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Rare earth elements (REEs) are element that has valuable potential as a raw material for
modern industry. This research aims to determine the REE content of volcanic material
using inductively coupled plasma-optical emission spectrometry (ICP OES) and
magnetic susceptibility measurements. This research uses 13 samples of volcanic
material from Mount Semeru. The measurement data were then statistically analyzed,
which can be used as proxy indicators of the presence of REE in Semeru’s volcanic
material. The results show the dominant REE contents are, on average, La (31.83 ppm),
Ce (24.81 ppm), Gd (15.42 ppm), Pr (10.12 ppm), Nd (9.14 ppm), Tb (7.58 ppm), Sm
(5.16 ppm), Eu (3.78 ppm), Y (1.75 ppm), and Dy (1.75 ppm). The average total REE
content is 97.51 ppm. Each REE shows a significant correlation with the others, which
means that the existence of one REE can become a clue to the existence of another one.
Magnetic susceptibilities range from 340.75 to 2232.63 x 10 m3/kg with an average of
1028.71 x 10® m/kg and have a significant correlation with Pr (R = -0.808 with P <
0.01), La (R =-0.650 with P < 0.05), Gd (R =-0.788 with P <0.01), Nd (R =-0.680 with
P <0.05), Ce (R =-0.740 with P <0.01), Sm (R =-0.623 with P <0.05), Tb (R =0.906
with P <0.01), total REE (R =-0.741 with P <0.01), and total LREE (R =-0.740 with P
< 0.01). This correlation indicates that magnetic susceptibility can be used as a proxy
indicator of existing Pr, La, Gd, Nd, Ce, Sm, Tb, total REE, and total LREE.

1. INTRODUCTION

information on the presence of REEs in volcanic materials,
which so far have only been used as indicators of geological

Rare earth elements (REEs) are a multifunctional material
with broad uses, ranging from indicators of geological
processes, proxies for geological data, and extensive
contributions to technology, the environment, agriculture,
health, and modern industry [1]. The series of Lanthanide
elements plus Scandium and Yttrium is up-and-coming and
has many functions, so it has become the center of attention of
researchers. The existence of rare earth elements and their use
continue to be explored. This research focuses on REE studies
of Mount Semeru volcanic material, which aims to provide
specific information on the presence of REE in volcanic
material. Tracing rare earth elements in Indonesia by the
Ministry of Energy and Mineral Resources is still generally
carried out in certain samples [2]. This paper specifically
presents a study of rare earth elements in volcanic materials to
estimate their quantity in the Mount Semeru area in East Java.
This estimate was carried out by integrating geochemical data,
magnetic susceptibility, and geological maps. From
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events, it is hoped that this will provide a stimulus for wider
use, especially in the industrial sector.

REEs can be found in volcanic areas, commonly used as
indicators of hydrothermal alteration, brines, soil, coal, deep-
sea sediment, and beach sand, which are widely reported in
India [3]. REEs are widely used in industry, geological
activities, agriculture, medicine, etc. The use of REEs in the
industrial world has reached a global market vortex where
America and China are the main producers [4]. The use of
REEs can be seen from changes in hydrothermal processes,
which can change the distribution pattern and content of REEs
such as Ce, Eu, La, Lu, Nd, Sm, and Y [5]. By knowing
changes in the concentration of REE content, it is thought that
we can determine reservoir zones and geothermal [6].
Determination of REE elements has more resolving properties.
For example, if the Eu and Ce anomalies are positive, total
water heating occurs due to the direct interaction of water and
the heating source rock. If the anomaly for both elements is
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negative, then the interaction of hot water mixes with surface
groundwater [7]. These basic principles can be used in
determining upflow and outflow. The presence of REEs in
volcanic systems is usually used to trace the temperature of
geothermal reservoirs. Recently, the presence of REEs in an
environment has also been used to determine pollution [8] and
to understand the process of soil genesis [9].

