
240

INTRODUCTION

Rare earth elements (REE) are substitution 
elements that form in rock-forming minerals and 
are classified as critical energy elements, along-
side chromium, manganese, and zinc, which are 
essential for the industry as part of the energy 

transition supply chain. REE concentrations are 
higher than those of industrial and precious met-
als. The advancement of research in geological 
resources, exploration, mining, and mineral pro-
cessing represents an idea and an alternative solu-
tion for the sustainable management of mineral 
resources, particularly REEs. This serves as a 
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ABSTRACT
Rare earth elements (REE) are substitution elements that form in rock-forming minerals and are considered critical 
energy elements required by industry as part of the energy transition supply chain. The exploration of REE potential 
aims to identify prospective areas by examining the megascopic and microscopic characteristics of rocks and their 
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were tested using petrological methods with thin sections and polished sections, and geochemical analysis using x-
ray fluorescence (XRF) and inductively coupled plasma mass spectrometry (ICP-MS). The samples were prepared 
in the form of polished sections, which were analyzed using microscopy methods, and ground to a size of 200 mesh 
for testing using XRF and ICP-MS. The results obtained from the polished sections revealed that the megascopic 
characteristics of the rocks are coherent igneous rocks, specifically plutonic granite types, with colors ranging from 
light gray to white with black specks, brownish-white with brick-red to brown patches and black specks, as well as 
cream to grayish-white with black specks. The rock has an equigranular, hypidiomorphic-granular, and phaneritic 
texture. The grain shapes are subhedral with a massive structure, composed of minerals such as quartz, plagioclase, 
biotite, opaque minerals, and hornblende. Microscopically, the rock contains zircon, monazite, and xenotime as 
REE-bearing minerals. Monazite appears in prismatic, platy, or elongated crystal forms, sometimes large, coarse, 
and commonly twinned. Monazite and xenotime occur in association, and their presence as inclusions in biotite or 
quartz indicates early crystallization. Zircon appears as small, bright-colored inclusions. The REE content in the 
Adiankoting area, based on XRF analysis, shows the presence of Ce and La elements, with Ce concentrations rang-
ing from 74.3 to 97.5 ppm and La concentrations ranging from 90.2 to 141.0 ppm. The ICP–MS test results show 
the presence of REEs with a dominance of REE elements at concentrations of Sc (3.5–5.5%), La (4.1–5.6%), Y 
(4–6.1%), Ce (3.5–4.8%), Gd (3.9–5.8%), Tm (5.4–5.6%), Eu (3.1–5.1%). REE and the minimum element include 
Dy (1.9–3.6%), Yb (0.8–3.5% ) and Er (0.473–84.4%). The presence of REE elements indicates that the Adian 
Koting area has the potential to be a natural resource for industrial technology materials.
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bridge for upstream exploration activities to con-
nect with downstream industrial operations and to 
develop exploration technologies that can be uti-
lized according to the characteristics of the avail-
able resources. REE are used in various high-tech 
applications across industries such as electrical 
and electronics, automotive, renewable energy, 
medical, and defense. The demand for REEs in 
the global market is increasing day by day due to 
the needs of various sectors (Dushyantha, 2020).

REE potential is found in both primary and 
secondary deposits. Primary deposits are formed 
through magmatic, hydrothermal, and metamor-
phic processes. These primary deposits are as-
sociated with alkaline igneous and carbonatite 
rocks, including extensional tectonic environ-
ments. Secondary deposits are formed as a result 
of erosion and weathering, including placer, later-
ite, and bauxite deposits. Rare earth element de-
posits occur in seven types of deposits: Iron-REE 
deposits, carbonatite deposits, laterite deposits, 
placer deposits, REE in peralkaline rocks, REE 
in veins, and marine sediment REE (Castor and 
Hedrick, 2016). Sumatra has deposits of 23 mil-
lion tons with laterite-type deposits rich in iron 
and aluminum oxides, formed as a result of in-
tense weathering in humid tropical climates, and 
5 million tons of tailings-type REE deposits (Id-
ris, 2023). The Adiankoting area is a humid tropi-
cal region covering an area of 50,290 hectares, 
located at an elevation of 200–1600 meters above 
sea level, with hilly and valley topography and a 
temperature of 12–28 °C (Figure 1). Topography, 
rock type, and weathering influence the presence 
and concentration of REE. Igneous and metamor-
phic rock types have REE potential. Weathering 
of rocks, influenced by topography and climate, 
affects the release of REE-bearing minerals, 
forming laterite or alluvial deposits. Areas with 

