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Abstract
Lateritic soil is a prospective source of metals termed critical or strategic metals due to their use in high-technology in-
dustries. Critical metals include rare earth elements (REEs). In this study, two profiles of lateritic outcrops from the Ni-
producing area of Southeast Sulawesi in Indonesia were sampled for magnetic susceptibility as well µ-XRF analyses to 
identify how the concentration of critical metals changed during pedogenesis. The results show that there are three dif-
ferent patterns from the bottom layer up. The first pattern is enrichment experienced by Sc, La, Cr, and Ti. The second 
pattern is depletion experienced by Ni, Nd, and Ho. The third pattern is the localization of high concentration at a certain 
depth, as experienced by Co, Ce, and V. The concentration of certain critical metals correlates either positively or nega-
tively with magnetic susceptibility, inferring that magnetic susceptibility might be used as a proxy indicator for critical 
metal concentration in lateritic soil.
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1. Introduction
Certain metals, including rare earth elements (REEs), 

platinum group metals (PGM), indium (In), tungsten 
(W), tin (Sn), niobium (Nb), thallium (Tl), gallium (Ga), 
and magnesium (Mg), are termed critical metals due to 
their high demands and market values (Olivetti et al., 
2017; Hayes and McCullough, 2018; Ulrich et al., 
2019; Watari et al., 2020). They are highly valued for 
technological applications, such as super magnet tech-
nology, advanced electronics, lighting, and serving as the 
world’s biggest export commodity (Goodenough et al., 
2016; Balaram, 2019; 2022; Botelho Junior et al., 
2021; Ilankoon et al., 2022; Stratiotou Efstratiadis 
and Michailidis, 2022). Critical metals, especially 
REEs, and other strategic minerals can be found in either 

primary or secondary deposits (Balaram, 2019; 2022; 
Batapola et al., 2020). The presence of critical metals, 
including REEs, in secondary deposits such as lateritic 
deposits has been reported in deposits such as those in 
New Caledonia (Teitler et al., 2019; Ulrich et al., 2019); 
Madagascar (Berger et al., 2014); Brazil (Putzolu et al., 
2021); Australia (Chassé et al., 2017; Putzolu et al., 
2019); the Dominican Republic (Aiglsperger et al., 
2016); and the Philippines (Gibaga et al., 2022). In Indo-
nesia, the presence of REEs has also been reported in 
lateritic soil as a by-product of nickel mining (Maulana 
et al., 2016; PSDMBP, 2019). Laterization itself is a 
pedogenic process common in soils found in tropical and 
subtropical environments (Safiuddin et al., 2011; Anan-
thapadmanabha et al., 2014). In turn, the weathering of 
mafic and ultramafic rocks in tropical regions is affected 
by rainfall, elevation, and temperature (Farrokhpay et 
al., 2019; Hamdan et al., 2020; Choi et al., 2021).
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The differentiation of REE contents in lateritic soils 
and its relationship with pedogenesis, however, are not 
known with certainty, as research on these matters is 
rather limited. In this study, we examine the REEs con-
tent of lateritic soil outcrops in nickel mines in the Indo-
nesian province of Southeast Sulawesi (see Figure 1a). 
This province is one of the top nickel producers in Indo-
nesia. The objective is to identify differentiation pro-
cesses such as enrichment, depletion, and the localiza-
tion of REE in lateritic outcrops. Apart from geochemi-
cal analyses, susceptibility measurements were also 
carried out to test whether the magnetic susceptibility 
values correlated with the contents of several critical 
metals, as reported in a review by Santoro et al. (2022).

2. Materials and Methods 
1.1. Geological Setting

Tectonic conditions on Sulawesi Island are complex 
and resulted from a highly complicated tectonic system 

during the Late Cretaceous and Early Tertiary in which 
the Philippine, Australian, and Eurasian plates were in 
interaction (Hall and Wilson, 2000; Hall, 2012). As a 
result of this tectonic process, Sulawesi Island possesses 
extremely complex geological features that are repre-
sented in its distinctive K-shaped form (see Figure 1a). 
The island’s uniqueness leads to metallogonic richness 
(nickel laterite deposit), particularly the abundance of 
ultramafic rocks as the source rock for the formation 
processes (Kadarusman et al., 2004; Surono, 2013; 
Choi et al., 2021). Peridotite (lherzolite, harzburgite, 
and dunite), gabbro, microgabbro, pyroxenite, diabase, 
serpentinite, and pelagic make up the group of oceanic 
crustal rocks known as ophiolite (see Figure 1b). This 
study area in South Konawe Regency of Southeast 
Sulawesi Province is located in a mafic-ultramafic ophi-
olite strip that is under the control of a localised fault 
system (Surono, 2013; Zhang et al., 2020). Based on 
the onsite geological observations in the study area (see 
Figure 1c), the outcrops are located under the layers of 