The results of REE studies in previous research showed
their presence in several places, such as laterite soil, carried
out by the Ministry of Energy and Mineral Resources [2]. REE
research in volcanic system environments has been carried out
[8-13] and found Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr, Sm,
Tb, Tm, Y, and YD [14]. Information on the presence of REE
in volcanic environments in Indonesia has been researched on
Mount Merapi and the mountains located in Bandung, such as
Mount Wayangwindu, Pangalengan, and Lembang [15-17].
REE in Boiled Fluid from Basalt rock-based geothermal
environments has been studied previously [14]. REE
extraction from Geothermal brine is also carried out [12].

Tracking the presence of REEs is generally carried out using
geochemical methods. Geochemical methods are often
combined with rock magnetism methods in understanding
environmental changes. Magnetic properties can be a
differentiating source of pollutants and heavy metals in
industrial areas [18-20]. In some previous research, REE
determination can be used for mapping land polluted with
heavy metals and can be measured by high magnetic
susceptibility ~values [21-24]. Furthermore, magnetic
susceptibility can identify rock changes in hydrothermal
systems and alteration zones in volcanic systems. The decrease
in the low-frequency magnetic susceptibility (;f) value with
depth is proportional to an increase in reservoir temperature
and hydrothermal alteration, as well as a decrease in Fe-Mg
silicate and opaque minerals [25, 26]. The difficulty of
mapping REE abundance can be resolved by combining
geochemical methods and the magnetism of the constituent
rocks, and combining them with geological maps.

2. METHODS

The sample collection location is situated in the Mount
Semeru area. Mount Semeru is the highest mountain on the
island of Java, located in the same area as Mount Bromo,
forming the Bromo-Tengger-Semeru mountain range (BTS).
Mount Semeru is one of the Quaternary volcanoes, with
volcanic activity still active on Mount Semeru [27, 28]. The
selection of Mount Semeru as the sampling site is based on the
numerous studies that have been conducted in this location,
but mapping of rare earth elements (REESs) is still very rarely
done. One of the geochemistry studies conducted on Mount
Semeru was the investigation of Europium (Eu) and the
comparison of the Arjuno-Welirang elements with Bromo-
Semeru [29, 30].

The samples in this study were volcanic material, including
andesite, sand, sandy soils, and volcanic ash taken from the
Semeru area, with four sampling points, with a total of 13
samples used in this research. The details of the sampling
points are as follows: P1 (consisting of samples PS 1.2, PS 1.3,
and PS 1.5), P2 (consisting of samples PS 2.1, PS 2.2, PS 2.3,
PS 2.4, and PS 2.5), P3 (consisting of samples PS 3.1, PS 3.2,
and PS 3.3), and P4 (consisting of samples PS 4.1 and PS 4.2)
(see Figure 1). Geologically, Mount Semeru is dominated by
pyroclastic, igneous rock and andesitic lava [31]. The sample
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collection locations on Mount Semeru are situated within two
main lithologies that make up Mount Semeru. Samples PS
1.2-PS 1.5 and PS 2.1-PS 2.5 are located in the geological
formation of the Volcanic Deposits of Semeru (Qvs). Samples
PS 1.2—PS 1.5 are associated with the Wuni Formation (Tmw).
This sample is located on the southern slope of Mount Semeru,
11 km from the summit of Mount Semeru. Generally, the
sampling location is a river that becomes a flow of lahar and
lava when Mount Semeru erupts. While samples PS 2.1-PS
2.5 are associated with the Mandalika Formation (Tomm), this
sample location is close to the P1 sampling site, specifically
on the southeast side of the summit of Mount Semeru. Similar
to the P1 sampling site, this location is a river area that
becomes a flow path for lahar and lava when Mount Semeru
erupts. This condition allows for the mixing of sedimentation
from various geological formation due to geological
formations due to erosion during eruptions, carried by the
lahar [32]. Therefore, it is very possible that the samples taken
not only represent the local geology but are also representative
of the volcanic material from Mount Semeru. Two other
sampling locations, namely PS 3.1-PS 3.3 and PS 4.1-PS 4.2,
are located in the Volcano Deposits of the Jembangan
formation (Qvj), with samples PS 4.1-PS 4.2 being associated
with the Volcanic Deposits of the Tengger formation (Qvt)
[31]. Sampling at points P3 and P4 was taken from rock
outcrops that are products of volcanic activity in the Mount
Semeru area (see Figure 2(a)). There are outcrops of andesite
rock, which is an extrusive igneous rock. Unlike the P1 and P2
samples, which tend to be transported sedimentary material,
the samples from points P3 and P4 are bedrock. Sampling at
points P3 and P4 makes the collected samples representative
because the rock outcrops found are the original magma
products of long-standing volcanic processes. Additionally,
samples from this rock outcrop are free from mixing or
alteration processes caused by transported sediments from
lahar or river flows.