high rainfall, ranging from 1500 to 3000 mm per 
year, and complex topography tend to experience 
intense weathering. The western part of the Adi-
ankoting area directly borders Central Tapanuli 
Regency and includes the Angkola volcanic for-
mation, Barus formation, Kluet formation, Mar-
timbang volcanics, Sibolga complex, Toba tuff 
rocks, and Toru volcanics. Tracing the potential 
REE content aims to identify prospective areas 
by examining the megascopic and microscopic 
characteristics, as well as the distribution of rock 
types and their elemental composition, as reserves 
of natural resources in the Adian Koting area.

The results of tracing the potential REE-bear-
ing rocks were determined using ore microscopy 
methods x-ray fluoresence (XRF) and inductively 
coupled plasma mass spectrometry (ICP-MS) 
(Vansla et al, 2023). The analysis of rare earth 
element-bearing content in rocks is carried out to 
determine the type and name of the rock, as well 
as the minerals contained in outcrop rocks. The 
ore microscopy method (polished section) is a 
geometallurgical approach that uses a polarizing 
microscope to examine the composition, texture, 
and structure of REE-bearing rocks (mineralogi-
cal associations of REE elements). Ore micros-
copy is an important method in mining explora-
tion and development. The composition of REE 
elements is identified using the XRF method by 
utilizing the wavelength of individual material 
components from the fluorescence emission pro-
duced by the sample (Adeti et al, 2023). ICP-MS 
involves ionizing a sample in an inductively cou-
pled plasma and then separating and quantifying 
the ions based on their mass-to-charge ratio us-
ing a mass spectrometer. ICP-MS is sensitive for 
analyzing REE at low concentrations (ppb–ppm). 

REE concentration analysis using ICP-MS 
is capable of detecting small changes in element 
concentrations (Wysocka, 2021). The combina-
tion of petrological and geochemical methods 
provides complementary and comprehensive 
contributions for tracing the REE potential in 
Adian Koting area. 

METHOD

Research location

Research samples were collected from the 
Adian Koting area in north Tapanuli, Indonesia 
(Figure 2). A total of 3 samples were randomly Figure 1. Topographic map Adian Koting area
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collected using a Global Positioning System 
(GPS). The traced samples at the location were in 
the form of outcrop rocks (Figure 3).

MATERIAL AND METHODS

The rock samples were tested using petrologi-
cal and geochemical methods, with petrological 
analysis conducted through polished sections and 
geochemical analysis using XRF and ICP-MS. 
Mineralogical analysis was carried out using the 
ore microscopy (mineragraphy) method to deter-
mine the composition, texture, type, and structure 
of the rocks. XRF testing was used to obtain the 

elemental composition present in the samples, 
while ICP-MS was used to determine the element 
concentrations. The detailed research procedure 
is illustrated in the scheme shown in Figure 4. 

A total of 3 samples were used for the ore mi-
croscopy method, randomly taken from outcrop 
rocks. The samples were prepared into polished 
sections following the steps shown in Figure 5.

The rock samples were cut into sizes of 2–3 
cm with a thickness of 1–2 cm. The samples were 
mounted on glass slides using epoxy resin adhe-
sive. The mounted glass slides were then thinned 
using a grinder. The thinning process reached ap-
proximately 30 microns (0.03 mm), followed by 
polishing with abrasive paper and cleaning and 
drying of the samples to remove any remaining 
abrasive material (Figure 6).

The samples were analyzed for mineral tex-
ture and structure using a Bestscope 5062TTR se-
ries polarizing microscope with 4x, 10x, and 40x 
objective lenses and a 10x eyepiece lens.

The results of ore microscopy are based on 
the megascopic characteristics of the rock and the 
microscopic features of the minerals.