Figure 1: (a) Simplified geological map of Sulawesi Island and its surroundings showing the potential for nickel laterite; (b) 
regional geological map of the study area (modified from Simandjuntak et al., 2011); (c) typical lateritic outcrop in the study 

area; (d) peridotites that were found in the study area; and (e) serpentinites that were found in the surrounding study area
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the Langkowala, Boepinang, and Eemoiko formations, 
also known as “Molasa Sulawesi” (Surono, 2013), 
which overlie the ultramafic complex. In this part of 
Sulawesi, weathering of ultramafic rocks produces Ni 
laterite deposits. The bedrock was found to be peridotite 
(see Figure 1d) and serpentinite (see Figure 1e).

1.2. Materials

Sixteen samples were collected for examination from 
two profiles on the same outcrop. The two profiles 
(termed A and B, respectively) are located about 3 me-
tres from each other. The outcrop is about 240 cm thick 
in depth, and samples were taken at an interval of 30 cm 
in each profile to obtain detailed changes in both mag-
netic susceptibility as well as pedogenic processes. The 
profiles cover the following layers (from top to bottom): 
red limonite, yellow limonite, and saprolite (see Figure 
2). The profiles were carefully scraped to expose a fresh 
surface layer. Sampling was carried out by taking about 
3 kg of material from each position. The samples were 
then air dried to remove the remaining water content. 
The dried samples were ground with a mortar and pestle. 
Following that of Yang et al. (2017), Yang et al. (2019), 
Ouyang et al. (2020), and Wang and Zeng (2022), 
ground samples were then sieved with a 200-mesh-size 
sieve (74 µm) to obtain grain sizes that are suitable for 
XRF analyses. Some of the sieved samples were placed 
in an 8 cm3 standard cylindrical plastic holder for mag-
netic susceptibility analyses. Other samples were pre-
pared for geochemical analyses by pressing them into 
pellets that are 4 cm in diameter and 4 mm in thickness.

1.3. Methods

Magnetic susceptibility analyses were carried out us-
ing a Bartington MS-3 magnetic susceptibility system 

(Bartington Ltd., Oxford, UK) that uses an MS-3 me-
tre and MS-2B dual frequency sensors. The parameters 
measured are mass-specific magnetic susceptibility at 
low (470 Hz) and high (4700 Hz) frequencies, referred 
to as χLF and χHF, respectively. The third parameter, χFD% 
is calculated using the equation   (Dearing, 1999; Ta-
muntuan et al., 2015). Parameters χLF and χHF indicate 
the quantity of magnetic minerals, while χFD% indicates 
the contribution of superparamagnetic (SP) grains. For 
magnetite (Fe3O4), which is the most common magnetic 
mineral in nature, SP grains are grains that are < 30 nm. 
SP grains are similar paramagnetic grains with much 
higher magnetic susceptibility (Dearing, 1999). Low 
χFD% values indicate the absence or small contribution of 
SP grains, while high χFD% values indicate a higher con-
tribution of SP grains (Dearing, 1999). Magnetic analy-
ses were performed at the Institut Teknologi Bandung’s 
Laboratory of Characterization and Modeling of Physi-
cal Rock Properties. The geochemical analyses were 
carried out using EDAX Orbis Micro X-ray Fluores-
cence, or EDXRF, equipment (EDAX Ltd., Mahwah, 
NJ, USA) to generate chemical maps of the samples. 
These analyses were conducted at the Research Center 
for Nanoscience and Nanotechnology (RCNN), Institut 
Teknologi Bandung. The results of these analyses are the 
concentrations of major oxides, transition metals (Ni, 
Co, Sc, Cr, and V), and REEs (Sc, La, Ce, Nd, Gd, and 
Ho). This type of XRF, termed µ-XRF, has a spatial res-
olution diameter that is many orders of magnitude small-
er than conventional XRF (Bran-Anleu et al., 2018; 
Sharps et al., 2021).