OROLOGY NFORMATION
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L

Figure 1. Sampling location of Semeru volcanic materials

The samples taken from the field were obtained from
outcrops found in the field. Then, samples were taken by 1000
g and placed in a plastic bag for transport to the laboratory (see
Figure 2(a)). Each sample is then prepared in the laboratory
for magnetic susceptibility measurements and sample
preparation for REE determination. In the laboratory, the
sample was dried at room temperature, ground into powder,
and inserted into a standard cylindrical plastic holder for
magnetic measurement (see Figure 2(b)). For optimal sample
measurement, the grain size of the powdered sample is ensured



to reach 200 mesh. Samples were weighed using a digital
weight balance. The magnetic susceptibility of all samples was
measured at two frequencies using the Bartington Magnetic
Susceptibility Meter MS2B with frequencies of 470 Hz and
4700 Hz (see Figure 2(c)). Frequency-dependent susceptibility
(Xra) is defined using the following Eq. (1):

X4a70-X4700

de(%) = ] X 100%

(1

X470

(b) Samples that have been
prepared and are ready to
measure magnetic

susceptibility

(a) Sampling process at
some point
V.-
(¢) The process of measuring magnetic susceptibility
Figure 2. Sampling and preparation process

Several representative samples were prepared from the
remaining powder to analyze REE elements using inductively
coupled plasma-optical emission spectrometry (ICP OES).
The presence of REE can be determined using Geochemical
methods such as ICP OES and ICP MS [1]. REE analysis in
rocks and minerals with ICP MS was also carried out by
Sindern [33]. Measurement using ICP-OES has the advantage
of high analytical accuracy and relatively short processing
time, enabling the analysis of all elements quickly. The
measurement of REE elements with ICP-OES requires the
decomposition of solid samples to dissolve minerals into a
solution containing metals. This process generally involves a
mixture of HF, HNOs;, and HCIO4 acids [34]. REE
measurements using ICP OES were conducted at the
Laboratory for Testing of Nuclear Mineral Resources of the
National Research and Innovation Agency (BRIN). Trace
element analysis was conducted using a PerkinElmer ICP-
OES 8300 system. The instrument features an argon plasma
source, a peristaltic pump for sample introduction, and an
optical emission spectrometer. Argon and Nitrogen gases were
supplied via regulators, and a chiller maintained optimal
operating temperatures. The instrument detection limits (IDL)
for Tb are 0.9, for Pr, Gd, Nd, Ce, Sm, and Dy are 0.10, for La
and Eu are 0.12, and for Y are 0.13, with a measurement
uncertainty of 0.20.

For analysis, a new method was established within the
Winlab 32 software. This involved selecting the target rare
earth elements (REEs) and their corresponding wavelengths.
Instrumental parameters were configured with a delay time of
20 seconds and a replicate count of 3 or 7. A flush time of 15
seconds was applied for the sampler and peristaltic pump.
Calibration standards were prepared and introduced
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sequentially after blank analysis. Sample concentrations were
determined by analyzing samples against the established
calibration curve. All data acquisition and processing were
performed using the Winlab 32 software.

