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Abstract: Clay-rich red soil profiles developed in different lithologies in Indonesia were assessed
using geochemical evidence, the migration coefficient and elemental ratios. Our study aimed to
ascertain the source of red soil materials and to investigate the elemental behavior in tropical soils.
The results indicate carbonate profiles were derived from in situ weathering, while basalt profiles,
even though having close affinity to their bedrock, also showed the contribution of external materials.
Elemental behavior was dynamic with carbonate profiles indicating relatively constant depletion
and even distribution. Basalt profiles indicated uneven distribution with enrichment and depletion.
The variation in elemental behavior was linked to difference in lithologies, age and physiochemical
conditions. Our findings support evidence of both residual and multiple source parent materials in
red soil formation and provide insights into elemental behavior during weathering, while highlighting
the influence of external materials’ contribution in deeply weathered tropical soils.
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1. Introduction

Red soils have distinct characteristics such as high iron oxide and clay contents and
rubification, and are usually distributed in warm and humid areas around the Earth’s
surface [1-5]. Indonesia is the largest archipelago in the world that consists of clay-rich
red soils distributed over high and low altitudinal range with a tropical monsoon climate.
Generally, red soil is used to describe soils that have a hue value of 5 YR to 10 YR, and
chroma ranging from 2 to 8 [6]. According to World Reference Base for Soil Resources [7]
red soils are equivalent to Acrisols, Lixisols, Luvisols and Nitisols. There is still a long-
standing debate as to the origin of red soils and their relation to the underlying bedrock.
Researchers all over the world have put forward seven possible theories to explain the
origin of red soils, including (1) detrital, (2) metasomatic, (3) residual and modified residual,
(4) allochthonous, (5) eolian, (6) isovolumetric weathering and (7) poly-original theories [8].
Basically, the theories ascribe two main viewpoints, which differ by detrital and residual
origin [9]. It is a commonly believed that chemical weathering predominantly contributes
to the formation and evolution of red soils [10]. Chemical weathering of rocks is an impor-
tant geochemical process that has contributed significantly to land morphology, chemical
cycling, CO, consumption, terrestrial carbon cycle and climatic changes [11-20]. The nature
and rate of chemical weathering vary widely and are influenced by many factors, such
as lithology, topography, climate and biological activities [21]. Geochemical evidence has
been long used to study the inheritance relationships between soils, weathering products
and bedrocks [22-27]. However, not much comparative study has been done on the geo-
chemical characteristics of different lithologies in relation to the overlying soil profile of
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weathering products and weathering degree. Therefore, in the context of our paper, we
used geochemical evidence from major elements, trace elements and rare earth elements
(REEs). The paper aimed to ascertain the source of red soil materials and to investigate the
elemental behavior and weathering degree across different lithologies in deeply weathered
tropical soils.

2. Geography and Geological Setting
2.1. Materials and Methods

The territory of Indonesia stretches from 6°08’ north latitude to 11°15 south latitude
and from 94°45' to 141°05' east longitude (Figure 1). It is the largest archipelago in the world
that consists of five major islands and approximately 30 smaller islands. The five main
islands are Sumatra (473,606 km?), Java—Madura (132,107 km?), Kalimantan (539,460 km?),
Sulawesi (189,216 km?2) and Papua (421,981 km?). The average annual rainfall in Indonesia is
approximately 2350 mm, with Java experiencing 2680 mm and Sulawesi 2340 mm/year [28].
The region experiences a west monsoon that brings rain from December to March and
east monsoon that brings dry weather conditions from June to September. The annual
temperature ranges from 21 to 33 °C; however, it is much lower at higher altitudes. The
average humidity lies in the range 75-100%.
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Figure 1. (a) Map showing location of study area of Java-Madura and Sulawesi in Indonesia and
(b—d) illustrations of the locations of soil profiles within study area. The red dots represent the
different soil sections included in the study.

Geologically, the archipelago islands are composed of continental blocks with both
active and extinct volcanic arcs associated with subduction complexes of old and young
oceanic basins. Java-Madura is one of the study areas that formed predominantly during
the Tertiary and Quaternary period that is composed of mainly rhyolitic, dacitic-andesitic
tuff, breccia and lava, partially intercalated with sandstone, shale, carbonaceous tuff and
mudstone [29]. Sulawesi is the other study area that is dominated by an ultramafic complex.
Strong tectonic activities in the area resulted in complex geological structures. Other
lithological units, such as alluvial and sedimentary lacustrine rocks of Quaternary and
Cretaceous sedimentary rocks, are present in and around the area [30].
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2.2. Sampling and Analytical Methods

A total of six red soil profiles located 20-139 m above sea level from Java—Madura
(carbonate) and Sulawesi (basalt) were selected. Fresh samples were collected according to
stratigraphic order from representative horizons using the channeling sampling method.
The location, elevation, thickness and visible characteristics of the soil profiles are illustrated
in Table 1 and Figure 1. The profiles vary in depth, ranging from 85 to 210 cm and consist of
3—4 distinct horizons; namely, bedrock, saprock (fractured bedrock), regolith (subsoil) and
upper soil surface layer (Figure 2). The surface soil layer of the carbonate profiles comprises
loose soil covered by tropical rain (mixed) forests, with a few regenerated eucalyptus
(Eucalyptus urophylla) and teak (Tectona grandis) trees. Directly below the soil surface layer,
a red-brown and yellow-brown fine homogeneous laterite soil layer (regolith) was found,
followed by a thin layer of grayish-white powdered layer (rock powder) in the MB and
MC profiles. Below the powdered layer, saprock and/or bedrock layers can be found
(Figure 2). The grayish-white powdered layer was absent from the basalt profiles (KA
and KC); however, the KC profile contained a thin layer of purple ferruginous crust at
the KC-4 position, intercepting the homogenous red regolith layer in the subsoil horizon.
Similarly, the vegetation includes a mixed understory of tropical rain forest with families
from Euphorbiaceae, Rubiaceae and Myrtaceae well represented in the area. A graphical
representation of each profile is shown in Figure 2.

Table 1. The location, elevation, thickness and visible characteristics of six studied profiles in

Indonesia.
Soil . . . Parent . Visible
Profiles Location Elevation (m) Thickness (cm) Material Soil Texture Characteristics
7°1'56" S, . . Gray soil layer with
TA 112°3'6" E 139 120 Limestone Silty clay loam crushed stones
6°55/57"" S Red with semi
MB AT Al o 85.1 140 Limestone Silty loam weathered
113°4'46" E
bedrock layer
NA 7°0'147 S, 89 210 Dolomit Silty | Red-b
112°6/5" E olomite ilty loam ed-brown
6°54'9" S, . . Brown-yellow with
MC 113°4/49" B 60.9 85 Dolomite Silty clay rock powder layer
3°57/21"'S, .
KA 122°14/59" E 120 120 Basalt Silty clay Red
3°35/34" S, . Yellowish-brown with
Ke 122°11'10" E 20 150 Basalt Silty clay purplish-red iron layer
MC-17 TA-5 MB-10 KA-5 KC-6
. . KC-4
= 8 - MB-6 :3 2 =
g L g
MC-2 o
MC-1 L rr T FKA-0 Rl
FMC-0 L T—tMB-1 et —(—TKC-0
O g S TAY [T TIMB-0 rr FTK(‘
=l +" " ¢l bedrock
NA MC TA MB KA KC
- surface soil - regolith |1 = saprolite \ZI limestone | =" basalt

Figure 2. Studied soil profiles showing sectional structure and sampling depth of carbonate and
basalt profiles taken from Indonesia.
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2.3. Experimental and Chemical Analysis Methods

For the geochemical analysis, soil and bedrock samples were first ground by a ball
mill and agate mortar and passed through a 75 um sieve. Parameters including major,
trace and rare earth elements were measured by Beijing Research Institute of Uranium
Geology. The concentrations of major elements were determined by an X-ray fluorescence
spectrograph (XRF) using the Philips PW2404 X-ray fluorescence spectrometer and the
GB/T14506.28-93 silicate rock chemical analytical procedure. The contents of trace and
rare earth elements were determined by inductively coupled plasma mass spectroscopy
(HR-ICP-MS) (Element I, Finnigan MAT 110 Company, Waltham, MA, USA) based on the
DZ/T0223-2001 ICP-MS procedure at a temperature of 20 °C and humidity of 30%. Initially,
under closed conditions 0.1 g of powdered sample, 1.5 mL HF and 1 mL HNOj3 were added
into a Teflon melting pot to dissolve the samples. At 140 °C the sample pot was heated for
48 h in a bake furnace, after which it was placed on an electrothermal plate for cooling and
then 1 mL of HNO3 was added. The procedure was repeated; then, 3 mL HNO3 and 10 mL
H,0O were added to dissolve the samples in a 100 mL plastic bottle for ICP-MS analysis.
In using the neutron activation method, the analyses were checked against three standard
samples. The analytical precision for major and trace elements was 1 and 10%, respectively.
The soil pH values were determined by the People’s Republic of China agricultural industry
standard—soil pH determination (NY-T 1377-2007) [31]. The carbon contents of the soil
samples were determined with a total organic carbon analyzer (liquid SOC II). Soil in our
study was equivalent to Ultisols, Alfisols and Inceptisols based on soil taxonomy [32] and
Acrisols, Lixisols, Luvisols and Nitisols in the World Reference Base for Soil Resources [7].
The dominant soil texture of the surface soil was determined to be silty clay.