3. Results

Table 1 shows the values of the χLF and χFD% measure-
ments of the two profiles. The χLF and χFD% values 

Figure 2: The studied lateritic outcrop showing profiles A (left, red triangle) and B (right, blue triangle).  
The bottom parts of the profiles only show yellow limonite and its transition zone towards saprolite.
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Table 1: Results of magnetic susceptibility measurements on samples from profiles A and B

Depth (cm)
PROFILE A PROFILE B
χLF (× 10

-8
 m

3
/kg) χFD% Ratio (χLF / χFD%) χLF (× 10

-8
 m

3
/kg) χFD% Ratio (χLF / χFD%)

30 1,331.77 ± 0.23 5.05 263.72 1,317.6 ± 0.31 7.73 170.45
60 1,075.68 ± 0.56 5.73 187.73 1,321.18 ± 0.15 6.91 191.20
90 1,238.65 ± 0.49 5.47 226.44 1,395.96 ± 0.29 5.09 274.26
120 1,127.41 ± 0.38 4.06 277.68 1,129.02 ± 0.37 5.59 201.97
150 942.89 ± 0.18 3.77 250.10 878.27 ± 0.19 1.69 519.69
180 1,148.30 ± 0,10 2.06 557.43 299.69 ± 0.19 3.52 85.14
210 322.80 ± 0.22 1.9 169.89 184.28 ± 0.45 0.96 191.96
240 264.15 ± 0.69 1.8 146.75 257.60 ± 0.38 0.71 362.82

Figure 3: Profiles of χLF versus depth at both profiles A and B (a) and the plots  
of χFD% versus χLF showing three different clusters (b). The red and blue dots in (b)  

represent data for profiles A and B respectively. A detailed explanation is given in the text.

changed as they increased from the bottom layer to the 
top. In each profile, it is clear that there is a change in χLF 
and χFD% values at a depth of 120–150 cm. For more de-
tails, the depth profile for the ratio can be seen in Figure 
3a. Table 1 shows that the values of χLF/χFD% ratio could 
be grouped into 3 clusters, which can be seen more 
clearly in Figure 3b, namely: cluster 1 has a high χLF 
value with a high  χFD% (χFD%  ≥5%); cluster 2 has a high 

χLF value with a low  χFD% percentage χFD% <5%; and clus-
ter 3 has low χLF and χFD% values.

Table 2 shows the results of the geochemical analy-
sis. Certain oxides have increased concentrations from 
the bottom up, namely Fe, Cr, and Al; there are oxides 
that experience concentration depletion from the bottom 
up, namely Si and Mg; and there are also other oxides 
that do not change significantly with depth, such as Mn. 
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In addition, Table 2 also shows the concentration values 
of critical metals and REEs. Certain metals have in-
creased in concentration from the bottom up, namely Sc, 
La, Cr, and Ti; there is also a group of metals that experi-
ence concentration depletion from the bottom up, name-
ly Ni, Ho, and Nd; and there are also other groups that do 
not experience significant changes with depth, such as 
Ce, Co, and V. For more details, see Figure 4.

4. Discussion

The results shown in Table 1 and Figure 3 regarding 
the variations in χLF and χFD% values in laterite profiles 
are influenced by variations in magnetic minerals, espe-
cially Fe minerals, which are formed during the pedo-
genesis process. From the results of cluster division (see 
Figure 3b), the characteristics of cluster 1 are indicated 
due to the presence of ultrafine superparamagnetic min-
erals produced during the pedogenesis process, which 
are formed in the uppermost layer of laterite (the red li-
monite zone). Cluster 2 occurs because magnetite SP 
grains are unstable, so they experience oxidation pro-
cesses and change into hematite and goethite. In both 
profiles (A and B), cluster 2 is found in the yellow limo-
nite layer. Cluster 3 has low χLF and χFD% in the transition 
zone between yellow limonite and saprolite. This cluster 
forms because the layer above the transition zone is sta-
ble, so mobilisation of Fe minerals in the lower layer is 

minimal but labile minerals are added. Generally, these 
labile minerals are diamagnetic, including Si and Mg. As 
discussed by Szuszkiewicz et al. (2021), iron oxide 
plays an important role in pedogenic processes, includ-
ing the transfer and transformation of iron (Fe) minerals 
in the soil.