Both magnetic susceptibility and geochemistry REE data
were then analyzed using Pearson's correlation. This analysis
is used to evaluate the linear relationship between two
variables, thereby providing information on how strongly the
physical and chemical parameters of volcanic material are
correlated. It also serves to identify and understand correlation
patterns to be used as proxy indicators. In this study, Pearson
correlation analysis is applied to examine the possibility of
using magnetic susceptibility data as a proxy indicator for the
presence of REE in volcanic materials.

3. RESULTS
3.1 Magnetic susceptibility of Semeru

The results of magnetic susceptibility measurements at low
frequency (x;r), high frequency ( xns ), and frequency-
dependent susceptibility (y;q) are shown in Table 1. Low-
frequency magnetic susceptibility () ranges from 340.75 x
10 m3/kg to 2232.63 x 10-¥ m3/kg with an average of 1028.71
x 10® m*/kg. The highest magnetic susceptibility value (x;s)
was found in the PS 3.3 sample (2232.63 x 10" m*/kg), which
is an iron sand sample. This sand is a volcanic product from
the eruption of Mount Semeru, carried by cold lava flows to
the sample collection site. Meanwhile, the lowest magnetic
susceptibility value (x;r) was found in the PS 2.5 sample
(340.75 x 10 m%/kg), which is a sandy soil sample.

Magnetic susceptibility frequency dependence (¥ r4) ranges
from 0.021 (%) to 3.04 (%) with an average of 1.742 (%).
According to Dearing [35], the measurement results of y 4 for
the Semeru samples are classified as low, with an average of
<2.00%. This result indicates that the Semeru samples used in
this study have almost no superparamagnetic content. Only six
samples from the y;; measurements were classified as
moderate (xgqg = 2.00-10.00%) with the highest value in
sample PS 3.1 (3.049%), where the sample type is sandy soil
[35].

Table 1. Magnetic susceptibility of low frequency (y;s), high
frequency (¥n) and the result of the calculation of the
magnetic susceptibility dependence on frequency (xrq) [29]

Xif Xhf o
SampleID 08\ ey A0S mikg 4P

PS1.2 798.85 785.80 1.633
PS 1.3 991.22 966.91 2.452
PS 1.5 787.36 780.12 0.919
PS 2.1 923.11 904.21 2.048
PS2.2 681.94 664.47 2.562
PS 2.3 957.27 931.35 2.708
PS24 1181.16 1159.14 1.864
PS 2.5 340.75 331.63 2.675
PS 3.1 1476.38 1431.36 3.049
PS 3.2 1422.81 1397.28 1.794
PS3.3 2232.62 2232.16 0.021
PS 4.1 1124.54 1120.76 0.336
PS 4.2 455.20 452.55 0.583
Average 1028.71 1012.13 1.742




3.2 Geochemistry of Semeru

The results of 13 types of rare earth elements (REEs) in
samples of volcanic material (andesite, sand, and volcanic ash)
show that the REE content includes the elements of
Lanthanium (La), Gadolinium (Gd), and Cerium (Ce)
followed by Praseodymium (Pr), Neodymium (Nd), Samarium
(Sm) and Europium (Eu). The element Yttrium (Y) was only
found in a few samples, as were the elements Terbium (Tb)

and Dysprosium (Dy). Elements such as Holmium (Ho),
Thulium (Tm), Ytterbium (Yb), and Lutetium (Lu) were not
found in this sample (see Table 2). In general, the total rare
earth elements (TotREEs) in the samples range from 47.9 to
174.2 ppm. The highest TotREE content is found in the PS 1.5
sample (174.2 ppm), which is an andesite sample. These
results are similar to previous research where andesite samples
showed TotREE content ranging from 52.7 to 257 ppm [36,
37].

