. The overall results show that the con-
centrations of Light Rare Earth Elements (LREE) such as
Ce, Gd, Nd, and Pr at all three locations are higher than
the concentrations of Heavy Rare Earth Elements
(HREE) such as Lu. The REE content in the NM-1 sam-
ple tends to be higher than the other two locations, where
sample from the HD-1 area have the lowest REE content.

4. Discussion

The presented results show that iron sand in the Tam-
bora Volcano area has distinctive characteristics depend-
ing on the location. These differences are observed in the
distribution of grain size, magnetic susceptibility values,
XRF analysis results, XRD analysis, and REE content.
Magnetic susceptibility measurements for each location
in the study area show a range of different y, , values. On
average, the y, . values in the Baringin Jaya and Nanga
Miro areas are higher than in the Hodo area (see Table
3). Variations in magnetic susceptibility values depend
on the constituent minerals (Hunt et al., 1995). Based
on Kartadinata et al. (2008), the rock units located
around the Baringin Jaya and Nanga Miro areas are
rocks from lava flows. The lava flows are products of
monogenetic volcanoes that are grouped as the product
of the Young Tambora Volcano (YTV) IV stage, which
are predominantly lava. Another example of a group
type of monogenetic volcano that is close to the Tambo-
ra Volcano is Mount Satonda. (Takada et al., 2000;
Suhendro et al., 2025). Meanwhile, in the Hodo area
the dominant volcanic product is the 1815 pyroclastic
flow deposit consisting of a mixture of pumices, scoria,
or lavas. The difference in the rocks that are the main
source of eroded products that produce iron sand in the
Baringin Jaya, Nanga Miro and Hodo areas causes dif-
ferences in the characteristics of the minerals contained,
especially magnetic minerals. The difference in magnet-
ic minerals causes iron sand in the Baringin Jaya and
Nanga Miro area to have higher susceptibility magnetic
value and concentration of magnetic minerals compared
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Figure 4. X-ray diffractograms of iron sand samples and sub-samples from a) NM-1, b) BJ-2, and ¢) HD-1.

to iron sand in the Hodo area. One of the main composi-
tions of the 1815 Tambora pyroclastic flows is pumice,
which has a fairly high SiO, content of around 56.5-58
mass% (Gertisser et al., 2011; Suhendro et al., 2021).
Meanwhile, the lava products produced from monoge-
netic volcanoes are classified as basaltic and basaltic-
andesite types (Takada et al. 2000; Kartadinata et al.
2008; Suhendro et al., 2025). Lava is usually mafic or
has a low SiO, content, forming more magnetic minerals
than pyroclastic flow, resulting in a higher magnetic sus-
ceptibility value (Pratama et al., 2018; Suhendro et
al., 2021; Suryanata et al., 2023).

Samples from Nanga Miro and Baringin Jaya, which
are iron sands originating from the area around the Tam-
bora lava flow deposit, are dominated by MS and FS
grain sizes. Meanwhile, the samples from the Hodo area

Table 5: The concentration of REE in bulk iron sand samples
from studied locations

BJ-2 NM-1 HD-1
REE

(ppm) (ppm) (ppm)
Ce 82 140 68
Gd 25 47 17
Lu 3 9 6
Nd 25 21 25
Pr 20 44 14

are iron sands originating from the area around the Tam-
bora 1815 pyroclastic flow deposit (see Figure 5) and
are dominated by CS and MS grain sizes. The character-
istics of the grain size distribution in the Nanga Miro and
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Baringin Jaya areas have the same distribution pattern as
the volcanic iron sand on Lampanah Beach, Aceh (Sa-
tria et al., 2021). Genetically, the grain size distribution
is closely related to wave energy in the process of wash-
ing sand grains by waves, which are then deposited (Ta-
muntuan et al., 2019). In addition, other elements that
impact grain size distribution include terrain, transport
mechanism, source material, distance from the shore-
line, distance from the source (river), and transport time
(Abuodha, 2003; Arens et al., 2002). From the mag-
netic susceptibility values of each sub-sample for each
region, differences in characteristics can be seen. The
VFS sub-sample has a much higher magnetic suscepti-
bility value compared to the other sub-samples, except
for the Hodo sample, which has a high magnetic suscep-
tibility value in the CS sub-sample.