During the pedogenesis process, not only the mobili-
sation of Fe minerals occurs but also changes in critical 
metal concentrations, which result in the emergence of 
patterns of enrichment, depletion, and localization. The 
enrichment pattern shows an increase in the concentra-
tion of major oxides and minerals from the bottom layer 
up. This pattern has similarities with the laterite pedo-
genesis process, where there are several metal elements 
and REE that experience enrichment near the surface, or 
the same with the abundance of Fe minerals. One of the 
REE metals that has experienced enrichment with a clear 
trend is Sc (Figure 4a). The relationship between the 
presences of Sc and Fe has been reported in earlier stud-
ies (Chassé et al., 2017; Putzolu et al., 2019). As re-
ported by Teittler et al. (2019), Ulrich et al. (2019), and 
Santoro et al. (2022), the highest Sc content is in the red 
limonite and limonite transition zones, and generally, 
this zone consists of magnetic minerals (goethite and he-
matite) (Choi et al., 2021).

During the pedogenesis process in laterite cases in 
this study, several factors might have occurred that af-
fected the enrichment of critical metals at the top, espe-

Table 2: The concentration of the selected major oxide and critical metals on the two profiles

PROFILE A

DEPTH
 Major Oxide (wt%) Critical Metals and REEs (in mg/kg unit)

Fe2O3 SiO2 Cr2O3 MgO Al2O3 MnO Ni Co V Ti Cr Sc Ce Nd Ho La
A-30 43.37 37.98 1.58 1.30 8.87 0.69 6360 4660 1160 4690 17740 2150 2860 330 11750 8930
A-60 36.85 42.26 1.08 1.69 10.13 0.69 13530 10270 1700 3530 12630 1290 3010 3590 13020 7250
A-90 40.31 39.10 1.14 1.19 9.31 0.85 13910 8810 1070 3370 13230 2160 2860 1400 13140 9020
A-120 51.26 29.87 1.55 0.91 9.72 0.72 10980 6790 1230 3740 16360 1600 2590 2960 18110 8960
A-150 41.06 38.00 1.36 3.07 9.52 0.66 15900 5680 1500 3640 15210 1540 5150 3150 14750 8250
A-180 39.79 38.42 1.14 3.34 9.62 0.77 11470 4610 1240 3910 12930 1330 4390 4250 17750 7910
A-210 32.71 37.67 1.04 11.98 6.12 0.36 26540 2300 660 3490 10360 900 1470 3710 19380 8040
A-240 23.37 47.20 0.89 16.55 3.25 0.85 39680 4610 930 970 11090 1430 1590 5980 21260 6890

PROFILE B

DEPTH
 Major Oxide (wt %) Critical Metals and REEs (in mg/kg unit)

Fe2O3 SiO2 Cr2O3 MgO Al2O3 MnO Ni Co V Ti Cr Sc Ce Nd Ho La
B-30 46.15 36.04 2.74 0.00 7.69 0.64 7430 4250 1330 5180 29990 1940 4160 4170 7350 10790
B-60 43.64 37.62 1.21 1.68 7.42 0.59 13580 5340 970 3790 13720 1970 5610 2750 7160 10920
B-90 41.46 40.60 1.92 2.64 6.02 0.63 16120 7910 1770 2630 21770 2310 3030 3110 12640 10640
B-120 39.31 41.91 1.30 3.51 7.14 0.72 20960 7630 1270 3940 14820 1750 2140 2590 8830 10810
B-150 29.39 45.30 1.48 6.83 6.53 0.53 24710 5140 1260 3310 18030 1160 1190 3910 12610 5560
B-180 23.76 46.22 1.26 13.63 5.16 0.46 29380 4750 1230 3150 15530 1020 3000 5660 11460 7420
B-210 17.93 52.89 1.03 15.30 3.01 0.52 40010 4130 800 1120 13850 1700 2250 8370 13850 5730
B-240 19.04 52.03 0.53 17.12 3.68 0.45 41240 5880 1160 1810 6980 1160 1470 6860 18180 7150
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cially Sc: (1) a weathering time scale that allows Sc cap-
ture by Fe oxide; (2) Sc has increased in the upper and 
lower limonite zones; and (3) Sc and several other REEs 
have the same pattern as the pedogenesis process during 
the transformation of magnetite SP grains to goethite 
and hematite. When there is a lot of weathering, the li-
monite zone forms because water keeps moving down-
ward, carrying unstable (highly mobile) elements and 
leaving stable (not mobile) elements in the uppermost 
horizon. As long as the water supply stays the same, this 
pedogenesis process will lead to in situ enrichment be-
cause Fe, Al, Cr, and Ti are more stable or immobile and 
will stay in the top layer (Choi et al., 2021).