2.4. Migration Coefficient

The migration coefficient, otherwise called mass balance calculation, is commonly
used to assess the mobilization and distribution of elements during chemical weathering
and pedogenesis processes [33-38]. The mass fraction elemental increase or decrease from
soil during pedogenesis, relative to the mass initially present in the parent material, was
calculated according to Equation (1) [39,40].

mass balance of element ij = {[Cj /Cjp]/[Ciw/Cipl} — 1 1)

where C is the concentration of the element j, w refers to the weathered material, p refers to
the parent material, and i refers to the immobile reference element. The negative values of
7ij indicate depletion of element and positive values indicate enrichment of element in the
weathered profile. By referring to the “immobile plateau” method [41], Th was determined
to be the least mobile element in our study, taking into consideration that normalizing Nb
would produce similar results.

3. Results
3.1. Major Elements and Physiochemical Properties

Soil assessment and analysis were done for six clay-rich soil profiles in Indonesia. The
results illustrated in Table 2 highlight major element contents, pH values and chemical
index of alteration (CIA) variation with depth. In addition, average values from Upper
Continental Crust (UCC), Post-Archean Australian Shale (PAAS), North American Shale
Composite (NASC), and Average Loess Composition (AVL) were included for comparison.

The major element oxides result revealed a general enrichment in Fe, Al and Si contents
and depletion in K and Na contents. The SiO, contents indicated high variability ranging
from 4.12-76.5%, with the lowest value recorded in MB profile and the highest in NA soil
profiles. The Al;O3 contents ranged from 1.18% in MB soil profile to 21.19% in MC soil
profile. The highest Fe,O3 contents were recorded in the KA-KC profiles (16.29-46.12%)
respectively. The low alkaline elemental oxides content of Na,O and K,O ranged from 0.01
to 0.04% and from <0.01 to 0.4%, respectively (Table 2).
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Table 2. Major element contents and other relevant parameters in red soil weathering profiles within two districts in Indonesia.

Profile SiO, Al O3 Fe, 037 MgO CaO Na,O K,O MnO TiO; P,0s5 LOI Total pH CIA TOC
TA-5 13.81 3.70 1.74 12.28 27.88 0.09 0.10 0.05 0.20 0.78 39.33 99.96 7.36 89.87 14.25
TA-4 10.88 2.85 1.38 12.60 30.36 0.05 0.07 0.04 0.16 0.75 40.85 99.99 7.32 92.11 14.24
TA-3 13.29 3.47 1.68 12.08 29.07 0.06 0.09 0.05 0.19 0.84 39.09 99.91 7.22 91.97 14.22
TA-2 20.21 5.30 2.64 9.83 24.78 0.08 0.12 0.08 0.29 1.29 35.30 99.92 7.15 92.58 12.92
TA-1 2791 7.89 3.85 7.63 19.39 0.12 0.17 0.11 0.40 143 31.07 99.97 7.15 92.74 11.74
TA-0 1.04 0.11 0.06 8.90 44.48 0.02 0.02 0.00 0.02 0.09 44.71 99.45 - 60.29 -
MB-10 36.45 11.69 5.23 0.56 19.50 0.07 0.32 0.08 0.68 0.08 25.26 99.92 7.36 95.00 4.61
MB-9 20.00 7.51 3.05 0.41 34.68 0.03 0.20 0.05 0.41 0.05 33.57 99.96 7.36 95.82 7.49
MB-8 18.41 6.75 2.61 0.40 36.47 0.02 0.19 0.05 0.38 0.05 34.66 99.99 7.34 95.92 8.70
MB-7 13.50 4.76 1.83 0.34 41.96 0.02 0.14 0.04 0.28 0.04 37.02 99.93 7.33 95.34 7.48
MB-6 11.57 3.05 1.13 0.40 45.19 0.02 0.15 0.02 0.21 0.03 38.00 99.77 7.43 93.11 6.09
MB-5 13.45 3.87 1.40 0.43 43.03 0.02 0.18 0.02 0.26 0.03 37.22 99.91 741 93.15 6.05
MB-4 412 1.18 0.46 0.39 51.74 0.02 0.08 0.01 0.08 0.02 41.33 99.43 7.58 88.18 4.72
MB-3 13.19 3.83 1.42 0.41 43.03 0.02 0.17 0.03 0.25 0.03 37.55 99.93 7.36 93.26 6.76
MB-2 14.85 3.92 1.38 0.46 42.34 0.03 0.22 0.02 0.25 0.03 36.46 99.96 7.38 91.77 5.89
MB-1 11.51 2.95 1.03 0.39 45.43 0.02 0.18 0.02 0.20 0.02 38.07 99.82 7.43 91.59 5.81
MB-0 <0.010 0.02 0.03 0.72 55.10 0.03 <0.010 0.00 0.01 0.01 43.49 99.41 - 18.24 -
MC-0 0.18 0.11 0.10 20.13 32.53 0.02 <0.010 0.00 0.02 0.12 46.21 99.42 - 61.41 -
MC-1 1.36 0.61 0.40 19.07 32.28 0.01 0.01 0.01 0.05 0.20 45.43 99.43 - 91.04 -
MC-2 54.00 20.74 11.83 0.24 0.28 0.02 0.04 0.12 1.27 0.31 11.14 99.99 7.34 99.46 0.35
MC-3 54.54 20.64 11.52 0.21 0.23 0.02 0.04 0.12 1.26 0.31 11.07 99.96 7.07 99.38 0.32
MC-4 54.30 20.68 11.58 0.21 0.23 0.02 0.04 0.13 1.27 0.30 11.18 99.94 6.86 99.43 0.33
MC-5 54.16 20.78 11.75 0.23 0.23 0.03 0.04 0.14 1.28 0.30 11.05 99.99 6.75 99.38 0.33
MC-6 54.15 20.72 11.69 0.22 0.27 0.02 0.04 0.13 1.27 0.30 11.15 99.96 6.58 99.41 0.36
MC-7 55.71 20.22 11.24 0.21 0.23 0.04 0.04 0.13 121 0.27 10.61 99.91 6.20 99.10 0.38
MC-8 56.03 19.93 11.26 0.23 0.27 0.04 0.04 0.11 1.24 0.28 10.43 99.86 6.23 99.06 0.43
MC-9 56.48 19.63 11.05 0.21 0.28 0.03 0.04 0.12 1.19 0.30 10.54 99.87 6.23 99.30 0.46
MC-10 56.08 19.91 11.23 0.23 0.24 0.03 0.04 0.12 1.20 0.28 10.51 99.87 6.30 99.32 0.51
MC-11 56.45 19.66 11.08 0.22 0.25 0.02 0.04 0.12 1.19 0.28 10.62 99.93 6.32 99.39 0.43
MC-12 54.79 20.57 11.48 0.23 0.26 0.03 0.04 0.13 1.23 0.28 10.89 99.93 6.28 99.32 0.39
MC-13 53.93 20.76 11.66 0.26 0.29 0.03 0.04 0.13 1.26 0.28 11.23 99.87 6.44 99.34 0.41
MC-14 53.22 21.11 11.87 0.27 0.30 0.03 0.04 0.13 1.27 0.28 11.46 99.98 6.43 99.36 0.42
MC-15 53.10 21.08 12.10 0.27 0.29 0.03 0.03 0.13 1.26 0.28 11.37 99.94 6.44 99.39 0.37
MC-16 53.37 20.97 11.71 0.34 0.42 0.02 0.04 0.12 1.26 0.29 11.42 99.96 6.59 99.43 0.36
MC-17 53.17 21.19 12.00 0.27 0.30 0.02 0.04 0.12 131 0.31 11.15 99.88 6.51 99.46 0.00
NA-0 0.25 0.19 0.11 8.31 45.75 0.01 <0.010 0.02 0.02 0.11 44.66 99.43 79.49 -
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Table 2. Cont.

