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Aplikasinya beach, Southern Malang. The determination of chemical elements was
p-ISSN: 2541-3384 conducted using X-ray fluorescence (XRF). Rare Earth Elements

e (REE) were identified using Inductively Coupled Plasma-Optical
Emission  Spectrometry (ICP-OES). Magnetic susceptibility
B measurements were carried out using a Barrington Magnetic
Susceptibility Meter (MS2B). The results showed that the dominant

elements were Silica Oxide, SiO; (70 Wt%), Iron Oxide, Fe2O3 (14.05

W1%), and Calcium Oxide CaO (5.57 Wt%), which were categorized

as critical minerals. The average REE elements detected were Cerium,

Ce (6.75 mg/kg), Gadolinium, Gd (5.98 mg/kg), Neodymium, Nd

(13.56 mg/kg), Praseodymium, Pr (6.62 mg/kg), Terbium, Th (5.57

mg/kg), and Yttrium, Y (10.98 mg/kg). The magnetic susceptibility

ranges from 13.27 to 4143.47 x 10®m?3/kg. Pearson’s Correlation

analysis revealed a significant correlation between low-frequency

magnetic  susceptibility (yr) and high-frequency magnetic

susceptibility (ynr with a significance level of 0.01. yir and ynr also
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showed a significant correlation with Gd, with a correlation value of
R2 = 0.84 and a significance level of 0.05. These results indicate that
the presence of one critical mineral can serve as a clue to the presence
of other critical minerals, and magnetic susceptibility can be used as
a proxy indicator for critical minerals in natural materials.

Keywords: critical minerals, Lenggoksono, REE, magnetic
susceptibility

INTRODUCTION

Modern industries continue to experience an increasing need for critical minerals in line with
technological developments and climate change mitigation efforts [1-2]. The production of
critical minerals is currently dominated by one country, namely China, which has 85% of the
global processing capacity for Rare Earth Elements (REE) [3]. With the increasing demand
for REEs, Indonesia needs to develop a sustainable resource management strategy.

As one of the countries with abundant geological resource potential, Indonesia has an excellent
opportunity to contribute to meeting the global need for critical minerals. Metallic minerals
such as gold, silver, copper, nickel, tin, zinc, iron, aluminum, and rare earth metals, as well as
non-metallic rocks such as limestone, kaolin, zircon, phosphate, gypsum, and potassium-
containing rocks, are some of the types of minerals found in Indonesia [4-5]. The presence of
critical mineral sources can be found in igneous rocks.

Igneous rocks formed from magical activity in Lenggoksono are prime targets in the search
for critical minerals. Minerals such as rare earth elements (REES), lithium, and cobalt have an
important role in various high-tech applications, including renewable energy and electronics
[6-7]. However, identifying and quantifying these critical minerals is often challenging due to
their uneven distribution and relatively low concentration in the host rock. When a mineral is
considered important to the country’s economy and security and is vulnerable to global supply
risks, especially when REE production comes from limited mineral resources, it is classified
as a critical mineral.

Geochemical analysis and magnetic susceptibility produce important data for detecting
minerals and critical characterization in rock formations. This method involves collecting and
interpreting chemical data from coastal rocks and sand samples, which can reveal patterns and
anomalies associated with mineralization. With advances in analytics and data processing
techniques. Modern geochemical analysis allows for the detection of critical minerals with a
higher level of sensitivity and accuracy, even at very low concentrations [8-9].

This study aims to analyze the critical distribution of minerals in the Lenggoksono region.
This analysis is based on igneous rock and sand samples obtained in the Lenggoksono area.
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METHOD
Geographical Location and Geological Conditions of Lenggoksono

Purwodadi Village has an area of 1041 Ha, divided into three hamlets: Balaearjo, Purwodadi,
and Lenggoksono. Geographically, this region is located at 8°20°0°°LS-8205’0 “S and
112°47°0°’BT-1120520"’E [10]. Based on the geological map shown in FIGURE 1, the
Lenggoksono area with mandalika formations is dominated by andesite, basalt, tract, dacite
and dispersed andesite breccia (Tomm) lava. Members of the Mandalika Formation Tuff
which is dominated by rhyolite-dacite tuft, pumice tuff breccia (Tomi). Swamp and river
deposits are dominated by gravel, sand, clay and plant residues (Qas) [11].