The depletion pattern is the opposite of enrichment 
during the pedogenesis process. This pattern is associ-

ated with the presence of labile minerals (minerals that 
readily mobilize). One of the minerals found in profiles 
A and B experiencing depletion is Ni. The maximum 
concentration of Ni is found in the saprolite zone (see 
Figure 4b), similar to that reported in Brazil (Putzolu et 
al., 2021), Central Sulawesi (Choi et al., 2021), and 
New Caledonia (Teittler et al., 2019). Figure 5 shows 
high SiO2 and MgO contents above the bedrock. Earlier, 
based on their study in Morowali, Sulawesi, Choi et al. 
(2021) concluded that high Ni content in the bottom 
layer occurred when Ni came into contact with dissolved 
labile minerals (Si, Mg) and formed garnierite (H2O(Mg, 
Ni)3Si4O10(OH)2).

The localization pattern does not show a trend of sig-
nificant concentration changes in mineral groups from 

Figure 4: Patterns of REE variation on the lateritic soil in this study: (a) enrichment patterns;  
(b) depletion patterns; and (c) localised patterns. TS represents topsoil, RL represents red limonite,  

YL represents yellow limonite, and TZ represents transition zone to saprolite.
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Figure 5: Correlation between χLF and main oxides, critical metals, and REE in lateritic soils in this study. (a) Fe2O3 versus χLF, 
(b) Al2O3 versus χLF, (c) Sc versus χLF, (d) La versus χLF, (e) Ti versus χLF, (f) Cr versus χLF, and (g) Ni versus SiO2. 

Figure 6: Plots of the negative correlation between χLF, major oxides, critical metals, and REE in this study.  
Correlation between χLF and main oxides, critical metals, and REE in lateritic soils in this study. (a) Ni versus χLF,  

(b) MgO versus χLF, (c) SiO2 versus χLF, (d) Nd versus χLF, and (e) Ho versus χLF. 
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Table 3: Pearson’s correlation coefficient (r) between χLF values and concentrations of major elements and critical metals  
in this study. Values of |r| > 0.622 are marked in bold typeface indicating significant positive (or negative) correlations.  

See text for details. 

Parameters

PROFILE A
Major Oxide (Fe2O3, SiO2, MgO, 

MnO, Al2O3)
Critical Metals and REEs (Ni, Co, V. Ti, Cr, Sc, Ce, Nd, Ho, La)

Fe2O3 SiO2 MgO MnO Al2O3 Ni Co V Ti Cr Sc Ce Nd Ho La
χLF 0.82 -0.77 -0.96 0.56 0.87 -0.95 0.42 0.57 0.75 0.76 0.77 0.66 -0.66 -0.78 0.78
Fe2O3 -0.97 -0.90 0.40 0.79 -0.89 0.30 0.48 0.79 0.79 0.59 0.50 -0.68 -0.51 0.87
SiO2 0.86 -0.47 -0.73 0.82 -0.37 -0.62 -0.67 -0.72 -0.45 -0.53 0.63 0.41 -0.74
MgO -0.51 -0.92 0.96 -0.52 -0.64 -0.80 -0.71 -0.70 -0.67 0.78 0.78 -0.85
MnO 0.65 -0.52 -0.03 0.59 0.35 0.37 0.15 0.94 -0.19 -0.21 0.06
Al2O3 -0.95 0.30 0.55 0.89 0.57 0.53 0.80 -0.64 -0.72 0.71
Ni -0.32 -0.51 -0.91 -0.74 -0.67 -0.65 0.65 0.75 -0.84
Co 0.62 0.08 0.02 0.30 0.13 -0.65 -0.53 0.40
V 0.26 0.39 0.17 0.67 -0.38 -0.49 0.23
Ti 0.63 0.75 0.30 -0.41 0.62 0.47
Cr 0.75 0.43 -0.39 -0.57 0.69
Sc 0.30 -0.69 -0.77 0.80
Ce -0.41 -0.46 0.26
Nd 0.62 -0.81
Ho -0.70