Profile SiO, ALO;  Fe,05T MgO CaO Na,O K,O MnO TiO, P,05 LOI Total pH CIA TOC
NA-7 72.28 12.53 5.97 0.23 0.22 0.03 0.38 0.05 0.63 0.05 7.53 99.9 5.36 95.75 0.43
NA-6 71.94 12.68 6.28 0.21 0.20 0.03 0.38 0.04 0.65 0.06 7.49 99.96 5.34 95.82 0.42
NA-5 72.28 12.62 6.36 0.19 0.20 0.04 0.34 0.02 0.64 0.06 7.16 99.91 5.31 96.10 0.30
NA-4 74.03 11.55 6.09 0.19 0.18 0.03 0.32 0.02 0.62 0.06 6.86 99.95 5.27 96.05 0.23
NA-3 72.52 10.90 8.36 0.18 0.17 0.04 0.32 0.05 0.64 0.06 6.75 99.99 5.22 95.74 0.11
NA-2 71.20 10.68 9.86 0.20 0.27 0.04 0.35 0.03 0.66 0.06 6.63 99.98 5.18 95.32 0.10
NA-1 76.50 10.06 6.31 0.18 0.15 0.04 0.40 0.02 0.70 0.04 5.52 99.92 498 94.50 0.10
KA-0 51.60 6.47 7.63 23.08 9.53 0.31 <0.010 0.30 0.08 0.01 0.40 99.41 - 85.53 -

KA-1 49.10 1.67 16.29 15.29 0.86 <0.010 <0.010 0.23 0.03 0.01 15.94 99.42 5.50 97.30 0.00
KA-2 50.63 1.26 16.41 14.20 0.61 0.01 <0.010 0.25 0.02 0.01 16.09 99.49 5.43 96.45 0.00
KA-3 53.41 3.12 21.94 5.62 0.27 0.03 0.01 0.13 0.08 0.02 14.78 99.41 5.43 96.21 1.27
KA-4 53.19 2.82 20.69 7.72 043 0.02 0.01 0.17 0.07 0.02 14.25 99.39 5.32 96.74 0.80
KA-5 62.76 2.59 19.07 413 0.23 0.01 0.01 0.14 0.07 0.02 10.39 99.42 5.17 97.73 1.09
KC-rock 38.84 0.13 9.11 38.80 0.10 <0.010 <0.010 0.12 0.01 0.01 12.61 99.73 - 72.96 -

KC-0 42.90 1.90 1248 34.68 1.20 <0.010 <0.010 0.17 0.03 0.01 459 97.96 7.36 97.62 0.00
KC-1 21.77 17.34 39.64 0.95 0.04 <0.010 <0.010 1.16 0.41 0.02 16.07 97.4 4.96 99.73 0.04
KC-2 15.80 16.69 46.12 0.94 0.05 0.01 <0.010 0.83 0.47 0.02 15.96 96.89 5.17 99.70 0.07
KC-3 19.51 17.83 41.74 1.00 0.04 0.01 <0.010 0.62 0.41 0.02 16.19 97.37 496 99.68 0.03
KC-4 23.10 18.43 39.28 0.39 0.04 0.01 <0.010 0.67 0.41 0.01 15.40 97.74 461 99.75 0.03
KC-5 17.04 18.30 42.41 1.29 0.04 0.01 <0.010 0.62 0.51 0.02 16.71 96.95 5.13 99.75 0.10
KC-6 18.02 17.43 4247 1.88 0.04 0.02 <0.010 0.48 0.53 0.02 16.93 97.82 5.25 99.56 0.06
ucca 66.62 15.40 5.04 248 3.59 3.27 2.80 0.10 0.64 0.15 - - - - -

PAASP 62.8 189 7.22 2.2 13 12 37 0.11 1 0.16 - - - - -

NASC® 64.8 169 5.65 2.2 3.63 1.14 3.97 0.06 0.7 0.13 - - - - -

AVLA 71.19 11.63 3.68 2.86 6.46 1.69 2.21 0.07 0.69 0.14 - - - - -

Major element oxides measured in (wt%). UCC?: Average of Upper Continental Crust [42]. PAASP: Post-Archean Australian Shale [43]. NASCS: North American Shale Composite [44].
AVLd: Average Loess Composition [45]. CIA = (Al,03/Al,03 + CaO + NapO + K,0) x 100. LOI = loss on ignition. TOC = total organic carbon g kg’l' The symbol (-) indicates values
below detection limit (less than 0.001) b.
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Samples/UCC

Samples/UCC

Samples/UCC

The pH values for the six red soil profiles varied with depth and ranged between
4.61 and 7.58 (Table 2). The profiles can be divided into three groups based on pH value
range: alkaline with pH values >7 (TA-MB; limestone), slightly acidic with pH values 6-6.9
(MC-NA; dolomite), and acidic with pH values <5.5 (KA-KC; basalt).

The CIA values for the six red soil profiles ranged from 88.76-99.76 (Table 2) and
indicated a distinct trend with depth. The lowest average CIA values were reported in
TA-MB soil profiles (93.2), while the highest were recorded in KA-KC soil profiles (98.5).

3.2. Trace Element Distribution

The trace element contents within the six red soil profiles are given in Table 3. In addi-
tion, the normalized UCC spider diagram of the samples is shown in Figure 3a—f. Similar
trace element distribution and behavioral trends were observed for the limestone profiles
(TA-MB) with strong depletion in Be and Rb, while Cd was enriched (Figure 3a,b). The
basalt profiles (KA-KC) showed the greatest fluctuation when compared to the normalized
UCC spider values (Figure 3c,d) with strong depletion in Li, Be, Rb and Sr, while strong
enrichment in Cr, Co, Cu and Ni can be seen. The dolomite profiles (MC-NA) showed
similar distribution and behavior in trace elements when compared to the normalized UCC
spider diagram (Figure 3e,f), with depletion in Be, Ni, Rb, Sr and slight enrichment in the
others. The trace elements in the samples indicate similar element distribution patterns
with their bedrocks, however the basalt profiles (KA-KC) indicated high variation when
compared to UCC normalized values. Conversely, the KA bedrock value for elements Sc,
V, Ga and Y was larger than the regolith values. The carbonate bedrock profiles (TA-MB;
MC-NA) containing high concentration of Sr were vastly different from those of basalt
bedrocks (KA-KC) with high concentration of Cr and Ni.
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Figure 3. Trace elements, bedrock sample and UCC normalized spider diagrams for six red soil
profiles within two districts in Indonesia. (a,b) Limestone-based profiles (MB-TA), (c,d) basalt-based
profiles (KA-KC) and (e,f) dolomite-based profiles (MC-NA). The UCC values are from [43].
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Table 3. Trace element concentrations from six red soil weathering profiles within two districts in Indonesia.

Samples MC-0 MC-1 MC-2 MC-3 MC-4 MC-5 MC-6 MC-7 MC-8 MC-9 MC-10 MC-11 MC-12
Li 1.1 25 34.1 38 36.5 38.3 39.6 37.2 39.1 33.9 35.9 38.7 34.3
Be 0.004 0.14 1.8 1.91 1.39 2.35 1.83 1.95 2.87 1.21 1.34 1.49 2
Sc 0.395 1.34 28.1 31.1 29.8 29.7 30.4 27.3 30.5 27.4 28.2 28.5 27.6
\% 13.6 23.6 225 225 226 229 233 205 232 198 209 218 224
Cr 16.2 29.4 102 82.1 97.4 94.4 82.4 96 102 84.7 87.9 96.4 104
Co 7.2 16.3 30.5 27.5 36.4 29.7 30.6 29.2 33.6 29.2 34.3 33.1 33.4
Ni 8.07 13.5 22.8 229 23.2 23.1 24 21 23.3 20.1 21.7 229 23.6
Cu 1.7 3.02 78.3 80 87.1 81.3 83.2 73.9 81.1 69.8 73.9 77.3 79.3
7/n 2.29 3.29 64.8 68.7 68.2 69.6 71.1 62.4 67.8 59.1 64.1 65.3 64.3
Ga 0.129 0.763 23.4 24.5 24.8 24.6 24.7 229 25.2 21.6 23.2 23.6 23.9
Rb 0.294 0.517 5.66 5.92 5.69 5.54 5.74 5.08 5.64 5 5.34 5.43 5.37
Sr 147 155 39.4 40.7 40 38.9 41.2 34.3 39.5 33 344 36 36.8
Y 3.05 7.54 54.3 53.6 52.2 54.5 56.4 53.8 60.5 51.1 54.6 56.3 55.7
Mo 0.191 0.381 3.19 3.19 3.34 3.6 2.95 3.53 341 2.87 3.16 3.14 3.42
Cd 0.058 0.106 0.151 0.158 0.216 0.159 0.141 0.09 0.166 0.167 0.133 0.173 0.106
In <0.002 0.004 0.158 0.129 0.143 0.137 0.13 0.083 0.131 0.09 0.133 0.145 0.105
Samples MB-10 MB-9 MB-8 MB-7 MB-6 MB-5 MB-4 MB-3 MB-2 MB-1 MB-0 TA-5 TA-4
Li 30.6 15 13.6 8.44 8.12 9.87 115 8.66 10.6 7.03 0.553 7.33 5.36
Be 1.42 0.568 0.668 0.163 0.403 0.57 2.47 0.501 0.171 0.323 0.004 0.362 0.127
Sc 134 8.27 7.94 5.39 4.23 5.09 1.66 4.92 4.36 2.81 0.437 5.26 3.68
\Y% 135 63.5 76 39.3 40.1 479 19.6 50.9 33.9 36.9 5.61 35.4 26.5
Cr 85.1 48.7 43.4 30.8 23.1 25.5 11.8 30.4 28.1 19.4 1.48 34.4 28.5
Co 16 9.47 10.4 7.63 7.05 6.27 6.11 7.94 8.2 6.29 8.79 12.1 8.52
Ni 36.5 36.3 30.3 23.1 21 19.7 27.1 45.1 24.6 18.4 16.9 144 13.2
Cu 27.1 18.9 18.6 14.1 7.15 8.23 2.47 74 5.31 3.81 1.02 21.2 154
Zn 51.8 31.7 29.7 19.3 32.7 18 8.97 20.8 20.6 13.8 1.71 40.3 31.7
Ga 13.2 7.86 7.34 4.88 3.26 4.01 1.33 4.09 4.35 3.08 0.04 4.29 2.97
Rb 38.1 19.6 17.5 11.9 9.14 11.3 4.96 11.7 12.9 9.54 0.114 10.7 7.89
Sr 80.5 68.7 68 59.6 146 122 216 128 115 102 625 160 140
Y 25.1 16.8 13.6 10.4 7.57 7.58 4.09 7.8 6.96 5.63 0.944 124 9.29
Mo 0.833 0.52 0.621 0.395 0.344 0.421 0.176 0.3 0.443 0.427 0.02 0.257 0.284
Cd 0.348 0.308 0.303 0.222 0.167 0.098 0.066 0.147 0.113 0.072 0.006 0.247 0.284
In 0.091 0.037 0.044 0.004 0.004 0.015 0.011 0.021 0.012 0.008 <0.002 0.042 0.008
Samples TA-3 TA-2 TA-1 TA-0 KA-0 KA-1 KA-2 KA-3 KA-4 KA-5 KC-rock KC-0 KC-1
Li 5.57 8.72 11.7 0.799 1.25 0.488 0.312 1.56 0.982 2.19 2.88 0.979 7.24
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Table 3. Cont.