112°49.920'E
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FIGURE 1. Geological map of Lenggoksono (Created by QGIS)

Sampling and Sample Preparation

This research was carried out in several stages, starting with a literature study on Rare Earth
Elements (REE) and critical minerals. Furthermore, the identification of sampling locations in
the Lenggoksono area was carried out. The sampling points are shown in detail in FIGURE 2.
The sampling process can be seen in FIGURE 3(a); the samples taken are in the form of
igneous rocks found in the Lenggoksono River and sand from the Lenggoksono River, Wedi
Awu Beach, and Lenggoksono Rivers.

The next stage is the sample process carried out in the laboratory. Sample preparation begins
with scraping the sample using mortar, as seen in FIGURE 3(b), followed by drying on a
plastic plate lined with perforated plastic wrap. Next, we weigh the samples and perform X-
ray fluorescence (XRF) tests to identify chemical elements associated with critical minerals
[12].
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Measurement

In general, XRF is used to determine the constituent elements of a material. XRF analysis can
be done qualitatively and quantitatively [13-14]. In addition to the XRF test, this study also
uses the ICP-OES technique to analyze the content of Rare Earth Element (REE) and the
magnetic susceptibility test as shown in FIGURE 3(c) is a sample that is ready for magnetic
susceptibility test. Magnetic susceptibility is measured with the MS2B magnetic susceptibility
meter. Magnetic susceptibility can be used to determine the indication of magnetic mineral
content in nature in the presence of Fe. The magnetic susceptibility value can be used to
determine the properties of magnetic minerals [15].

Meanwhile, measurements with ICP-OES begin by inserting a sample in liquid form into a
nebulizer. These aerosols are then delivered to the main plasma, where the ionization of atoms
and the excitation of electrons occur. When an electron returns to its base energy level, the
energy is released in the form of radiation of a specific wavelength. This radiation is then
detected by sensors to identify and measure the concentration of the elements in the sample
[16-18]. The data then analyzed with statistical software (SPSS). This test was carried out to
determine the linear relationship between one variable and another variable between critical
mineral elements and REE elements, as well as magnetic susceptibility that can indicate
mineral dispersion [19].
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FIGURE 2. Sampling Location Point (Created by QGIS)
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(b)

FIGURE 3. (a) Sampling, (b) Scraping of samples, (c) Samples ready for testing

RESULTS AND DISCUSSION

Geochemistry of Igneous Rocks

The chemical element content test results of the selected sample can be seenin TABLE 1. The
composition of chemical elements showed that SiO> content was the dominant element in all
samples, ranging from 55.1% by weight to 81.88% by weight Fe>Os compounds had varying
values, with the highest content of 23.1% by weight (PSL) and the lowest at 6.76% by weight
(BBL 2). AlO3 compounds were detected in PSL, BBL 1 and BBL 2 samples with
concentrations of 12% by weight to 13% by weight CaO compounds varied from 2.6% by
weight to 13% by weight with BBL 1 having the highest concentration. The full content of the
compound can be seen in TABLE 1.

Rare Earth Elements (REE)

The total REE concentration ranged from 27.36 mg/kg (BBL 2) to 79.35 mg/kg (BBL 1)
shown in TABLE 2. The BBL 1 sample showed the most significant REE dominance with
total REE concentrations nearly tripling compared to the lowest sample, indicating
mineralization potential zones of interest for further exploration [20-21]. The distribution of
Light Rare Earth Elements (LREE) and Heavy Rare Earth Elements (HREE) varied between
samples. LREE (Ce, Nd, Pr) is generally more dominant in most samples, except in WA 1 and
BBL 2 where HREE (Gd, Th, Y) is more prominent. The high LREE content is related to the
type of host rock such as granite or granitoid rocks that are rich in LREE-carrying minerals.
The dominance of LREE, especially in LGSN 1, LGSN 2, and PSL samples, is consistent with
patterns commonly found in many terrestrial REE deposits [22]. However, the relatively high
enrichment of HREE in some samples, especially BBL 1 and WA 1, is interesting from an
economic perspective because HREE is generally rarer and of higher value [23]. The magnetic
REE distribution map is shown in FIGURE 4. FIGURE 4 (a) shows the distribution of Cerium
(Ce) in the Lenggoksono region, based on the map this element has the highest concentration
at the LGSN 1 point with an average of 7.52 mg/kg. In the Yttrium (Y) element, the
distribution map is shown in FIGURE 4 (b) where the location point with the highest average
is BBL 1 of 12.94 mg/kg, indicating that at LGSN 1 and BBL 1 are potential REE zones.
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TABLE 1. Composition of Enggoksono samples measured by X-Ray Fluorescene