Parameters

PROFILE B
Major Oxide (Fe2O3, SiO2, MgO, 

MnO, Al2O3)
Critical Metals and REEs (Ni, Co, V, Ti, Cr, Sc, Ce, Nd, Ho, La)

Fe2O3 SiO2 MgO MnO Al2O3 Ni Co V Ti Cr Sc Ce Nd Ho La
χLF 0.97 -0.92 -0.98 0.58 0.87 -0.93 0.44 0.54 0.72 0.62 0.67 0.52 -0.90 -0.70 0.70
Fe2O3 -0.98 -0.98 0.56 0.90 -0.98 0.35 0.48 0.81 0.66 0.66 0.65 -0.88 -0.81 0.77
SiO2 0.96 -0.45 -0.93 0.99 -0.21 -0.44 -0.88 -0.70 -0.54 -0.72 0.85 0.86 -0.79
MgO -0.55 -0.94 0.96 -0.38 -0.52 -0.82 -0.64 -0.57 -0.54 0.94 0.78 -0.68
MnO 0.35 -0.49 0.41 0.18 0.34 0.43 0.70 0.12 -0.49 -0.57 0.10
Al2O3 -0.92 0.17 0.37 0.93 0.58 0.27 0.55 -0.89 -0.81 0.59
Ni -0.19 -0.47 -0.87 -0.77 -0.58 -0.67 0.83 0.84 -0.77
Co 0.65 0.00 -0.11 0.42 -0.16 -0.57 0.05 0.16
V 0.30 0.51 0.43 -0.07 -0.54 -0.03 0.41
Ti 0.66 0.56 0.41 -0.40 0.67 0.83
Cr 0.56 0.35 -0.39 -0.58 0.51
Sc 0.41 -0.39 -0.39 0.62
Ce -0.40 -0.73 0.83
Nd 0.67 -0.52
Ho -0.53

the bottom layer up during the pedogenesis process. 
Critical metals with localization patterns found in pro-
files A and B are Co, Ce, and V, all three of which have 
a similar pattern of maximum concentrations in the li-
monite zone and minimum concentrations in the sapro-
lite zone (see Figure 4c). This is supported by the results 
of studies in Southeast Cameroon (Ndjigui et al., 2009) 
and North Cameroon (Sababa et al., 2021) that indicate 
negative Ce concentrations are located in the saprolite 
zone. The minimum Ce concentration in the saprolite 

zone is thought to be due to the decomposition of the 
primary phase of iron oxide (magnetite) (Ndjigui et al., 
2009). The decomposition of this iron oxide affects the 
levels of magnetic minerals, so that the χLF value is small 
in the saprolite zone. The pattern of maximum and mini-
mum Co concentrations is supported by the study of 
Putzolu et al. (2018) in Wingellina (Western Australia), 
which found that the highest Co concentration was in the 
limonite zone and decreased in concentration in the sap-
rolite zone. Studying the granitic weathering materials 
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from North Cameroon, Sababa et al. (2021) reported 
that the maximum V concentration was in weathered 
rock fragments termed the iron duricrust horizon. 