Samples MC-0 MC-1 MC-2 MC-3 MC-4 MC-5 MC-6 MC-7 MC-8 MC-9 MC-10 MC-11 MC-12
Be 0.414 0.322 0.632 0.004 0.093 0.004 0.004 0.256 0.092 0.093 0.103 0.206 0.108
Sc 4.82 7.32 9.51 0.7 38.7 16.8 14.8 28.5 28.3 22 3.46 18.8 73.3
A\ 304 44 51.7 8.13 287 42.8 34.8 89.2 85.8 81.3 18.5 76.6 221
Cr 31.1 42.4 54.7 14.9 2036 2276 1793 3528 3002 2991 2044 2433 12437
Co 10.5 12.8 18.2 45.4 210 223 240 136 170 148 149 164 1530
Ni 13.4 13.6 13.8 14.6 913 4443 5417 5128 5200 4287 2876 10873 7281
Cu 17.5 26.5 34.4 5.74 3.28 45 47.9 35.9 65.6 68.9 2.27 24.8 133
/n 34.6 53.2 69.6 2.65 29.3 70.5 72.2 72.3 90.8 80.7 42.9 48 187
Ga 3.49 5.53 8.26 0.077 5.89 1.25 1.04 2.98 2.54 2.58 0.48 1.56 16.3
Rb 10.2 15.7 20.7 0.514 0.13 0.172 0.183 1.03 1.06 1.31 0.286 0.108 0.404
Sr 144 131 112 87.9 2.63 6.33 6.68 1.71 7.26 7.2 1.2 3.2 1.14
Y 10.8 15.8 21.9 2.75 6.35 0.511 0.512 2.39 1.86 2.05 0.054 1.1 21
Mo 0.191 0.344 0.287 0.108 0.162 0.078 0.107 0.127 0.148 0.173 0.087 0.057 0.028
Cd 0.325 0.3 0.367 0.014 0.077 0.073 0.074 0.025 0.072 0.053 0.035 0.518 0.046
In 0.023 0.034 0.034 0.013 0.022 0.016 0.021 0.029 0.023 0.012 0.009 0.019 0.029
Samples KC-2 KC-3 KC-4 KC-5 KC-6 NA-7 NA-6 NA-5 NA-4 NA-3 NA-2 NA-1
Li 3.25 2.07 7.26 191 2.37 24.1 214 25.7 20.8 16.4 15.9 19.6
Be 0.422 0.31 0.217 0.115 0.114 1.38 1.21 0.664 0.336 1.2 1.64 1.14
Sc 81.6 73.2 41.7 89.7 86 13.4 12.3 14.9 12.3 11.9 13.7 114
\' 296 221 209 374 375 127 115 138 125 146 163 124
Cr 16553 10888 9204 18540 21714 43.8 46.6 524 46.7 66.8 715 55.8
Co 932 661 795 754 591 38.5 36.2 33 34.9 49.9 32.3 29.5
Ni 8931 6667 3754 9649 7506 17.9 15.3 18.2 16.3 16 17.1 13.6
Cu 123 90 56.6 153 141 18.1 17.1 21.8 17.3 18.6 18.4 12.2
Zn 189 151 152 265 255 45.3 39.6 41.4 35.3 40.4 48 32.7
Ga 154 13.2 14.2 17.1 14.5 14.3 12.7 17.3 129 13 13.8 114
Rb 0.281 0.26 0.681 0.273 0.306 35.3 29.8 35.2 29.2 25.1 24.8 254
Sr 1.37 1.51 151 1.55 1.49 24.8 23 25.6 25.3 24.9 26.4 27
Y 119 134 10.4 10.4 74 15.2 15.1 18.1 15.7 12.7 13.1 11.2
Mo 0.042 0.079 0.02 0.052 0.02 2.1 2.2 2.61 2.29 2.66 1.96 2.11
Cd 0.181 0.066 0.09 0.159 0.068 0.064 0.059 0.065 0.109 0.037 0.044 0.068
In 0.039 0.076 0.054 0.076 0.063 0.042 0.066 0.042 0.054 0.056 0.052 0.185

All the trace element values are in ppm.
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3.3. Rare Earth Element (REE) Distribution

The concentrations of REEs and other parameters taken for six red soil profiles are
listed in Table 4. The total REEs varied remarkably among the studied soil profiles with
values ranging from 0.635-256.56 ppm. The basalt profiles (KA-KC) had the lowest values
while dolomite profiles (MC-NA) had the highest values. A similar trend recorded for the
total REEs in the underlying bedrock ranged from 0.237-6.447 ppm. The spider diagram
for the carbonate profiles (TA-MB; MC-NA) revealed a similar incline shape towards the
right, characterized by a steep light rare earth element (LREE) fraction and relatively flat
heavy rare earth element (HREE) (Figure 4). There was slight depletion in Eu for both
profiles while a positive Ce anomaly existed in the lower section of the NA soil profile.
Conversely, the spider diagram for the basalt profiles (KA-KC) was relatively flat with
no obvious difference between LREE and HREE for the regolith, except for the bedrock
sample. The KA soil profile, however, showed depletion in Ce and Gd while the KC profile
indicated depletion in Ce and Eu (Figure 4).

3.4. Migration Coefficient

According to the elemental migration coefficient using tTh, j as the reference element,
the major elements indicated variability with depth for the soil profiles (Figure 5a,b). The
general trend indicated enrichment in Si, Al and Fe for the carbonate profiles; however, the
basalt profiles KA and KC indicated depletion in Al and depletion in Si and Fe, respectively
(Figure 5a). The other major elements (Mg, Ca, Na, K, Mn, P) indicated depletion through-
out the entire carbonate profiles, while KA, KC and NA profiles indicated variability in
enrichment and depletion of preferential major elements at different sections of the profiles
(Figure 5b). The transitional elements (Zn, Cu, Co, Ni, Cr) showed relatively constant deple-
tion throughout the entire carbonate profiles, except for NA profile (Figure 6). Conversely,
the basalt profiles (KA-KC) indicated enrichment and depletion in certain transitional
elements (Figure 6). The transitional elements indicated a similar behavioral pattern with
some major elements and REEs. The REEs, otherwise known as lanthanide elements, i.e.,
La-Lu, further separated into LREE (La-Dy) and HREE (Gd-Lu), indicating variability
in the migration coefficient among the profiles (Figure 7). The general trend indicated
significant depletion in all LREE throughout the entire profile for carbonate profiles with
similar migration coefficiencies. Conversely, there was enrichment of LREE for the basalt
profiles (KA, KC) and NA profile, except for the element Dy in the KA profile, Ce in the
KC profile and in the upper section of the NA profile (Figure 7a). On the other hand, the
carbonate profiles (TA, MB, MC) and KA profile indicated significant depletion in HREE
throughout the entire profiles, with enrichment for KC and NA soil profiles (Figure 7b). In
addition, there was a noticeable drastic change in the migration coefficient from bedrock to
regolith, with small variation throughout the limestone profiles. The migration coefficient
in the lower section of the MC profile increased slightly and then decreased sharply, which
may be due to the existence of a rock powder layer.
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Table 4. Rare earth contents and other relevant parameters from six typical red soil profiles within two districts in Indonesia.