Compound Sample Name

Oxides (Wt%) LGSN 1 LGSN 2 WA 1 WA 2 PSL BBL 1 BBL 2
AlLOs 0.00 0.00 0.00 0.00  13.00 12.00 13.00
SiO, 77.40 81.80 76.00 74.70  55.90 55.10 73.50
SO3 0.00 0.00 0.00 0.00 0.00 1.90 2.20
P05 0.00 0.00 0.00 0.00 0.95 0.00 0.00
K>O 1.10 0.84 0.95 0.90 1.61 0.48 0.54
CaO 2.98 3.62 7.12 6.98 2.60 13.00 2.72
TiO; 1.31 1.40 2.32 2.11 1.26 1.15 0.79
V205 0.04 0.03 0.07 0.08 0.06 0.07 0.02
Cr03 0.04 0.04 0.05 0.05 0.06 0.05 0.03
MnO 0.28 0.24 0.20 0.21 0.49 0.16 0.17
FexO; 13.70 11.6 12.90 14.60  23.10 15.70 6.76
CuO 0.07 0.06 0.06 0.07 0.09 0.05 0.04
ZnO 0.05 0.03 0.03 0.00 0.13 0.00 0.02
MoOs3 2.70 0.00 0.00 0.00 0.00 0.00 0.00
Eu,0; 0.20 0.22 0.20 0.20 0.32 0.20 0.10
Yb03 0.00 0.00 0.00 0.00 0.00 0.00 0.03
RexO7 0.10 0.10 0.10 0.00 0.10 0.00 0.07

TABLE 2. Lenggoksono Rare Earth Element Data

Nama Rare Earth Element (ppm) LREE HREE Total Tmag Tnon
Sampel Ce Gd Nd Pr Th Y REE Mag
LGSN1 1172 415 14.88 10.87 <0.01 9.11 37.47 1327 50.74 4163 9.11

LGSN 2 6.74 5.06 18 7.47 <001 844 3221 1351 4572 3728 8.44

WA 1 561 887 901 486 844 991 1948 2722 467 36.79 9.91
WA 2 441 6.78 1081 44 844 975 19.62 2497 4459 3484 9.75
PSL 6.88 522 133 781 937 942 2799 2401 5200 4258 9.42
BBL1 8.07 7.66 2336 10.95 1276 16.55 4238 36.97 79.35 62.80 16.55
BBL 2 3.84 416 562 <0.01 <0.01 13.72 947 1789 2736 13.64 13.72

Average 6.75 598 1357 772 975 1099 26.95 2255 4950 3851 11.00
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FIGURE 4. Map of the distribution of REE in the Lenggoksono area (a) element Ce, (b) element Y.

Magnetic Susceptibility

Analysis of magnetic susceptibility tests on 7 samples showed significant variation in the
material’s magnetic properties. The value of low-frequency magnetic susceptibility (yin ranges
from 13.27 x 10 m3/kg (BBL 2) up to 4143.47 x 10® m3/kg (WA 1), indicating a wide range
of magnetic mineral content [24]. The WA 1 sample showed the highest susceptibility,
indicating significant concentrations of ferromagnetic minerals. High-frequency vulnerability
(xnf) shows a similar pattern to i, with the lowest value at BBL 2 (12 x 10® m3/kg) and the
highest in WA 1 (4137 x 108 m3/kg). The difference between ¥ and yxf provides information
about the presence of very fine superparamagnetic particles, which are generally related to soil
formation or weathering processes. Frequency-dependent vulnerability (y«%) varied from
0.01% (WA 3) to 8.27% (BBL 2). The high y«% value of BBL 2 indicates a significant
proportion of very fine-sized superparamagnetic particles (<0.03 pum), which are often
associated with in situ soil formation or intensive weathering processes [25].

TABLE 3. Magnetic susceptibility data

No Sample Name wie (10°m/kg) — yue (10°mP/kg)  Yaa (%0)
1 LGSN 1 346.67 345.00 0.35
2 LGSN 2 661.03 659.40 0.29
3 WA 1 4143.47 4137.00 0.13
4 WA 2 1015.37 1013.40 0.16
5 PSL 161.13 160.30 0.62
6 BBL 1 1936.23 1935.50 0.05
7 BBL 2 13.27 12.00 8.27
Average 1182.45 1180.37 1.41