The results of the analysis of the major element con-
tent of each selected sample for the three areas show dif-
ferent characteristics and tend to support what is indi-
cated by magnetic susceptibility, both for bulk samples
and each sub-sample (see Tables 2, 3, and 4). Based on
the concentration of Fe, the Nanga Miro and Baringin
Jaya areas are those that have high concentrations com-
pared to the Hodo area. Similar concentrations of Fe in
the Nanga Miro and Baringin Jaya areas indicate that the
iron sand in these areas come from the same source. This
assumption is supported with geological information
around the Tambora Volcano (see Figure 5). Meanwhile,
the Pearson correlation value of magnetic susceptibility
(% and x,,,) with major elements shows that correla-
tion of Fe, Ti and y,, of the Baringin Jaya sample is
greater than that of the other locations, while correlation
of Fe, Ti and . is greater than that of the other two
locations (see Table 6). The positive correlation of Fe,
Ti and y,,,,, and the negative correlation of Fe, Ti and y, .
in the Nanga Miro sample are likely influenced by the
location of the Nanga Miro iron sand sampling which is
far from the rock source and vice versa for the Baringin
Jaya iron sand sample, which is close to the rock source.
However, the Pearson correlation for the Hodo sample
does not exceed 0.75 (see Table 6). This indicates a dif-
ferent rock source of the Hodo iron sand compared to
Baringin Jaya and Nanga Miro. The geochemical com-
ponents of the elements and minerals contained in iron
sand can be related to the Tambora eruption in 1815 and
previous eruptions. The measurement results also show
that iron sand in the Tambora Monogenetic lava flow
(Nanga Miro and Baringin Jaya areas) has a high Fe con-
centration compared to iron sand in the pyroclastic flow
zone, which is more felsic (higher SiO, content).

Based on the relationship between XRD analysis and
magnetic values from the three locations, each area con-
taining magnetic minerals has a high y, . value (Nanga
Miro and Baringin Jaya). The samples from the Nanga
Miro area contain a mixture of magnetite and haematite
mineral content that distinguishes it from the other two
locations. Magnetite is an iron oxide mineral that is

highly magnetic and sticks to magnets. Meanwhile, he-
matite is an iron oxide occurring in trace amounts in
many natural environments with concentrations below
the detection limit of many bulks’ analytical techniques.
The magnetic properties of hematite make it suitable for
magnetic quantification, although its weak spontaneous
magnetisation at room temperature (Ms=~0.4 Am?
kg™") compared to magnetite (Ms=92 Am? kg™') (Tanii
et al., 2014; Roberts et al., 2020). The presence of he-
matite mineral content can be one of the factors that
causes the lower y, , value in iron sand from Nanga Miro
area compared to Baringin Jaya area. Other characteris-
tic minerals that are always present in all localities are
labradorite and augite minerals. Both minerals are the
main minerals associated with gabbro rocks
(Moghaddam et al., 2019). This shows that the type of
rock in the area is mafic.

Other minerals that distinguish each region are the
presence of bixbyite minerals in the Baringin Jaya area
and analcime minerals in the Hodo area. Bixbyite miner-
als are iron-manganese oxide minerals (Rayaprol and
Kaushik, 2015). They are ferrimagnetic at 300 K and
antiferromagnetic at 36 K (Rayaprol et al., 2013). The
magnetic properties of these minerals can contribute to
the high y, . values in the Baringin Jaya area. Meanwhile,
analcime minerals are a type of natural zeolite (Veresh-
chagina et al., 2018), which can be formed as a late-
stage interstitial magmatic mineral (Piper et al., 2013).
This mineral consists of hydrated sodium, aluminium,
and silicate. Other than magmatic, S-type (sedimentary)
analcimes are authigenic minerals replacing early
formed zeolites, glass of tuffs, and tuffaceous rocks
(Varol, 2020). This analcime mineral is a mineral that
usually characterises a deposit from pyroclastic flows
(Naitza et al., 2003). It tends to have a low magnetic
susceptibility value or even no magnetic properties at
all. Apart from the low Fe content, this analcime content
causes the susceptibility value of iron sand around the
Hodo area to have a small value.