Samples MC-0 MC-1 MC-2 MC-3 MC-4 MC-5 MC-6 MC-7 MC-8 MC-9 MC-10 MC-11 MC-12
La 1.20 3.04 45.10 46.60 46.20 45.80 48.20 41.30 44.70 39.10 42.50 43.40 43.20
Ce 1.32 3.83 77.90 80.40 79.40 80.40 83.80 74.00 81.20 70.10 76.80 78.10 78.90
Pr 0.29 0.77 11.30 11.70 11.70 11.40 11.90 10.20 11.30 9.77 10.50 10.90 10.90
Nd 1.32 3.45 47.30 48.50 48.70 48.10 50.00 43.40 48.30 41.90 44.20 45.50 46.40
Sm 0.31 0.80 10.40 10.60 10.70 10.40 11.00 9.68 10.70 9.07 9.81 10.50 10.30
Eu 0.08 0.21 2.60 2.58 2.68 2.68 2.87 2.53 2.79 2.35 2.52 2.61 2.60
Gd 0.49 1.20 9.11 9.94 9.31 8.97 10.40 9.61 10.30 8.80 9.00 10.40 8.95
Tb 0.06 0.18 1.53 1.44 1.56 1.56 1.56 1.60 1.72 1.34 1.56 1.55 1.44
Dy 0.39 1.01 9.97 9.48 9.89 9.80 10.40 9.57 10.90 9.46 10.10 9.88 10.30
Ho 0.09 0.17 1.95 191 1.85 2.12 1.95 1.95 2.07 1.85 1.99 1.97 1.95
Er 0.24 0.59 5.59 5.77 5.69 5.38 5.83 4.81 5.74 5.38 5.27 5.79 5.89
Tm 0.01 0.10 1.21 1.06 1.10 1.00 1.16 1.10 1.09 1.17 1.15 1.15 1.06
Yb 0.28 0.83 5.92 6.81 6.07 6.15 7.11 5.49 6.30 5.66 5.84 6.89 6.10
Lu 0.03 0.09 1.00 0.87 0.89 0.94 0.87 0.98 1.03 0.85 1.02 0.99 0.94
LREE 4.52 12.10 194.60 200.38 199.38 198.78 207.77 181.11 198.99 172.29 186.33 191.01 192.30
HREE 1.59 4.17 36.28 37.28 36.36 35.92 39.28 35.11 39.15 34.51 35.93 38.62 36.63
LREE/HREE 2.84 2.90 5.36 5.37 5.48 5.53 5.29 5.16 5.08 4,99 5.19 4.95 5.25
YREE 6.10 16.27 230.88 237.66 235.74 234.70 247.05 216.22 238.14 206.80 222.26 229.63 228.93
5Ce 0.54 0.60 0.83 0.83 0.82 0.85 0.84 0.87 0.87 0.86 0.88 0.86 0.88
SEu 0.51 0.59 1.21 1.18 1.20 1.26 1.18 1.16 1.17 1.18 1.23 1.13 1.24
(La/Yb)n 1.71 1.44 3.00 2.69 3.00 2.93 2.67 2.96 2.79 2.72 2.86 2.48 2.79
(La/Sm)y 1.53 1.50 1.71 1.73 1.70 1.73 1.72 1.68 1.64 1.70 1.70 1.63 1.65
(Gd/Yb)N 1.77 1.44 1.54 1.46 1.53 1.46 1.46 1.75 1.63 1.55 1.54 1.51 1.47
Samples MC-13 MC-14 MC-15 MC-16 MC-17 NA-7 NA-6 NA-5 NA-4 NA-3 NA-2 NA-1 NA-0
La 43.90 46.20 48.70 47.80 50.90 19.50 18.10 21.70 17.80 17.60 17.90 17.50 1.32
Ce 80.80 83.10 87.30 81.60 87.70 40.00 36.20 41.30 38.00 78.60 89.50 46.80 1.41
Pr 11.00 11.80 12.30 11.90 12.30 4.54 4.40 5.55 4.52 4.33 4.43 3.90 0.31
Nd 46.60 50.20 52.60 50.50 51.60 17.80 18.00 22.60 18.50 16.90 17.10 15.10 1.46
Sm 10.30 11.00 11.50 11.00 10.80 3.52 3.69 5.54 3.75 3.46 3.52 2.75 0.31
Eu 2.60 2.82 3.06 2.74 2.59 0.83 0.87 1.24 0.89 0.77 0.80 0.58 0.06
Gd 9.25 10.10 10.70 10.20 8.55 2.95 2.27 4.81 3.15 2.32 2.89 2.21 0.40
Tb 1.61 1.65 1.67 1.49 1.50 0.39 0.47 0.66 0.50 0.39 0.40 0.30 0.08
Dy 9.88 10.80 11.10 10.70 9.64 2.96 3.09 4.67 3.23 2.71 2.82 2.36 0.33
Ho 1.96 2.14 2.31 2.13 1.88 0.56 0.54 0.77 0.58 0.56 0.53 0.47 0.08
Er 5.35 5.70 6.04 5.92 5.21 1.78 1.58 2.13 1.68 1.48 1.32 1.44 0.17
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Table 4. Cont.
Samples MC-0 MC-1 MC-2 MC-3 MC-4 MC-5 MC-6 MC-7 MC-8 MC-9 MC-10 MC-11 MC-12
Tm 1.10 1.20 1.20 1.12 1.08 0.37 0.38 0.44 0.37 0.34 0.43 0.35 0.04
Yb 6.31 5.76 6.99 6.26 5.62 1.79 1.86 2.15 2.21 1.99 1.79 2.02 0.14
Lu 0.87 0.93 1.09 0.82 0.96 0.37 0.33 0.49 0.31 0.34 0.34 0.27 0.04
LREE 195.20 205.12 215.46 205.54 215.89 86.19 81.26 97.93 83.46 121.66 133.25 86.63 4.87
HREE 36.33 38.28 41.10 38.64 34.44 11.17 10.51 16.12 12.04 10.13 10.52 9.42 1.28
LREE/HREE 5.37 5.36 5.24 5.32 6.27 7.72 7.73 6.08 6.93 12.01 12.66 9.20 3.82
2REE 231.53 243.40 256.56 244.18 250.33 97.36 91.77 114.05 95.50 131.80 143.77 96.04 6.15
5Ce 0.88 0.86 0.86 0.82 0.84 1.02 0.98 0.91 1.02 2.17 2.42 1.36 0.53
SEu 1.25 1.19 1.19 1.16 1.38 3.45 3.48 2.23 3.08 7.72 7.80 5.28 1.12
(La/Yb)n 2.74 3.16 2.74 3.01 3.56 7.34 6.56 6.80 5.43 5.96 6.74 5.84 6.45
(La/Sm)y 1.68 1.65 1.67 1.71 1.85 3.48 3.09 2.46 2.99 3.20 3.20 4.00 2.69
(Gd/Yb)N 1.47 1.75 1.53 1.63 1.52 1.33 0.98 1.81 1.15 0.94 1.30 0.88 2.34
Samples MB-10 MB-9 MB-8 MB-7 MB-6 MB-5 MB-4 MB-3 MB-2 MB-1 MB-0 TA-5 TA-4
La 27.20 16.90 14.20 10.10 8.36 9.58 3.82 8.80 8.51 6.64 1.02 7.53 5.68
Ce 52.50 30.30 26.60 18.90 14.60 17.50 6.19 17.00 16.80 12.90 1.79 12.60 9.45
Pr 6.24 4.12 3.34 2.48 191 2.21 0.85 2.14 2.06 1.58 0.22 191 143
Nd 26.20 16.50 13.60 9.99 7.46 8.59 3.21 8.27 7.74 6.07 0.89 8.29 6.22
Sm 6.36 3.22 2.74 2.03 1.46 1.80 0.65 1.64 1.53 1.19 0.19 1.83 1.35
Eu 141 0.87 0.68 0.49 0.41 0.36 0.15 0.37 0.33 0.26 0.05 0.50 0.36
Gd 5.78 3.02 2.74 1.82 1.22 1.72 0.77 1.32 1.06 1.08 0.26 1.29 1.48
Tb 0.72 0.46 0.38 0.33 0.22 0.22 0.09 0.21 0.15 0.10 0.02 0.31 0.31
Dy 4.66 3.14 2.67 1.80 1.22 143 0.70 1.37 1.33 1.12 0.18 2.02 1.53
Ho 0.80 0.60 0.41 0.36 0.22 0.29 0.13 0.32 0.28 0.24 0.05 0.42 0.26
Er 2.39 1.66 1.26 0.95 0.76 0.69 0.32 0.67 0.72 0.61 0.08 1.09 0.84
Tm 0.45 0.35 0.33 0.21 0.15 0.16 0.06 0.16 0.12 0.11 0.01 0.34 0.20
Yb 2.83 2.12 1.82 1.14 0.70 0.72 0.44 0.80 0.72 0.85 0.11 1.32 0.65
Lu 0.45 0.27 0.18 0.20 0.14 0.11 0.09 0.15 0.18 0.08 0.01 0.14 0.18
LREE 119.91 7191 61.16 43.99 34.20 40.04 14.86 38.22 36.97 28.64 4.16 32.66 24.49
HREE 18.07 11.61 9.80 6.81 4.62 5.32 2.60 5.00 4.58 4.19 0.73 6.93 5.44
LREE/HREE 6.63 6.19 6.24 6.46 7.40 7.52 5.72 7.65 8.07 6.84 5.74 4.71 4.50
2REE 137.98 83.52 70.96 50.80 38.82 45.36 17.45 43.22 41.55 32.82 4.89 39.59 29.93
5Ce 0.97 0.87 0.93 0.91 0.88 0.92 0.83 0.94 0.97 0.96 0.91 0.80 0.80
SEu 241 2.70 2.70 2.73 3.04 2.77 2.44 3.21 3.67 3.16 2.20 2.28 1.86
(La/Yb)n 6.48 5.37 5.26 5.97 8.03 9.03 5.88 7.45 7.96 5.28 6.43 3.85 5.86
(La/Sm)y 2.69 3.30 3.26 3.13 3.60 3.35 3.72 3.38 3.50 3.51 3.31 2.59 2.65
(Gd/Yb)N 1.65 1.15 1.21 1.29 1.40 1.94 1.42 1.34 1.19 1.03 1.99 0.79 1.83
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Table 4. Cont.