Table 2. REEs content of Semeru volcanic materials

Sa;;')ple La Ce Pr Nd Sm Eu Gd Tb Dy Y HREE LREE TotREE S;’y“;’;e
PS12 2690 17.70 630 050 <IDL 4.00 1540 740 0.0 <IDL 2290 5540 7830 Sand
PS13 2730 1290 430 <IDL <IDL 3.80 1520 7.50 <IDL 1.60 2430 4830  72.60 Sand
PS15 4980 5180 1630 18.60 1070 3.80 1600 7.00 020 <IDL 2320 151.00 17420  Andesite
PS2.1 3040 2590 840 620 120 380 1570 770 050 190 2580 7590  101.70 Sand
PS22 4580 3990 1120 1130 180 3.80 1610 750 <IDL <IDL 23.60 113.80 137.40 Sand
PS23 2760 1370 630 130 030 3.80 1570 740 <IDL <IDL 23.10  53.00  76.10 Sand
PS24 3200 2190 990 610 270 4.00 1570 740 1.00 <IDL 24.10 76.60  100.70  Andesite
PS25 4190 4570 1870 19.10 11.80 3.60 1580 670 2.60 <IDL 25.10 140.80 16590  Sandy Soil
PS3.1 2360 100 <IDL <IDL <IDL 3.60 1470 840 <IDL <IDL 23.10 2820 5130  Sandy Soil
PS32 2280 <IDL <IDL <IDL <IDL 3.80 1580 820 <IDL <IDL 2400 26.60  50.60  Sandy Soil
PS33 2150 <IDL <IDL <IDL <IDL 3.60 13.50 930 <IDL <IDL 2280 2510  47.90 Sand
PS4.1 3250 2060 770 6.0 3.00 3.80 1540 7.00 <IDL <IDL 2240 7370  96.10  Andesite
PS42 3170 2190 12.10 13.10 9.80 3.70 1550 7.00 <IDL <IDL 2250 9230  114.80  Sandy Soil
Average 31.83 21.00 778 633 3.7 377 1542 750 034 027 2360 7390  97.50

*The concentrations of REEs are in ppm. The instrument detection limits (IDL) of the concentration for Tb are 0.9, for Pr, Gd, Nd, Ce, Sm, and Dy are 0.10,
for La and Eu are 0.12, and for Y are 0.13.

Meanwhile, several dominant REEs in the Semeru sample
consist of La, Ce, and Gd. La shows a range of 21.50 to 49.80
ppm with an average of 31.83 ppm. The Ce ranges from 0.00
to 51.80, averaging 21.00 ppm. Meanwhile, Gd ranges from
13.50 to 16.10, averaging 15.42 ppm. Among the three
dominant rare earth elements (REEs) in the Semeru samples,
two of them have the highest content in the PS 1.5 sample (La
=49.8 ppm, Ce = 51.8 ppm). Meanwhile, the highest content
of Gd is found in the PS 2.2 sample (16.1 ppm), where the
sample type is sand. These results clearly indicate that the REE
content in rock samples is higher than in sand and volcanic
ash.

4. DISCUSSION

Based on the test results for the REE content in the Semeru
volcanic material, it can be determined that the light REE
(LREE) content of Semeru includes La, Ce, Pr, Nd, Sm, and
Eu. Meanwhile, Semeru's heavy REE (HREE) includes Gd,
Tb, Dy, and Y. From the entire Semeru REE data, the order of
the average REE content is from largest to smallest (see Figure
3).

-0 o &

ia Co Ga Pr Nd Tb Sm Eu Oy Mo Lu Tm Yo

Rare Earth Elaments Corvent

Figure 3. The trend of Semeru REE content from largest to
smallest

Figure 3 shows that the largest element content is La,
followed by Ce, Gd, Pr, Nd, Tb, Sm, Eu, and the smallest is
Dy. This data provides information that LREE (average 70.12
ppm) in Semeru is more dominant than HREE in Semeru
(average 27.38 ppm). This pattern is generally shared by
samples originating from the Earth's mantle [38]. The same
analysis of oceanic or continental arc samples, which include
basalt, basaltic andesite, dacite, and rhyolite, also shows that
the largest REE content is La and the smallest is Dy [39].