Samples used for the XRF method aim to re-
veal or uncover the chemical fractionation pro-
cesses within the geological system and provide 
distinct characteristics of the rock-forming miner-
als. A total of 3 samples were randomly collected 
from outcrop rocks. The samples were prepared 

Figure 2. Reseach map location

Figure 3. Outcrop rock samples

Figure 4. Research flowchart
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following the steps shown in Figure 7. Sample 
preparation was carried out to the procedure: 
1.	The samples were ground to a size of 200 mesh 

(Figure 8). 
2.	The samples were analyzed using XRF HD 

Mobile 1.2.6.IOP-M2 10WPS S7 4SS to de-
termine the elemental composition of the rocks 
(Amira et al, 2021; Vansla et al, 2023: Juliani 
et al, 2024). 

3.	XRF results were analyzed for the content and 
composition of the samples.

ICP-MS is a technique that combines induc-
tively coupled plasma to break down the sample 
into ions, and mass spectrometry to identify and 
measure the elements in the sample. The rock 
sample is prepared following the steps shown 
in Figure 9. Procedure for using the ICP-MS 
method:

1.	Sample preparation involves grinding to a size 
of 200 mesh with a mass of 2 grams (Figure 10).

2.	The sample is mixed with strong acids (such as 
HNO₃, HF, or HCl) to dissolve the REE elements.

3.	The instrument is calibrated using REE stan-
dards in the form of standard element solutions 
that include REEs such as La, Ce, Nd, Sm, Eu, 
Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, and Y.

4.	The sample solution is introduced into the neb-
ulizer system, which converts the liquid into a 
fine aerosol for ionization.

5.	Data are read by the mass analyzer to obtain 
signal intensities for each element.

6.	Detection and quantification are performed by 
observing the intensity received by the detec-
tor, which calculates and compares it with the 
calibration curve.

7.	Signal intensity determines the concentration 
of REEs in the sample.

Figure 5. Research procedures with ore microscopy method sample preparation

Figure 6. Ore microscopy sample

Figure 7. Research procedures using the ore microscopy method

Figure 8. XRF test sample preparation

Figure 9. Research procedures with metode ICP-MS
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RESULT AND DISCUSSION

The rock sample from the macroscopic exam-
ination is identified as a coherent igneous rock, 
specifically a plutonic rock in the form of gran-
ite. It has a light gray to white color with black 
specks, light brownish-white with reddish-brown 
to brown patches and black spots, and cream to 
grayish-white with black specks. The rock exhibits 
an equigranular (hypidiomorphic) texture, hypid-
iomorphic-granular; phaneritic (coarse-grained). 
The grain shape is predominantly subhedral, with 
a massive structure and a mineral composition of 
quartz, plagioclase, biotite, opaque minerals, and 
hornblende (Pettijohn et al., 2015). 

The granite rocks in the Adian Koting area 
are intrusive (plutonic) igneous rocks formed 
from the solidification of acidic magma at depth 
within the Earth, spreading in a northwest-south-
east direction. The granite is identified as part of 
a granitoid intrusion associated with the Sibolga 
complex. Granite serves as a host for the depo-
sition and concentration of REEs. The group of 
granite units in the study area belongs to the il-
menite-series granite or S-type granite (Faisal and 
Nursahan, 2022). 

The mineral content of the rock was analyzed 
using the ore microscopy method (polished sec-
tion) by observing reflectance properties under 
a microscope with objective and ocular lenses. 

The microscopic analysis revealed the presence 
of silicate minerals and ore minerals. Silicate 
minerals, composed of silicon (Si) and oxygen 
(O), are the primary constituents of the Earth’s 
crust, known as rock forming materials (RFM), 
formed through the crystallization of magma into 
minerals that make up igneous rocks. The silicate 
minerals include quartz (qz), biotite (bt), chlorite 
(chl), hornblende (hbl), and rutile (rt). Silicate 
minerals are often found in association with ore 
deposit minerals, as detailed in Table 1.

The results based on Table 1 show the pres-
ence of chlorite (chl) minerals, indicating that the 
granite rock has undergone alteration (Indarto and 
Zulkarnain, 2008). Ore minerals contain one or 
more elements of economic value that can be ex-
tracted for industrial use. The ore minerals found 
in the rock samples include monazite (mnz), xe-
notime (xn), magnetite (mag), pyrochlore (phc), 
titanite (tn), pyrite (py), allanite (alt), zircon (zr), 
and arsenopyrite (asp). The content of ore-bearing 
minerals in the samples is summarized in Table 2.