Samples MC-0 MC-1 MC-2 MC-3 MC-4 MC-5 MC-6 MC-7 MC-8 MC-9 MC-10 MC-11 MC-12
Samples TA-3 TA-2 TA-1 TA-0 KA-0 KA-1 KA-2 KA-3 KA-4 KA-5 KC-rock KC-0 KC-1
La 7.58 10.80 13.70 1.25 0.07 0.09 0.11 0.48 0.44 0.48 0.03 0.23 4.20
Ce 12.80 17.90 23.20 1.60 0.15 0.09 0.10 0.61 0.65 0.72 0.07 0.50 1.40
Pr 1.85 2.65 3.41 0.32 0.04 0.02 0.03 0.15 0.14 0.13 0.01 0.13 1.19
Nd 7.77 11.40 15.00 1.37 0.27 0.10 0.11 0.66 0.63 0.63 0.03 0.59 6.11
Sm 1.70 2.51 3.34 0.35 0.19 0.02 0.03 0.24 0.17 0.19 0.01 0.06 2.01
Eu 0.42 0.65 0.82 0.10 0.07 0.01 0.02 0.07 0.05 0.06 0.00 0.01 0.73
Gd 1.40 2.37 3.55 0.37 0.42 0.00 0.07 0.35 0.29 0.23 0.06 0.08 2.88
Tb 0.22 0.35 0.53 0.05 0.11 0.01 0.01 0.07 0.03 0.05 0.00 0.03 0.42
Dy 1.71 2.69 3.46 0.41 0.95 0.06 0.06 0.42 0.35 0.36 0.00 0.15 3.84
Ho 0.34 0.52 0.76 0.12 0.21 0.01 0.04 0.12 0.08 0.09 0.01 0.04 0.76
Er 0.90 1.42 1.76 0.24 0.79 0.07 0.11 0.27 0.27 0.30 0.01 0.16 2.50
Tm 0.16 0.30 0.38 0.06 0.18 0.03 0.01 0.07 0.04 0.06 0.01 0.03 0.57
Yb 1.22 1.90 1.76 0.18 1.17 0.11 0.17 0.30 0.34 0.50 0.00 0.28 291
Lu 0.13 0.23 0.35 0.04 0.10 0.01 0.01 0.06 0.03 0.04 0.01 0.05 0.44
LREE 32.12 45.91 59.47 4.99 0.79 0.34 0.39 2.22 2.09 2.20 0.14 1.52 15.64
HREE 6.08 9.79 12.56 1.46 3.92 0.30 0.47 1.66 1.43 1.63 0.11 0.81 14.31
LREE/HREE 5.28 4.69 4.73 3.42 0.20 1.16 0.83 1.34 1.46 1.35 1.30 1.86 1.09
YREE 38.20 55.69 72.03 6.45 4.71 0.64 0.86 3.88 3.52 3.83 0.24 2.33 29.95
5Ce 0.82 0.81 0.82 0.61 0.74 0.52 0.42 0.55 0.63 0.69 1.08 0.70 0.15
0Eu 2.31 2.04 1.87 1.23 0.15 0.06 0.53 0.59 0.81 0.97 1.07 1.88 0.16
(La/Yb)n 4.19 3.83 5.25 4.82 0.04 0.57 0.44 1.08 0.89 0.64 10.11 0.55 0.97
(La/Sm)y 2.80 2.71 2.58 2.23 0.21 2.36 2.00 1.27 1.61 1.60 3.77 2.22 1.31
(Gd/Yb)N 0.93 1.01 1.63 1.71 0.29 0.02 0.35 0.94 0.70 0.37 23.00 0.25 0.80
Samples KC-2 KC-3 KC-4 KC-5 KC-6
La 2.63 3.57 3.09 2.40 1.79
Ce 1.27 1.27 1.71 1.45 1.11
Pr 0.79 1.02 0.89 0.75 0.58
Nd 4.01 493 4.45 3.89 291
Sm 1.31 151 1.28 1.39 1.02
Eu 0.47 0.55 0.44 0.45 0.34
Gd 2.27 2.22 1.56 1.74 1.67
Tb 0.32 0.35 0.41 0.36 0.26
Dy 2.55 2.71 2.24 2.66 1.95
Ho 0.61 0.55 0.51 0.49 0.38
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Table 4. Cont.
Samples MC-0 MC-1 MC-2 MC-3 MC-4 MC-5 MC-6 MC-7 MC-8 MC-9 MC-10 MC-11 MC-12
Er 1.51 1.66 1.25 1.85 1.30
Tm 0.35 0.38 0.27 0.34 0.17
Yb 2.38 2.45 1.44 2.19 1.20
Lu 0.25 0.45 0.36 0.32 0.27
LREE 10.48 12.85 11.86 10.34 7.74
HREE 10.24 10.78 8.04 9.94 7.20
LREE/HREE 1.02 1.19 147 1.04 1.08
2REE 20.72 23.63 19.90 20.27 14.94
5Ce 0.21 0.16 0.25 0.26 0.26
0Eu 0.20 0.19 0.34 0.26 0.24
(La/Yb)N 0.75 0.98 1.45 0.74 1.01
(La/Sm)yn 1.26 1.49 1.52 1.09 1.10
(Gd/Yb)N 0.77 0.73 0.87 0.64 1.12

All rare earth element values are in ppm; ~XREE = the sum of La to Lu, 6Ce = Cen/(Lan * Pry)%3, 5Eu = Cey /(Smy * Gdn)??, and Lan / Yby, Lan /Smy;, Gdn/ Yby, where N refers to a
chondrite-normalized value [46].
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Figure 4. The REE chondrite-normalized patterns for six red soil profiles in two districts in Indonesia.
Limestone-based profiles (TA-MB), dolomite-based profiles (MC-NA) and basalt-based profiles (KA-
KC) were normalized to the concentration in [47]. Data compared to samples from southern China
and Jamaica [4,22-24,27], respectively.
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Figure 7. Rare earth element migration coefficiencies (ty, ;) vs. depth for six red soil profiles taken
from the studied soil profiles in Indonesia. (a) LREE migration coefficiencies (try ;) and (b) HREE

migration coefficiencies (T ).

4. Discussion
4.1. Source of Red Soil Materials
4.1.1. Major Elements Evidence

Combination of major element ratios can be used to trace material source effec-
tively [23]. In this study, the strong positive correlation between TiO,, Fe,O3 and Al,O3
reflects a similar linear relationship between bedrock and subsoil samples except for KA
and NA profiles, respectively (Figure 8a,b). The characteristic straight-line correlation is
the dissolution line of carbonate rock and suggests that soil profiles undergo typical in situ
weathering [48]. Our results suggest that while the carbonate profiles (TA-MB, MC) and
KC profile indicated possible in situ weathering, profiles KA and NA indicated external
material contribution. Furthermore, the correlation between TiO,, Fe,O3/Al,O3 for KA
and NA soil profiles were linked to the acidic nature of the profiles. For example, the strong
correlation between pH vs. Al,O3 and TiO, for KA (R% = 0.95; 0.78) and NA (R? = 0.80;
0.79) profiles, respectively, suggests that pH influenced element mobility.
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Figure 8. Distribution of major element oxides for six red soil profiles in two districts in Indonesia.
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vs. TiO,. Data compared to samples from southern China and Jamaica [4,22-24,27], respectively.

4.1.2. Trace Element Evidence

Trace element distribution patterns can be used to trace the origin of weathering prod-
ucts [27]. The UCC normalized spider diagrams revealed similar trace element distribution
patterns for the carbonate profiles (TA-MB; MC-NA) indicating inheritance and that the
material has same provenance (Figure 3a,b,e,f); however, there was strong variation for the
basalt profiles (Figure 3c,d). This was interpreted to be as a result of different sources or
possible influence of external materials. The contribution of external material was later
confirmed by the high field strength elements (HFSE) ratio, as these elements with different
valence and ionic radii can be used to explain the addition of aeolian deposition during
chemical weathering [34]. The binary plots in Figure 9 (a) Zr/Th, (b) Nb/Th, (c) Zr/TiO,
and (d) TiO, /Th indicate that the basalt profiles (KA-KC) and NA profiles may be influ-
enced by aeolian deposition, while the straight-line fit confirms in situ weathering for the
carbonate profiles (TA-MB and MC).
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Figure 9. Binary plots of immobile elements (a) Zr/Th, (b) Nb/Th, (c) Zr/TiO, and (d) TiO, / Th for
six red soil profiles in two districts in Indonesia.