Furthermore, the REE content can be related to sev-
eral other minerals from rock erosion in the area around
the sample. The REE elements can come from the erup-
tion product or weathering of rocks in the area. The con-
centration of LREEs such as Gd, Nd, and Pr is also found
in iron sand in the Tambora Volcano area. High concen-
trations of LREE usually occur in sediments eroded
from pyroclastic and bedrock rocks, mostly igneous
rocks with alkaline types of basalt to trachyandesite
(Yunginger, 2018; Gertisser et al., 2011). In placer de-
posits, beach sand, or heavy mineral placer deposits,
REE is usually found in monazite and xenotime miner-
als (Gupta and Krishnamurthy, 2005; Balaram,
2019). Monazite (Ce) and monazite (Nd) minerals have
paramagnetic magnetic properties (Jordens et al.,
2013). The results of this study indicate that the mono-
genetic volcanoes lava flow has high concentrations of
Ce, Gd, and Pr elements.
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Figure 5. Geological map of the research area with research results (Modified from Kartadinata et al., 2008)

Table 6. Pearson correlation between magnetic susceptibility (x,, and x,,,) major elements for bulk samples, VCS, CS, MS,
FS, and VFS sub samples for each region. Correlation value with bold format indicates positive correlation with value = 0.75.

Baringin Jaya Samples | . % Fe Si Ca Al Mg Ti Na K
Yr -0.43 0.77 -0.64 -0.11 -0.48 -0.40 0.81 -0.49 -0.29
Y 70 0.10 -0.08 0.12 -0.40 0.66 0.03 -0.06 0.10
Nanga Miro Samples Y 70 Fe Si Ca Al Mg Ti Na K
Yr -0.02 0.36 -0.47 0.52 -0.48 -0.35 0.34 -0.56 0.50
Y 70 0.85 -0.75 -0.54 -0.70 -0.48 0.85 -0.51 -0.60
Hodo Samples Y 70 Fe Si Ca Al Mg Ti Na K
Yr -0.30 -0.17 0.16 0.00 -0.68 0.53 -0.06 -0.17 -0.40
Y 70 0.18 -0.18 -0.08 0.20 -0.31 0.21 -0.10 0.46

We also conducted Pearson correlation between mag-
netic susceptibility (x, . and Y, ) and major elements
with REE for bulk samples for the entire area (see Table
7). From Table 7, we can see that there is a correlation
between major element concentrations and several REE
elements. The element of Lu is positively correlated
with y.., and Nd, positively correlated with Si, Ca, Al,
Na, and K elements. From this, it can be seen that the
erosion products of Tambora pyroclastic flow or lava
flow contain fairly high REEs (Ce, Gd, and Pr) that can
be associated with Fe and Ti elements. As we know, Fe
and Ti are elements that form magnetic minerals, al-

though they do not have a good correlation with the
magnetic susceptibility values. Further studies may be
needed on the relationship between magnetic mineral
characteristics from other magnetic measurements such
as hysteresis parameter or remanent magnetic with geo-
chemical analysis in iron sand.

5. Conclusions

Magnetic susceptibility and geochemical measure-
ments combined with grain size distribution analysis re-
sulted in a better understanding of the characteristics of
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Table 7. Pearson correlation between magnetic susceptibility
(X,r and X;,,,) and major elements with REE for bulk samples
for the entire area. Correlation value with bold format
indicates positive correlation with value = 0.75.

Bulk Samples Ce Gd Lu Nd Pr

Xur -0.05 | 0.03 | -0.69 | 023 | -0.04
Yoy /0 062 | 056 | 098 | -0.76 | 0.62
Fe 1.00 | 1.00 | 0.71 | -0.97 | 1.00
Si -0.97 | -0.99 | -0.59 | 0.92 | -0.98
Ca -1.00 | -0.99 | -0.79 | 0.99 | -1.00
Al -0.98 | -0.99 | -0.62 | 0.93 | -0.98
Mg -0.28 | -0.21 | -0.84 | 045 | -0.28
Ti 099 | 1.00 | 0.67 | -095 | 0.99
Na -0.96 | -0.94 | -091 | 1.00 | -0.96
K -0.88 | -0.91 | -0.35 | 0.77 | -0.88