The ore minerals present in the rock samples 
are shown in Figures 11a–h. The ore minerals in 
Table 2 show the presence of REE-bearing min-
erals such as zircon, monazite, and xenotime. 
The presence of these REE-bearing minerals is 
due to the granite rock’s content of silica (SiO₂), 
alumina (Al₂O₃), magnesium (Mg), and iron (Fe), 

Figure 10. XRF sample preparation

Table 1. Silicate mineral content

Silicate minerals

Mineral content

PG2 SAK SB

Abundance (%) Size (µm) Abundance (%) Size (µm) Abundance (%) Size (µm)

Quarsa (qz) 60 50–1284 50 100–1015 57 50–1020

Biotite (bt) * - 20 9–30 15 50–500

Clorite (chl) 10 10–50 - - 4 20–50

Hornblende (hbl) - - - - 7 20–150

Rutile (rt) - - - - <1 50
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which are associated with gangue minerals and 
REE minerals. Zircon (xn) has a high refractive 
index and strong color dispersion. Zircon speci-
mens can appear yellow, gray, green, brown, 
blue, or red (Figure 11b). Brown zircon, when 
heat-treated, can change to blue. Zircon minerals 
form prismatic to dipyramidal crystals. Zircon 
is commonly found in metamorphic rocks and 
silica-rich igneous rocks (Bonewitz, 2012). Zir-
con is a zirconium silicate mineral that contains 
thorium, yttrium, and cerium (Suprapto, 2016). 
Xenotime (xn) is a phosphate mineral containing 

yttrium and other rare earth elements. Xenotime 
appears as dark bluish-gray inclusions within bi-
otite or quartz (Figure 11c). Monazite and xeno-
time are often found in tin and gold deposits. Xe-
notime contributes as a carrier of REE Y and is 
classified as a HREE (heavy rare earth element). 
Monazite (mnz) is found in granite rock samples 
as alluvial deposits resulting from water activ-
ity. Monazite contributes as a carrier of REEs 
such as Ce, La, Nd, Th, and Sm. The phosphate 
mineral monazite-(Ce), or cerium phosphate, 
appears yellowish to reddish-brown, brown, 

Table 2. Ore mineral content of the rock

Ore Mineral

Mineral content

PG2 SAK SB

Abundance (%) Size (µm) Abundance (%) Size (µm) Abundance (%)
Size

(µm)
Monazite (mnz) 1 7-30 1 10-50 1 10-30

Xenotime (xn) 3 20-50 1 9-30 1 30

Magnetite (mag) 1 20 2 30-70 -

Pyrochlore (phc) - - < 0.1 25 < 0.1 6-15

Titanite (tn) 1 20 - - -

Pyrite (py) 2 20-40 1 30 -

Allanite (alt) <0.1 15 - -

Zircon (zr) <0.1 20 - -

Arsenopyrite (apy) <0.1 30 - -

Figure 11. Ore minerals in the rock sample
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greenish, or nearly white. Monazite-(Ce) crystals 
are prismatic, tabular, or elongated, sometimes 
large and coarse, and often twinned (Figure 11g). 
Two other monazite species are monazite-(La), 
or lanthanum phosphate, and monazite-(Nd), or 
neodymium phosphate. The Adian Koting area 
shows a contact zone between the intrusion and 
the surrounding rocks, with hydrothermal al-
teration indicated by the presence of chlorite, 
magnetite, pyrite, and quartz veins. Chlorite is 
an alteration product of biotite, formed through 
mineral transformation during alteration. The de-
position of minerals in the granite rock is asso-
ciated with a hydrothermal system that occurred 
during magmatic activity. Minerals undergo al-
teration through the circulation of hydrothermal 
fluids along fracture structures and minor faults. 
Hydrothermal alteration in granite involves the 
chemical replacement of original minerals by 
new ones due to interaction with hydrothermal 
fluids. This interaction process can result in vari-
ous alteration minerals, including chlorite, ser-
icite, clay minerals, and secondary quartz. The 
specific minerals formed depend on factors such 
as temperature, fluid composition, and the rock’s 
microstructure. The granite intrudes into low- to 
medium-grade metamorphic rocks.