4.1.3. Rare Earth Elements Evidence

There is a typical REE pattern for rocks derived from upper continental crust [43]
or from mixed sediments in the upper crust, such as loess [26,49]. For this study, the
REE distribution pattern as displayed in the spider diagram indicated that the subsoil
and bedrock of the carbonate profiles (TA-MB; MC-NA) have a similar pattern with an
incline shape towards the right, suggesting clear inheritance (Figure 4). Conversely, the
basalt profiles” (KA-KC) subsoil and bedrock samples are obviously different with no
inclined trend, suggesting different sources [25] (Figure 4). The REE patterns were similar
to those from southern China [22,27] and Jamaica [4] (Figure 4); however, they differ in
Ce and Eu anomalies due to local physiochemical properties. Most of the soil profiles are
relatively enriched in LREE, with negative Eu anomalies and relatively flat HREE curves.
This REE pattern is typical of sediments derived from UCC and loess. Furthermore, rare
earth element ratios (Layn/Yby and Gdy/Yby) along with dEu parameters can reflect the
evolution trend and source of sediments [24,50]. Post-Archean sedimentary rocks usually
have REE composition values of Layn /Yby <15 [43] while Chinese and Alaskan loesses have
values ranging from 7-10 [26]. The scatter plot of Eu vs. Lan/Yby (Figure 10a) revealed
that the red soil profiles” Eu values ranged from 0.06 in the KA profile to 10.11 in the
KC profile. The 6Eu values of the carbonate profiles (TA-MB; MC-NA) were significantly
larger than those of the basalt profiles (KA-KC) except for two samples of the MC profile
(Figure 10a). The small 6Eu vs. Lan/Yby value range for KA-KC soil profiles recorded
in this study is similar to those reported in Wei et al. for the basalt profile [27]. All our



Sustainability 2023, 15, 4936

20 of 28

samples were notably outside the UCC, Chinese loess and Emeishan basalt value range,
except for the KC bedrock sample, which fell in the Emeishan basalt range. The potential
source of Indonesia red soils was different when compared to southern China and Jamaica
samples, which were within or in close proximity to African dust, Chinese loess and UCC
value ranges (Figure 10a). Conversely, the 6Eu vs. Gdy/Yby plot for the red soil profiles
showed the clustering of profiles in close proximity to the average UCC and Emeishan
basalt values (Figure 10b). However, KA-KC soil profiles had the lowest values except
for the two points in the KC soil profile. This result suggested that the basalt profiles
(KA-KC) with a narrow SEu can be distinguished from the carbonate profiles (TA-MB;
MC-NA), which have a wider range. In addition, the results clearly indicate some amount
of mixing of source material and the influence of external material, especially for KC and
NA profiles. According to the geochemical ratios discussed, the evidence strongly supports
in situ weathering for carbonate profiles (TA-MB and MC), indicating a similar material
source, i.e., limestone and dolomite, respectively. Conversely, the basalt profiles (KA-KC)
and NA profile, although influenced by underlying bedrock, also had contribution from an
external source. Our study further revealed some clustering of profiles with few sample
points falling outside the average range of UCC, Chinese loess and Emeishan basalt values,
representing potential detrital components, eolian material and igneous rocks, respectively
(Figure 10a,b). The geochemical evidence supports the notion of mixing of material and the
contribution of external materials. The profiles are located in a volcanic area surrounded
by a complexity of other lithologies that can influence elemental composition and behavior.
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Figure 10. (a) Eu vs. Layn/Yby and (b) Eu vs. Gdy/Yby plots for six red soil profiles in two
districts in Indonesia compared with UCC, Chinese loess and Emeishan basalt for potential genesis.

4.2. Elemental Behavior during Weathering and Pedogenesis

Lateritic soil formation processes are mainly controlled by Fe, Al and Si geochemistry.
The major element contents indicate positive correlations in the carbonate profiles, with few
exceptions for the NA profile, which are similar to findings in southern China and Jamaica
(Figure 8a—f). However, the basalt profiles indicate more variability with positive and
negative correlations among the major elements (Figure 8a—f). The positive and negative
correlations among these elements illustrate the accumulation and dissolution of mineral
phases [23]. Major elements’ behavior (Al, Fe) is primarily controlled by pH and redox
and soil hydrological conditions due to the monsoon climate [23,24]. For example, the
strong correlation between pH vs. Al for KC (R% = 0.95) and NA (R? = 0.80) soil profiles
indicates that solubility of the element oxides is controlled by pH. Similarly, the acidic
nature and water availability of KA-KC and NA profiles (low pH 4.6-5.5; Table 2) provided
the reducing condition for the precipitation of Fe?*-forming minerals. Lithology seems to
have an influence on major elements’ distribution and behavior, as the carbonate profiles
indicate relatively even distribution and similar behavior while the basalt profiles and NA
profile tend to indicate uneven distribution and show different behaviors among the major
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elements. In the tropical humid climates, strong hydrolysis results in the rapid dissolution
of weatherable minerals, e.g., plagioclase and pyroxene can be indicated by the loss of
K, Na and Mg, respectively [51], and the formation of new secondary clay minerals and
ferric hydrates. The consistently flat and elevated tau values for the carbonate profiles were
because carbonate is much easier to dissolve, and therefore the originally small amounts of
silicates in the carbonate rock are greatly inflated. In addition, the frequent wet—dry cycles
and leaching activities result in the formation of different secondary clay minerals. The NA
profile behaves differently due to its geomorphic position, being located between carbonate
sedimentary rocks and unconsolidated sediments at much lower elevation and so being
affected by eluviation and deposition of materials from other sources.

In our red soil profiles, some trace elements, such as Be, Rb and Sr concentrations in
the subsoil samples of both carbonate and basalt profiles, were distinctly lower than UCC
normalized spider values, i.e., <1 (Figure 3a—f). This indicates that these soluble mobile
elements were strongly leached and exported from the soil profiles in solution after intense
chemical weathering. Alkali elements K and Rb are dominant in K-feldspars, illite and
kaolinite mineral [52], and they have similar chemical characteristics that may function
similarly in minerals [53]. Meanwhile, the element Be can form complex hydroxides in
solution, therefore can be leached from the profiles. The ionic potential of Sr>* (1.8) is
relatively similar to that of Ca?* (2.0) [54] and so behaves chemically similar, hence is
readily substituted as Ca in calcium carbonate [52]. As compared with the normalized UCC
values, Sr is significantly depleted as rapid removal occurs during chemical weathering [38].
Similarly, heavy depletion of Rb and Sr were reported for limestone [22], dolomite [22,23]
and basalt [27] in southern China.

According to the migration coefficient, the transitional elements Cr, Co, Ni, Cu and
Zn are being constantly depleted throughout the carbonate profiles with no evidence of
reconcentration at lower sections, except for the NA profile (Figure 6). Conversely, the
enrichment in Cu, Ni and Zn in the basalt soil profiles may be due to the formation and
precipitation of secondary mineral containing Fe, P and Mn oxide/hydroxides as there
were strong correlations among the elements. Usually in a stable soil environment, some
minerals tend to dissolve and to lose elements, whereas other minerals precipitate at lower
sections to gain elements [35]. This oscillatory depletion and enrichment trend for tTh, j
was not observed, which suggests that the dissolution and precipitation processes were
not in equilibrium. The high Cr and Ni concentrations indicate the presence of a mafic
component in the source region for KA-KC profiles. Furthermore, Fu et al. [30] pointed out
that besides olivine, primary serpentine may provide an extra source of Ni in laterite soils.
The behavior of multiple valence elements, e.g., Co, Cr, is considered to be redox-sensitive
during chemical weathering [55-59]. The element Co naturally occurs as Co?* in solutions
whereas the solubility of Co®* 339 is extremely low [55]. Similarly, the reduced Cr>* 340
ions are immobile and insoluble [60]; however, under oxidized condition Cr forms soluble
oxygen-bearing compounds, and transports as chromate or dichromate [60-62].