iron sand along the coast around the Tambora Volcano.
From three sample locations, 2 groups of different iron
sand characteristics were obtained even though all three
were in the Tambora Volcano area. Nanga Miro and Bar-
ingin Jaya have high magnetic susceptibility in line with
high Fe element concentrations, magnetite and hematite
minerals were found, higher LREE (Ce, Gd, and Pr)
concentrations, and dominant grain sizes of MS and FS,
while Hodo has characteristics that are the opposite of
the other two areas and has grain sizes of CS and MS.
Based on the concentration of Fe and magnetic minerals
(iron content), it can be said that the iron sand in Hodo
comes from a different source than the other samples,
namely from pyroclastic flow deposit. While samples
from Baringin Jaya and Nanga Miro come from lava
products produced from monogenetic volcanoes of the
Young Tambora Volcano (YTV) 1V stage. This study
also shows that the iron sand of Tambora Volcano has
the potential of hosting economically valuable REEs.
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SAZETAK

Magnetna i geokemijska istrazivanja naslaga Zeljezovitoga pijeska
oko vulkana Tambora u Sumbawi, Indonezija: alternativni pristup istrazivanju
visokokvalitetnoga Zeljezovitog pijeska

Vulkan Tambora poznat je po katastrofalnoj erupciji iz 1815. godine te enormnoj koli¢ini erumpiranoga materijala -
piroklasti¢nih tokova i taloga. Procesima erozije i transporta ovi vulkanski materijali transportirani su prema obali te su
formirali Zeljezoviti pijesak koji sadrzava ekonomski vrijedne minerale poput magnetita. Zeljezoviti pijesak jedan je od
vaznih elemenata/komponenti za proizvodnju ¢elika i titana, ali je njegova upotreba jo$ uvijek ograni¢ena. U Indoneziji
se Zeljezoviti pijesak vadio samo u rudnicima i koristio kao mjesavina u proizvodnji cementa i gradevinskih materijala
zbog niskoga sadrzaja Zeljeza (Fe = 45 — 48 %). S obzirom na navedeno, vazno je poznavati karakteristike i sadrZaj Zelje-
zovitoga pijeska kako bi se maksimizirali rezultati njegova rudarenja. Karakteristike naslaga Zeljezovitoga pijeska s pla-
nine Tambora jo$ uvijek su nejasne i nikada nisu proucavane. U okviru ovoga istrazivanja odredena su geokemijska i
magnetna svojstva zeljezovitoga pijeska oko vulkana Tambora kako bi se dobile koncentracije ekonomskih elemenata iz
razli¢itih vulkanskih materijala. Pritom su kori$tena mjerenja magnetne susceptibilnosti, rendgenska difrakcijska anali-
za (XRD), rendgenska fluorescencijska analiza (XRF) te mjerenja spektrometrije opti¢ke emisije u induktivno spregnutoj
plazmi (ICP-OES). Uzorkovanje je obavljeno na trima lokacijama, a to su Nanga Miro, Baringin Jaya i Hodo. Nanga Miro
i Baringin Jaya zone su tokova lave iz erupcije 1815. godine te tokova lave iz prethodnih erupcija, dok podruéje Hodo
predstavlja zonu piroklasti¢noga toka erupcije iz 1815. godine. Rezultati su pokazali da je raspodjela veli¢ina zrna pijeska
u Baringin Jayi i Nanga Mirou koja su iz zona tokova lave dominantno srednjih (MS) i sitnih veli¢ina (FS). S druge strane,
u podrudju Hodo, koje je iz zone piroklasti¢noga toka, zrna pijeska dominantno su krupne (CS) i srednje veli¢ine (MS).
Podrudja iz zona tokova lave imaju visoke vrijednosti magnetne susceptibilnosti, visoke koncentracije Fe te sadrzaj ma-
gnetnih minerala magnetita i hematita. Osim toga, elementi rijetkih zemalja (Ce, Gd i Pr) imaju visoku koncentraciju u
zeljezovitome pijesku iz podrudja tokova lave te upuéuju na srednje vrijednosti Pearsonova koeficijenta korelacije. Kom-
binacija raspodjele veli¢ine Cestica te magnetnih i geokemijskih karakteristika pokazala je razlike u karakteristikama
zeljezovitoga pijeska u podrudju vulkana Tambora.

Kljucne rijeci:
zeljezoviti pijesak, magnetni minerali, veli¢ina zrna, magnetni susceptibilitet, geokemija, Tambora
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