Rare earth element content

The content of REE elements in the Adi-
ankoting area was analyzed using XRF, revealing 
the presence of Ce and La elements. The concen-
tration of Ce ranged from 74.3 to 97.5 ppm, with 
the highest value found at the SAK location (97.5 
ppm) and the lowest at SB (74.3 ppm). The La 
content ranged from 90.2 to 141.0 ppm, with the 
highest at SAK and the lowest at SB (90.2 ppm). 
The detailed distribution of REEs is shown in 
Table 3. The abundance of REE elements tends 
to increase (enrichment) or decrease (depletion) 
due to weathering, which leads to mobilization 
and fractionation. The La content is transported 
from its primary carrier minerals and reabsorbed 
into minerals undergoing weathering (Sanematsu 
and Watanabe, 2016). 

The presence of Ce and La elements in the 
Adian Koting area is the result of the weathering 
and breakdown of rocks from the Sibolga com-
plex in association with granite rocks (Juliani et 
al., 2024). The intrusion of the Sibolga complex 
into the Kluet Formation caused low-grade meta-
morphism below the amphibolite facies, forming 
quartzite, schist and pelitic gneiss, mylonite and 
cataclastic rocks, as well as hornfels (Hidayati et 
al., 2022). The rare earth element (REE) content 
that is adsorbed originates from the decomposi-
tion of groundwater interacting with granite rocks. 
Oxidized rare earth elements are transported and 
deposited from the upper layers. The enrichment 
of light rare earth elements (LREE) is higher than 
that of heavy rare earth elements (HREE).

The REE-bearing rocks formed in the Adian 
Koting area are part of a back-arc magmatic belt dat-
ing from the Cretaceous to Eocene, which formed 
granitic rocks. The magmatic process began with 
partial melting of the continental crust, producing 
granite with garnet fractionation (negative anomaly 
in heavy REEs) at a depth of 70 km, followed by 
plagioclase Ca fractionation (negative Eu and Sr 
anomalies) at shallower depths (SDM, 2019).

The presence of REE elements based on ICP-
MS results in Table 4 indicates the potential of 
REE-bearing minerals such as Sc, La, Ce, Pr, Nd, 
Sm, Gd, Dy, Tb, Er, Tm, Yb, Lu, Eu, and Ho. The 
elements Ce, La, Nd, Th, and Sm are contributed 
by the monazite minerals found in the granite ig-
neous rock samples. The element Y, classified as 
a heavy rare earth element (HREE), is present in 
xenotime with a concentration of 4.211 ppm in the 
sample. Zircon, a zirconium silicate mineral, con-
tains thorium, yttrium, and cerium. ICP-MS test 
results show the presence of REEs with dominant 
concentrations of Sc (3.5–5.5%), La (4.1–5.6%), 
Y (4–6.1%), Ce (3.5–4.8%), Gd (3.9–5.8%), Tm 
(5.4–5.6%), and Eu (3.1–5.1%). The REEs with 
minimum concentrations include Dy (1.9–3.6%), 
Yb (0.8–3.5%), and Er (0.473–84.4%)

REEs are present in granite rocks, which are 
formed from silica-rich magma. Acidic magma 
tends to contain more REE elements compared to 
mafic or intermediate magma. The crystallization 

Table 3. REE content in the Adiankoting area

No Element
Concentration  (ppm)

PG2 SAK SB

1 Ce Cerium 86.0 81.5 83.2 86.0 90.6 96.6 97.5 75.1 74.3

2 La Lanthanum 135.0 125.0 130.0 135.0 132.0 137.0 141.0 103.0 104.0
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process of acidic magma within the Earth’s crust 
can separate REE elements into minerals that are 
more resistant to weathering. The intensity of 
REE presence is shown in Figure 12, and the REE 
content levels are displayed in Figure 13.

The REE concentrations shown in Figures 12 
and 13 indicate the presence of all REE elements. 
REEs are commonly categorized into two sub-
groups: LREE and HREE. Elements from 57La 
to 63Eu are considered LREEs, while elements 
from 64Gd to 71Lu, including Y, are categorized 
as HREEs. Both REE categories are typically 
found in the same deposits, except for Sc. There-
fore, Sc is not included in the above subgroups. In 
general, LREEs are more abundant than HREEs.