Several elements detected in profiles A and B have a 
correlation with the presence of other elements, so in 
studying certain REE characteristics, it is necessary to 
look at the positive and negative correlations between 
several elements. Table 3 shows the Pearson correlation 
coefficients (r) between χLF, the concentration of major 
elements, and critical metals. Since each profile has only 
8 samples, i.e., n = 8, the critical value for r at the 0.05 
level of significance is 0.622 (Nino-Zarazua, 2012). In 
Table 3, r values that are higher than 0.622 (or lower 
than -0.622) are marked in bold typeface, indicating sig-
nificant positive (or negative) correlations between the 
parameters. Significant positive correlations were found 
between the values of χLF and Fe2O3, Al2O3, Ti, Cr, La, 
and Sc. These correlations are more clearly seen in Fig-
ure 5. As has been shown and reported by Teitler et al. 
(2022), Al2O3 correlates well with Sc. On the other hand, 
Sc is in conflict with the abundance of MgO and SiO2 
concentrations. SiO2 and MgO levels decrease from the 
bedrock to near the surface. Moreover, the concentration 
of χLF was negatively correlated with the presence of Ni, 
MgO, SiO2, Ho, and Nd (see Figure 6). The abundance 
of magnetic minerals during the pedogenesis process has 
a significant influence on the presence of REE in lat-
eritic soils. From the results discussed, it was found that 
magnetic parameters can be used as a proxy to observe 
the pedogenesis process in laterite; besides that, they can 
be used as an indicator of the presence of some metals, 
such as high Ni concentration associated with low χLF, 
and low Sc concentration associated with high χLF.

5. Conclusion

The pedogenesis process of lateritic soils is controlled 
by the abundance of iron oxide minerals, which are char-
acterised by an increase in the value of magnetic suscep-
tibility from the source rock to the upper profile of lat-
eritic nickel deposits. During the pedogenesis process, 
the magnetite mineral changes grain size from coarse to 
fine, as shown by changes in χFD% values that are low at 
the bottom and high at the top. The magnetite SP grains 
in the uppermost zone have changed into iron oxide min-
erals (hematite and goethite). Based on the studies con-
ducted, there are three patterns of changes in critical 
metal concentrations during the pedogenesis process: 1) 
The enrichment pattern has the same pattern as the pedo-
genesis process (increasing concentration from the bot-
tom layer up), as seen in the metal concentration patterns 
of Sc, La, Cr, and Ti; 2) the depletion pattern shows de-
creased concentration from the bottom layer up due to 
remobilization with labile minerals (Mg, Si) and depos-
its in the bottom layer, as seen in the concentration pat-
tern of Ni, Nd, and Ho; and 3) the localization pattern, in 
which high concentrations of certain metals (Co, Ce, and 

V) occurred at a certain depth. From the results of geo-
chemical and magnetic susceptibility tests, it is known 
that the concentration of critical metals in lateritic soils 
depends on the amount of magnetic minerals. The in-
crease in susceptibility value indicates an increase in 
magnetic mineral concentration. This can be seen in the 
increase in the concentration of the critical metals Sc, 
Co, and La in the limonite zone, which has a positive 
correlation with the χLF value. However, it is inversely 
proportional to Ni, Nd, and Ho, which are negatively 
correlated with χLF. Thus, the rock magnetism method 
can be considered a proxy to see the pattern of the pres-
ence of critical metals in the laterite profile.
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SAŽETAK

Pedogeneza lateritnih tala i obogaćivanje kritičnih metala:  
studija iz jugoistočne Sulawesi, Indonezija

Lateritno tlo je potencijalni izvor metala koji se nazivaju kritični ili strateški metali zbog njihove upotrebe u industrijama 
visoke tehnologije. Kritični metali uključuju elemente rijetkih zemalja (REE). U ovom istraživanju uzorkovana su dva 
profila lateritnih izdanaka iz područja proizvodnje nikla u jugoistočnom Sulawesi u Indoneziji, s ciljem definiranja 
 promjene koncentracija kritičnih metala tijekom pedogeneze korištenjem magnetne susceptibilnosti i µ-XRF analiza. 
Rezultati su ukazali na postojanje tri različita obrasca od donjeg sloja prema gore. Prvi obrazac predstavlja obogaćivanje 
Sc, La, Cr i Ti. Drugi obrazac predstavljen je sniženjem koncentracija Ni, Nd i Ho. Treći obrazac predstavlja lokalizaciju 
visokih koncentracija određenih metala na određenoj dubini, kao što su Co, Ce i V. Koncentracija nekih kritičnih metala 
korelira bilo pozitivno ili negativno s magnetnom susceptibilnosti, što upućuje na to da bi se magnetna susceptibilnost 
mogla koristiti kao indikator kritičnih koncentracija metala u lateritnom tlu.

Ključne riječi: 
Kritični metali, lateritno tlo, pedogeneza, magnetna susceptibilnost, jugoistočni Sulawesi
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