Pearson’s Correlation

The next part of the study analyzes Pearson Correlation between the susceptivity test data,
XRF and the OES ICP data. The goal was to find a relationship between two strong or
significant variables marked with (*) for a significance of 0.05 and (**) for a significance of
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0.01 [26-27]. Using SPSS software, there is an inverse relationship between several pairs
indicating that there is a tendency for one variable to act in the opposite direction to another,
Al;03 and SiO2; SOs and CuO; Yb.0O3 and REEmag; x«« and REEmag with a significance
value of 0.05, if the concentration of Al.Os increases, the concentration of SiO> tends to
decrease. There are also several pairs with a directly proportional or positive relationship
showing the relationship between the magnetic properties of an area and the potential presence
of minerals containing rare earth elements, namely the elements yir and ynt, Gd; ynrand Gd; yfd
and Yb20s; Nd and LREE, REEmag; Pr and LREE, REEmag; Th and HREE; Y and SOs,
REEnonmag; SOz and REEnonmag; P.0s and MnO, ZnO; K20 and MnO, CuO, Zn0O; Cr203
and Fe20s3, Eu203; MnO and CuO, Zn0O; Fe»03 and Eu20s3; LREE dan REEmag; TotalREE
and REEmag with a significance of 0.01. The correlation between the element REE and the
magnetic susceptibility value of Gadolinium (Gd) and xIf where the correlation between the
two is directly proportional. The graph between the correlation between the two is illustrated
in FIGURE 5(a) with R? = 0.84, showing that about 84.09% of the variation in one variable
can be explained by the variation in the other variable, indicating a very strong relationship
and in FIGURE 5(b) with R? = 0.59. However, this value is lower compared to FIGURE 5(a),
it still shows a significant relationship between the two variables.

5000 1\ = 733.85x - 3210.2 10.00 y =-0.1612x + 7.6192
2000 R2=0.84 . 8.00 L R2 = 0.59
—~ 3000 o
g S 4.00
S 2000 e S
£ = 200
3 1000 o ® 0.00 “ws. .
< - 20 40 60 8
= 0 ) @ - - -2.00 9
4 1
-1000 -4.00
REEmag
Gd (mg/kg)
(@) (b)

FIGURE 5. Correlation graph between (a) yGd (b) yt-SiO2
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TABLE 4. Pearson Correlation

XIf Xhf Xfd Ce Gd Nd Pr Tb Y Al;O3 Sio,
XIf 1
Xhf 1.000** 1
Xfd -0.391 -0.391 1
Ce -0.124 -0.124 -0.474 1
Gd 0.917**  0.917** -0.480 -0.237 1
Nd 0.010 0.010 -0.603 0.580 0.144 1
Pr 0.028 0.028 -0.744 0.869* 0.070 0.858* 1
Tb 0.499 0.500 -0.469 -0.133 0.765* 0.317 0.259 1
Y 0.096 0.097 0.372 -0.127 0.222 0.262 -0.019 0.380 1
Al,Oq -0.328 -0.327 0.508 -0.190 -0.184 0.044 -0.118 0.287 0.674 1
SiO; 0.040 0.039 0.107 -0.076 -0.206 -0.393 -0.338 -0.741 -0.562 -0.785* 1
SO; -0.130 -0.130 0.685 -0.246 -0.076 0.031 -0.270 0.043 0.921** 0.714 -0.361
P20s -0.309 -0.309 -0.115 0.021 -0.185 -0.020 0.135 0.309 -0.231 0.493 -0.609
K20 -0.184 -0.185 -0.389 0.255 -0.184 -0.125 0.240 0.085 -0.696 -0.074 -0.166
CaO 0.586 0.586 -0.377 -0.003 0.770* 0.543 0.326 0.742 0.653 0.086 -0.431
TiO, 0.705 0.705 -0.576 -0.202 0.705 -0.200 -0.064 0.354 -0.466 -0.709 0.329
V205 0.495 0.495 -0.627 -0.133 0.737 0.109 0.183 0.840* -0.028 -0.177 -0.356
Cr,03 0.235 0.235 -0.723 0.150 0.420 0.359 0.485 0.717 -0.243 0.072 -0.582
MnO -0.384 -0.384 -0.253 0.248 -0.331 0.006 0.272 0.092 -0.503 0.217 -0.373
Fe,03 -0.033 -0.032 -0.620 0.294 0.170 0.368 0.551 0.630 -0.198 0.213 -0.678
CuO -0.252 -0.252 -0471 0.223 -0.175 -0.041 0.274 0.140 -0.704 -0.122 -0.173
ZnO -0.320 -0.320 -0.112 0.244 -0.347 -0.084 0.199 0.015 -0.439 0.297 -0.358
MoO3 -0.253 -0.253 -0.154 0.831* -0.444 0.098 0.482 -0.454 -0.277 -0.353 0.280
Eu,04 -0.029 -0.029 -0.690 0.303 0.103 0.376 0.550 0.434 -0.446 0.016 -0.447
Yh, 03 -0.354 -0.354  0.998** -0.487 -0.442 -0.594 -0.750 -0.454 0.404 0.493 0.119
Re,07 -0.057 -0.058 0.064 0.255 -0.373 -0.278 -0.011 -0.548 -0.609 -0.178 0.351
LREE -0.014 -0.014 -0.670 0.821* 0.043 0.937**  0.978** 0.220 0.099 -0.061 -0.333
HREE 0.552 0.552 -0.272 -0.182 0.784* 0.327 0.174 0.940** 0.645 0.383 -0.718
TotalREE 0.291 0.291 -0.646 0511 0.460 0.874* 0.822* 0.676 0.426 0.164 -0.639
REEmMag 0.291 0.292 -0.769* 0.573 0.446 0.882**  0.884** 0.645 0.249 0.036 -0.568
REnonMag 0.096 0.097 0.372 -0.127 0.222 0.262 -0.019 0.380 1.000** 0.674 -0.562
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TABLE 4. Pearson Correlation (cont.)