Sr/fY vs SiO; wt%
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Figure 4. Plot Sr/Y-SiO; shows that the two samples
containing Y are in the range below the barren intrusions [40]

The sample category in the oceanic or continental arc rock
type is also confirmed by the Sr/Y-SiO; plot analysis (shown
in Figure 4). There are two samples of volcanic material
containing Yttrium. Figure 4 shows that two materials contain
Yttrium, showing that this material is still under barren
intrusion. According to Loucks [40], this volcanic material
probably came from oceanic or continental arc basalt, basaltic
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andesite, dacite, and rhyolite rocks. It also confirmed Semeru's
location, that is, in the ring of fire where subduction between
the Eurasia and Indo-Australia plates exists [40].

Porphyry Cu Prospectivity Eu{n)/Eu vs SI02 wt%
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Figure 5. Plot of Eu(n)/Eu* versus SiO, of Semeru volcanic

materials
Normalization values from Sun and McDonough [41]

Based on the relation between Europium and Silicon oxide
content in the Eu-SiO, graph (see Figure 5), it can be seen that
there are two types of distribution of Semeru volcanic material
based on Eu(n)/Eu*. Europium (Eu) can generally effectively
determine the possibility of sedimentary rocks acquiring REE

from their parent rocks [42]. Through the anomaly of Eu
normalization values, both positive and negative anomalies are
produced. Positive anomalies are almost shown by most of the
Semeru samples. This provides information that the Semeru
samples are an accumulation of feldspar (Eu(n)/Eu*>1) [43].
Meanwhile, negative anomalies are shown by samples PS 1.5
(andesite), PS 2.5 (sandy soils), and PS 4.2 (sandy soils),
indicating the presence of plagioclase/K-feldspar fractionation
in the magma [44]. In general, the pattern shown in the Semeru
samples on the graph (Figure 5) forms a vertical pattern with
a SiO; range of 40-50 wt%. Although based on the Eu content,
this material does not show a unity, based on SiO,, this
material confirms the existence of a unity.

Rocks with Eu(n)/Eu* > 1 are likely to contain a significant
accumulation of feldspar or plagioclase [45]. This impacts the
main factors used to identify mineral phases, whether
crystallization processes or accumulation, to determine REE
characteristics (both HREE and LREE) [46, 47]. Henderson
[48] provided distribution coefficients indicating that
clinopyroxene generally tends to accumulate HREE.
Meanwhile, plagioclase tends to accumulate LREE more than
HREE [48]. Additionally, plagioclase naturally and
significantly fractionates Eu [49]. This phenomenon occurs
because Eu easily binds as Eu?' in feldspar [43]. Therefore,
rocks enriched in plagioclase tend to show a positive Eu
anomaly when accumulation occurs [43, 49]. If this is related
to what happens in the Semeru sample, there is an enrichment
of LREE caused by the accumulation of feldspar with a
positive Eu anomaly.

Table 3. Pearson correlations between magnetic susceptibility and rare earth elements

Correlations
Xir La Ce Pr Nd Sm Eu Gd Tb Dy Y HREE LREE TotREE

Xif 1

La -0.650* 1

Ce -0.740** (0.965** 1

Pr -0.808** (.875** (.948%* 1

Nd -0.680* 0.890** 0.908** (.939** 1

Sm -0.623*  0.704** 0.746** (0.859** (.93]1** 1

Eu -0.197 0.055 0.103 0.067 -0.173  -0.265 1

Gd -0.788**  0.629*  0.646* 0.626* 0.520 0.374  0.467 1

Tb 0.906** -0.657* -0.738** -0.824** -0.670* -0.648* -0.316 -0.776** 1

Dy -0.404 0.365 0.494 0.612* 0.552  0.558* -0.172  0.249 -0.405 1

Y -0.067 -0.142  -0.028 -0.093 -0.185  -0.250 0.078 0.031 0.020 -0.040 1

HREE -0.239 0.142 0.265 0.235 0.168 0.047  0.020 0.336 -0.112 0.588* 0.654* 1

LREE -0.740** 0.960** 0.984** 0.969** 0.965** 0.843** 0.008 0.617* -0.744** 0.521 -0.114 0.205 1
TotREE -0.741** 0.958** 0.986** 0.970** (0.964** 0.840** 0.009 0.622* -0.743** 0.533 -0.097 0.229 1.000%** 1