The lithology of REE-bearing rocks at the 
sampling points produced a geological map at a 
scale of 1:220,000. The dominant rock samples 
originate from the Kluet Formation (%) marked 
in light blue, and the Sibolga Complex (%) 

Table 4. REE Content in the Adiankoting area

Sample
Concentration (ppm)

Sc La Y Ce Pr Nd Sm Gd Dy Tb Er Tm Yb Lu Eu Ho

SAK 1.271 16.280 4.211 16.256 3.919 13.556 2.646 3.560 1.599 0.376 84.4 84.0 1.031 0.088 0.446 0.305
Concentration 

(%) 5.5 5.6 6.1 3.5 4.3 3.6 4.4 5.8 3.6 5.1 1.6 5.4 3.5 1.9 3.5 4.7

PG2 0.729 7.215 2.169 16.873 1.539 5.821 0.999 2.279 0.771 0.192 0.450 0.067 0.473 0.039 0.98 0.152
Concentration 

(%) 3.5 4.1 4.0 4.8 3.6 4.5 3.1 3.9 1.9 2.7 3.0 5.6 0.8 6.1 5.1 3.5

Figure 12. Intensitas element REE

Figure 13. Concentration graph REE

marked in green, which are Paleozoic-aged rocks 
(Hidayati et al., 2022). The Kluet Formation is in-
truded by the Sibolga Complex, which underwent 
low-grade metamorphism below amphibolite fa-
cies, forming quartzite, schist and pelitic gneiss, 
mylonite and cataclastic rocks, as well as hornfels 
(Faisal et al., 2022).

The Sibolga Complex at the sampling loca-
tions consists of granite rocks. The lithic tuff unit, 
gray in color (%), generally composes the eastern 
part of the Adian Koting area. These rock types—
granodiorite, granite, and diorite—are believed to 
have formed in the Early Permian due to the sub-
duction of the Paleo-Tethys (Figure 14). Based 
on the geological map of the Adian Koting area, 
the estimated amount of REE contained in the Si-
bolga Complex is 173,546,672,283 m³ (Table 5).

This potential is primarily associated with the 
intrusion of granitoid rocks and hydrothermal al-
teration zones that have affected both these rocks 
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and the surrounding metamorphic rocks. Petro-
graphic analysis shows the presence of accessory 
REE-bearing minerals, and ICP-MS geochemical 
analysis confirms anomalies in REE concentra-
tions, particularly LREEs. These findings support 
the hypothesis that Adian Koting is a prospective 
area for REE exploration.

CONCLUSIONS

Results obtained from polished thin section 
analysis show that the rock is a coherent, plutonic 
igneous rock, specifically granite, with a light 
gray to white color and black specks, brownish-
white with brick-red to brown patches and black 
spots, and cream to grayish-white with black 
specks. The rock has an equigranular, hypidio-
morphic-granular, and phaneritic texture. It has 
a predominantly subhedral grain shape and a 
massive structure, composed of quartz, plagio-
clase, biotite, opaque minerals, and hornblende. 
Microscopically, REE-bearing minerals such as 
zircon, monazite, and xenotime were identified. 

Monazite appears in prismatic, tabular, or elon-
gated crystal forms, sometimes large, coarse, and 
commonly twinned. Monazite and xenotime are 
found in association, with their presence as inclu-
sions in biotite or quartz indicating early crystal-
lization. Zircon appears as small, bright-colored 
inclusions. REE content in the Adian Koting area, 
based on XRF analysis, shows the presence of Ce 
and La elements, with Ce concentrations ranging 
from 74.3 to 97.5 ppm and La from 90.2 to 141.0 
ppm. ICP-MS results show the presence of REEs 
with dominant concentrations of Sc (3.5–5.5%), 
La (4.1–5.6%), Y (4–6.1%), Ce (3.5–4.8%), Gd 
(3.9–5.8%), Tm (5.4–5.6%), and Eu (3.1–5.1%). 
The REEs with lower concentrations include 
Dy (1.9–3.6%), Yb (0.8–3.5%), and Er (0.473–
84.4%).The presence of REEs indicates that the 
Adian Koting area holds significant potential as a 
natural resource for high-tech industrial materials.
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