SO; P20s K0 Ca0 TiO, V705 Cr,0;  MnO Fe,04 Cu0 n0 MoO; EnO;  YO;  Rel, LREE HREE  TotalREE REEmag REEnonMag
1
-0.257 1
0.730  0.810* 1
0.341 -0.344 -0.525 1
-0.651 0.177 0.198 0.238 1
-0.350 0.165 0.236 0.566 0.713 1
-0.515 0711 0.683 0.215 0.359 0673 1
0508  0.933** 0.939** 0519 -0.107 0.088 0673 1
0435 0810 0751 0.09% 0.132 0574 0.944**  0.792* 1
0.764* 0781  0.971** 0454 0.238 0.341 0720  0.915**  0.793* 1
0403  0.918** 0.894** 0574 -0.188 -0.063 0576 0.965**  0.686 0.810* 1
-0.257 -0.167 0.214 -0.300 -0.136 -0.251 -0.220 0.117 -0.031 0.171 0.127 1
0631 0787  0.824*  -0.076 0.19% 0428  0.933**  0.840* 0934**  0.856* 0.742 -0.039 1
0.709 -0.167 0441 -0.330 -0.557 -0.612 -0.746 -0.311 -0.653 -0.52 -0.169 -0.167 0.728 1
-0.427 0.307 0532 -0.740 -0.065 -0.524 0.013 0.480 -0.001 0.362 0.629 0.307 0238 0.027 1
-0.132 0.040 0.076 0.388 -0.171 0.087 0.383 0.152 0443 0.123 0.080 0.404 0.448 -0.670 -0.088 1
0.337 0.076 0231 0.873* 0.214 0.687 0.464 -0.190 0.370 -0.197 -0.221 -0.485 0.142 -0.243 -0.647 0.185 1
0.086 0.071 0070  0.765*  -0.010 0.440 0538 0.009 0531 -0.016 -0.061 0.036 0411 -0.631 0418 0.844* 0.683 1
-0.098 0.124 0.069 0.684 0.085 0477 0.626 0.114 0.609 0.128 0.026 0.0% 0532  -0.759*  -0322  0.883** 0598  0.982** 1
0.921** 0231 -0.696 0.653 -0.466 -0.028 -0.243 -0.503 -0.198 -0.704 -0.439 0.277 -0.446 0.404 -0.609 0.099 0.645 0.426 0.249 1
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CONCLUSION

The Lenggoksono region had the highest concentration of SiO2-dominant compounds in all
samples. Neodymium (Nd) shows the most significant REE dominance, with total REE
concentrations nearly three times that of the lowest element Terbium (Tb), indicating potential
mineralization zones of interest for further exploration. The results of the interpolation
mapping show that the element Ce has an even distribution throughout the Lenggoksono
region and has the highest concentration at the LGSN 1 point. The magnetic susceptibility of
igneous rocks (BBL 2) is lower than that of sand (WA 1). In the Pearson Correlation analysis,
several REE elements are significantly correlated with oxide compounds and magnetic
susceptibility, indicating the potential use of magnetic susceptibility as an effective and
economical proxy in the exploration of critical minerals. The study’s results suggest that
certain critical minerals can be a marker of other critical minerals, and susceptibility can be
used to indicate some critical minerals in natural materials.
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