*Correlation is significant at the 0.05 level (2-tailed).
**Correlation is significant at the 0.01 level (2-tailed).

Pearson's correlation analysis, shown in Table 3, explores
the relation between REE and magnetic susceptibility. The
relations between magnetic susceptibility and REE content in
Semeru volcanic material can be used as a proxy indicator for
the presence of REE. The magnetic susceptibility range of the
Semeru volcanic material shows similarities with other
volcanic materials, such as Bromo [50]. This result reinforces
the data, as the samples used are still similar since both Bromo
and Semeru are located in the same area.

Pearson correlation analysis between REE and magnetic
susceptibility shows that y,¢ is significantly correlated with
several elements such as Pr, La, Gd, Nd, Ce, and Sm. y;y is
also positively correlated with Tb with R 0.906 with a
significance of 0.01 (See details in Table 3). Several elements
are significantly correlated, for example, Ce vs Pr, La vs Pr,
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and Pr vs Nd. Low-frequency magnetic susceptibility y;; also
significantly correlates with total light REE (LREE). The
correlation between y;r and LREE shows a significant inverse
correlation.

The significant inverse correlation between y;r and LREE
can be explained as follows. Based on rock classification from
SiO, content, the average SiO, content of Semeru volcanic
samples shows an average of <45 wt%, thus classified as an
ultramafic rock type [29, 30]. According to Henderson [51],
ultramafic rocks are not the type of rocks that carry large
amounts of REE. The REE content in this type of rock
naturally ranges only from 69-1455 ppm [51]. Naturally, one
of the main constituents of ultramafic rocks is the mineral
olivine [52]. Olivine ((Mg,Fe),Si0y) is generally enriched in
Mg and Fe as its main components, with Si <45 wt%. The REE



content in olivine is very small; however, as a silicate, olivine
may still be associated with REE. Some silicates associated
with REE include zircon (ZrSiO4) which contains many HREE
(Y, Er, Yb, Lu), titanite (CaTiSiOs) which stores large
amounts of LREE (La, Ce dan Nd), allanite which is very rich
in REE, and monazite ((Ce, La, Pr, Nd, Th, Y) PO4) which is
not technically a silicate but in nature often associates with
silicate rocks and serves as a major carrier of REE [2].
Furthermore, monazite and zircon are the main REE minerals
found in Indonesia [53]. Meanwhile, those four silicates are
complex silicates capable of storing large amounts of REE [54,
55]. whereas olivine is the simplest silicate, so its REE content
is only small or limited [56].

The finding of an inverse correlation between y;r and
LREE, as well as total REE, can be interpreted as the influence
of the dominance of olivine, one of the constituent minerals of
ultramafic rocks. The Mg-Fe content in olivine is associated
with high magnetic susceptibility values but suppresses REE
and LREE concentrations, making them lower. Thus, the
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role of olivine in the Semeru volcanic samples is supported by
sampling points P3 and P4, where both points are geologically
composed of pyroxene-olivine basaltic lava from the Qvj
formation (see Figure 1). In addition, this is possible because
the volcanic material underwent alteration, leading to a higher
concentration of LREE elements due to the mobilization of hot
fluids [57, 58]. This process causes the magnetic minerals to
experience a dilution effect [59]. Additionally, in general, the
LREE elements have paramagnetic properties, and some of
them have diamagnetic properties, such as La [60, 61]. This
result certainly strengthens the analysis of the Eu anomaly in
the volcanic material sample from Mount Semeru, which has
accumulated feldspar or plagioclase, thus showing a positive
anomaly [45]. This phenomenon provides additional
information: although the correlation between y;r and total
REE and LREE are inverse, the presence of a positive Eu
anomaly indicates that plagioclase fractionation has not been
significant [62].