Generally, under mild and humid conditions, intense chemical weathering allows
REEs to become more mobile [27]. The REE contents in the KA profile (Figure 4) were
relatively low, which we interpreted as a low proportion of REE-bearing minerals such as
allanite, monazite, xenotime and apatite [63]. The constant depletion in REEs (LREE and
HREE) throughout the entire carbonate profiles, as indicated by the migration coefficient,
was attributed to the dissolution of stable REE-bearing minerals [64] as a result of the
monsoonal climate. However, the enrichment in LREE for the basalt (KA-KC) and NA
profiles was due to the ability of the ions to form stable secondary minerals, resulting in
accumulation at different sections of the profiles (Figure 7a). This was confirmed by the
positive correlation between REEs and Cr, Co, Fe, P and Mn. The enrichment of LREEs is
mostly common in the supergene environment as stated by Braun et al. [65], indicating that
LREEs are more distributed in laterite profiles. The enrichment in LREEs has been inherited
from the parent rock and may be due to the formation of secondary LREE-bearing minerals
such as rhapdophane [63]. The mobilization or fractionation of REEs in weathering profiles
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is mainly controlled by weathering conditions and the stability of primary and secondary
REE-bearing minerals [63,66]. Similarly, the relatively stable HREEs in the KA profile
was entirely leached and transported out of the profile by soil solutions after extreme
weathering. REEs’ fractionation occurs during late stages of chemical weathering. The
fractionation is caused by the preferential leaching of rocks comprised of stable and unstable
minerals, hence the uneven distribution of elements in the basalt and NA profiles while
the carbonate profiles were composed of stable minerals containing REEs. A similar REE
distribution and behavior pattern was reported for carbonate soil samples from southern
China [22,27] and Jamaica [4] with the exception in Ce and Eu anomalies; however, it was
slightly different for basalt profiles, especially the KA profile (Figure 4). Most stable REEs
have an oxidation state of 3+ [67]; Ce and Eu are quite different as they may occur in a 2+
reducing state and 4+ oxidizing state [55]. During chemical weathering, Ce®* is readily
oxidized to Ce** and precipitate as CeO; [61,65,68]. Therefore, the increase in Ce for the NA
profile resulted from oxidizing conditions present in the lower section. A similar increase
in Ce was reported for soil samples from southern China (Figure 4). On the other hand, the
depletion in Ce for the carbonate bedrock samples was similar to findings reported by Ji
et al. [24], which suggested that carbonate weathering crust usually exhibited a negative
Ce abnormality. Most carbonate bedrocks display a negative Ce anomaly due to ionic
radii and coordination numbers [67]. The behavior of Ce in KA and KC profiles was due
to the acidic conditions as there was correlation with pH (R? = 0.46, 0.86), respectively.
Similarly, the Eu?* ionic radii behavior was influenced by redox reactions. The ionic radii
of Eu?* closely resembles that of Sr** and so they display similar geochemical behavior
under reducing conditions [69]. The negative Eu anomalies indicate that Eu-bearing phase
minerals are being preferentially dissolved during weathering, which is consistent with
the dissolution of plagioclase in lithologies [70]. The negative Eu anomaly display by the
limestone and dolomite profiles may be linked to the partial dissolution of feldspars [55].
Based on the normalized spider diagrams, migration coefficient and the geochemical tracer
evidence discussed, the red soils in Indonesia experienced dynamic elemental behavior.
The accumulation and depletion of preferential trace and REEs in the soil profiles were due
to the nature of the parent rock, controlled by the stability of secondary oxides/hydroxides
and redox sensitivity of the environment.

4.3. Chemical Weathering and Pedogenesis of Red Soil Profiles

Chemical weathering and pedogenesis processes represent the dissolution of plagio-
clase/feldspar and illite/smectite minerals and the formation of gibbsite and kaolinite
minerals [23]. Under strong leaching and acidic conditions, feldspar intensely weathers and
hydrolyses, and kaolinite can be mass produced by neoformation [71]. The ternary diagram
(A-CN-K) indicates the molar proportions of Al,O3, (A-apex), CaO + NaO (CN-apex) and
K,O (K-apex); these are commonly used to illustrate weathering intensity and trend [72].
According to the ternary diagram in this study, most of the soil samples indicate intense
chemical weathering conditions (Figure 11a,b) with subsoil samples clumped at the A
apex. The basalt profiles (KA-KC) and MC profile are found at the extreme tip of the apex,
followed by TA soil samples which fall left, along the A-CN join to Al,O3 apex. Conversely,
the NA and MB profiles fall to the right along the A-K join to the Al,O3 apex, indicating
the depletion of K,O, CaO and Na,O and enrichment of Al,O3 during the formation of
secondary clay minerals. This weathering trend towards the production of gibbsite and
kaolinite minerals is often seen in subtropical and tropical regions [73]. The position of
the KA-KC and MC profiles on the diagram were supported by high average CIA values
of 97, 99.4 and 98.9, respectively, although some soil samples generally overlap. Similar
findings were reported by Ji et al. [23,24,74] and Lu et al. [75] whereby the bulk of the soil
samples accumulated in the A apex region. The clay mineral was dominated by kaolinite
and gibbsite followed by few samples with minerals illite and smectite. The small variation
in clay mineral assemblages and weathering degree may be attributed to the difference in
lithology and age. The intrusive rocks and metamorphic rocks from the region are much
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(a)

older and exposed to the surface longer than sedimentary rocks, as reported by Peucker-
Ehrenbrink and Miller [76]. Furthermore, chemical weathering seems to be more advanced
in the basalt profiles (KA-KC) than in the carbonate profiles. During the initial stage of
weathering, particularly at the weathering front, the basalt bedrock samples (KA-KC) have
higher CIA values of 85 and 72, respectively, indicating moderate weathering intensity,
while the carbonate bedrocks have much lower CIA values (18-61). Mafic minerals such
as pyroxenes or chlorite generally weathered more readily than quartz or orthoclase [77].
In addition, elevation could also explain the small variation in clay mineral assemblages
and weathering degree, as the lower elevation profiles tend to have higher CIA values.
Similarly, Ouyang et al. [78] pointed out that clay mineral composition is related to the
parent material, climate and micro-topography. Chemical weathering intensity in red soil
profiles can be estimated by the CIA [18]. Generally, a CIA values range of 60-80 indicates
moderate weathering degree, while values in the range of 80-100 indicate intense weather-
ing [79-81]. The red soils in Indonesia recorded high CIA values, especially in the subsoil
layer, with an average value of >92 indicating intense chemical weathering (Table 2). This
represents a shift from illite/smectite to gibbsite/kaolinite in these profiles, as CIA increases
towards 100 (Figure 11a,b). Kaolinite is the most stable phyllosilicate mineral in extreme
hydrolytic weathering environments and therefore the dominant secondary mineral in
highly weathered soils [82]. In comparison to other CIA values, our values are slightly
similar to those reported in Ji et al., Wei et al., Lu et al. and Beckford et al. [23,27,75,83]
for southern China, but higher than those reported for UCC [42], NASC [84], European
red clay [85,86], the world-wide loess [49] and the red earth of eastern China [80]. This
finding suggests that red soils are strongly weathered and may be distributed along ge-
ographical latitude with similar climate, where the prevailing environmental conditions
have remained constant over a long geological time. The relationship between CIA and the
major oxides (Figure 12a—f) revealed mostly a positive correlation for the carbonate profiles,
except, however, for a few oxides in the basalt profiles (KA-KC) and NA profile. In contrast,
the content of CaO indicates a negative correlation with CIA for all the red soil profiles,
which was similar to findings reported by Wei et al. [27] for southern China. The general
negative relationship between CIA values and CaO indicates that the variation is linked to
the weathering intensity of the soils. The negative correlation of CIA with TiO,, Fe;O3 and
SiO; contents in KA-KC and NA profiles cannot be explained as control of quartz on CIA,
but rather by the influence of pH.
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Figure 11. (a) Basic A-CN-K ternary diagram for six red soil profiles in two districts in Indonesia
where Al,O3 = (A), CaO+NayO = (CN) and K;O = (K). The position and orientation of minerals is in
accordance with [72]. (b) Magnified apex region showing weathering trend [72].
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Figure 12. Variation plots of major oxides versus CIA for the six red soil profiles in two districts
in Indonesia. (a) Al,O3, (b) Fe;O3, (c) SiO,, (d) TiO,, (e) CaO, (f) K;O vs. CIA. Data compared to
samples from southern China and Jamaica [4,22-24,27], respectively.

5. Conclusions

Our findings from the geochemical evidence materialized in this research indicate
that red soils from carbonate profiles have similar material sources with close inheritance
to that of the underlying bedrock. The basalt profiles, while having close affinity to their
bedrock, also show an external material contribution. Furthermore, the weak correlations
of immobile element ratios Zr/Th, Nb/Th, Zr/Ti and Ti/Th for the basalt profiles and
NA profile confirmed external material contribution. In comparison to the average UCC,
Chinese loess and Emeishan basalt samples, the end members in this study indicate mixing
and some amount of foreign material contribution. The geochemical evidence and elemen-
tal ratio suggest that the red soils of Indonesia more likely originate from a combination
of insoluble residues of parent bedrock and polygenetic sources. The carbonate profiles
were characterized by having enrichment in major elements (Al, Fe, Si) with preferential
depletion in bases (K, Na) while the basalt profiles experienced both enrichment and de-
pletion among the elements. In addition, the other elemental group (transitional and rare
earth elements) revealed dynamic behavior with relatively constant depletion and even
distribution throughout the carbonate profiles, while the basalt profiles indicate uneven
distribution with enrichment and depletion in different sections of the profiles. The varia-
tion in elemental behavior and weathering intensity are linked to lithologies, age and local
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physiochemical conditions. The dynamic elemental behavior and high weathering degree
have important implications, not only for the origin and evolution of red soils in tropical
areas, but also for the role they play in the global element cycle.
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