1500 »
= 5
X o * R Cuadratio =0 702
1000 LI
- .
£
bt 1) .
<
0
0 0 5 20
Pr{ppm)

(b) Magnetic Susceptibility (¥;r) and Gadolinium (Gd)

20
o/ ®

R’ Quadratc =0929

Pr (ppm)

(d) Praseodymium (Pr) and Neodymium (Nd)

2500
L]
2000
50 @& A
% ® R* Quadratic »0.677
1000 oo °
e >
*
500 . P
0
0 20 40 60 a0 100
total LREE (ppm)

(f) xir and light rare earth elements (LREEs)

R? Quadratic =0 116

2750 2800 2850 2800

total HREE (ppm)

(g) xir and heavy rare earth elements (HREEs)

Figure 6. The graphic relations between REE contents and y;; of the Semeru volcanic deposits

2064



The plot of the relation between several rare earth elements
and magnetic susceptibility can be seen in Figure 6. Magnetic
susceptibility is not significantly correlated with heavy REE
(HREE), where the greater the susceptibility, the total HREE
almost does not change. Plot x;r vs LREE, HREE, and the
TotREE are shown in Figure 6. Based on Figures 6, which
show the relationship between x;; and total REE and LREE,
the quadratic regression pattern reveals a consistent downward
trend. This pattern reinforces the previous finding that when
Xir is high, the total REE and LREE concentrations decrease
or remain low.

This study has limitations due to the number of sampling
points obtained in the field. This results in spatial grid
coverage that is still insufficiently dense for such a wide
research area. However, the findings of this study can serve as
an initial insight into the REE characteristics of volcanic
materials in the Semeru area. Further research can be
developed by increasing the number of systematically
distributed sampling grid points. This is necessary to validate
the REE characteristics of the Semeru arca to develop a
comprehensive distribution map.

5. CONCLUSION

Mount Semeru's volcanic deposits, represented by andesite,
sand, and volcanic ash, with an ultramafic parent rock, contain
REE with a predominance of Pr, La, Nd, Ce, Sm, and Tb.
Several REEs significantly correlated with each other, such as
La with Ce, Pr, Nd, Sm, Gd, and Tb. Magnetic susceptibility
significantly correlated with Pr, La, Gd, Nd, Ce, Sm, and Tb.
Statistically, a significant negative correlation is observed
between low-frequency magnetic susceptibility ();r) and the
concentrations of Total REE (R = -0.741) and LREE (R = -
0.740). This implies that high magnetic susceptibility
corresponds to low REE content, and low magnetic
susceptibility corresponds to high REE content. The
significant negative correlation is primarily attributed to the
dominance of olivine, which contains higher amounts of
silicate. Based on this correlation, magnetic susceptibility
measurements can be used as a proxy indicator for assessing
the presence of REEs, particularly TREE and LREE, under
conditions of magnetic mineral alteration and REE
enrichment, provided there is strong mineralogical validation.
Further mineralogical studies are required to verify this
relationship. However, this must be combined with field
validation to effectively guide REE mining priorities.
Additionally, it is necessary to add mineralogical data, such as
X-Ray Diffraction (XRD) analysis, for further analysis and
identification of the presence of REE-bearing mineral phases.
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NOMENCLATURE

REE Rare Earth Elements

HREE High Rare Earth Elements

LREE Light Rare Earth Elements

TotREE Total Rare Earth Elements

Greek symbols

Xif Magnetic Susceptibility low-frequency, 10
8 m3/ kg

Xnf Magnetic Susceptibility high-frequency, 10
8 m3/ kg

Xfa Magnetic Susceptibility dependent-

frequency, %





