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ABSTRACT

The ophiolite complex in Chishang, Eastern Taiwan, exhibits a wide variety of soil parent materials,
resulting in notable variations in elemental composition and pedological properties. This study
characterized soils from four pedons along a toposequence, focusing on mineral composition,
micromorphology, general properties, and elemental composition. A mass balance model quantified
the mobility of clay, along with major and trace elements. The soils predominantly comprised
chlorites, feldspars, quartz, micas, and calcite, with higher silica (Si) concentrations followed by Al.
Some of the studied soils had elevated Ca/Mg ratios (> 1.0), indicating a primary derivation from
sedimentary parent material, such as mudstone. However, concentrations of Cr (71.2 to 105.0 mg
kg™), Ni (43.2 mg kg "), and Co (20.3 to 27.9 mg kg ') were notably lower than those reported in
other global studies on ophiolite complexes. A significant and positive correlation occurred between
Fe- and Al-oxides and Cr, Ni, and Co. The poor correlations between these trace metals and other
soil properties (pH, organic carbon, Ca/Mg ratio, rare earth elements) suggest that these factors
had limited influence on Cr, Ni, and Co concentrations. The strong (p < 0.01) correlations among
trace metals indicate a genetic linkage formed during soil development rather than anthropogenic
activities. Additionally, trace metal enrichment in surface soils, as evidenced by the increase of clay
and Fe/Al oxides, implies that these components provide crucial adsorption sites for Cr, Ni, and Co.
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active plate boundaries. Soils derived from ophiolites are relatively rare on the Earth’s
surface, mainly found near tectonic plate boundaries such as those in the circum-Pacific
region and the Mediterranean (DiPietro, 2013; Dilek & Furnes, 2014). Despite their
limited distribution, soils in ophiolite complexes are of great scientific interest because
they offer valuable insights into the sources of detrital materials, geodynamic processes,
and soil formation scenarios (Bédard et al., 2019; Gawlick & Missoni, 2019; Robertson et
al., 2020). For instance, the elemental composition of soils within the ophiolite complex
in eastern Taiwan, which originated from marine sediments during the convergence of
the Eurasian continental and Philippine oceanic plates, was significantly influenced by
pedogenic processes, topographic position, and the composition of the parent material
(Cheng et al., 2009). The concept of parent material, referring to the original rock types
from which the components of an ophiolite are derived, is central to understanding these
soils’ chemical and mineralogical properties.

Soils from ophiolite complexes typically exhibit considerable variation in the
geochemical concentrations of trace metals. For example, in the soils of the Zhob Valley
in Pakistan, the total concentrations of chromium (Cr; 588-1929 mg kg'), nickel (Ni;
665-1725 mgkg™'), and cobalt (Co; 2.5-14.5 mg kg') were several times higher than those
found in benchmark soils, where Cr, Ni, and Co concentrations were 34.8 mg kg™!, 541 mg
kg, and 1.2 mg kg, respectively (Ullah & Muhammad, 2020). In addition, serpentinites,
which form a significant part of ophiolites, are primarily composed of serpentine minerals
such as antigorite, lizardite, and chrysotile, along with other minerals like talc, calcite,
brucite, chlorite, magnetite, and chromite (Hseu et al., 2018; Yang et al., 2022). Besides
their high concentrations of Cr, Ni, and Co, soils from ophiolitic complexes often exhibit
low calcium (Ca) to magnesium (Mg) ratios and reduced levels of essential macronutrients,
including nitrogen (N), phosphorus (P), and potassium (K). These characteristics contribute
to the development of unique flora and distinct soil properties, which can significantly affect
local ecosystems (Hseu et al., 2018; Merrot et al., 2021; Tazikeh et al., 2018; Yang et al.,
2022). The low Ca/Mg ratio, coupled with the high trace metal concentrations, presents
significant challenges to agricultural productivity in these regions (Hseu et al., 2018).

The origin and landscape of soils within ophiolite complexes are closely linked to
their marine sedimentary origins, leading to distinct variations in elemental composition
and pedological characteristics. Hseu et al. (2007) reported that the concentrations of Cr
and Ni in soils derived from serpentinites were five to ten times higher than those in soils
derived from mixed mudstones in an ophiolite complex in Eastern Taiwan. The finding
underscores the critical role of parent material in determining the geochemical composition
of'soils derived from sedimentary sources and the behavior of these elements under various
environmental conditions (Tazikeh et al., 2018). In addition to the parent material, various
soil properties, including pH, the presence of iron (Fe) oxides (Fe,0s), Fe sulfides, Fe-
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bearing clay minerals, manganese (Mn), and organic matter (OM) play significant roles in
controlling the distribution of trace metals in terrestrial environments (Bolafios-Benitez et
al., 2021; Merrot et al., 2021; Rinklebe & Shaneen, 2017). At low pH, Cr is reduced and
adsorbed onto the surfaces of OM and Fe oxides, forming highly stable and less mobile
Cr (IIT) species (Baralkiewicz & Siepak, 1999).

However, Mn acts as a critical oxidant, forming the toxic and carcinogenic Cr (VI)
species at high pH (Hseu, 2018; Merrot et al., 2021; Morrison et al., 2015). Similarly, the
solubility and mobility of Ni and Co increase with decreasing soil pH, with Ni (II) and
Co (II) being the more stable species under varying pH levels and oxidation-reduction
conditions (Ma & Hooda, 2010). The mass balance model has determined the geochemical
behaviors of trace metals in soils (da Silva et al., 2020; Ito et al., 2021; Wu et al., 2024).
This model accounts for the addition, removal, and redistribution of elements within a soil
profile relative to its parent material, making it a critical tool for understanding the fate
of trace metals during soil formation and evolution (Chadwick et al., 1990; Hum et al.,
2024; Wu et al., 2023). In addition to trace metals, mass balance models have been widely
applied to major elements, providing insights into the interactions of these components
within the soil system (da Silva et al., 2020; Ito et al., 2021; Hum et al., 2024; Wu et al.,
2023; Wu et al., 2024).

Despite the importance of the mass balance approach, limited studies have specifically
applied it to investigate the mobility and distribution of Cr, Ni, Co, and other major elements
during soil formation, particularly in soils derived from sedimentary parent materials, such
as those found in ophiolitic complexes. Applying mass balance models provides a valuable
approach for evaluating the behavior of trace metals and major elements in ophiolitic
soils, allowing quantification of the rate of gains and losses of elements throughout the
soil profile, thereby revealing the processes that influence their distribution and mobility.
These rates were measured relative to the immobile element, such as titanium (Ti), which
remains stable and provides a reference point during weathering (Chapman & Horn, 1968;
Egli et al., 2008; Harnois, 1988; Hum et al., 2024; Wu et al., 2023). This approach offers
critical insights into mechanisms such as leaching, which removes soluble metal forms;
adsorption onto clay minerals; complexation with various inorganic ligands; and secondary
mineral formation that can immobilize metals under certain conditions (Chadwick et al.,
1990; da Silva et al., 2020; Hum et al., 2024; Ito et al., 2021; Wu et al., 2023).

Studies on soils from ophiolite complexes have advanced significantly, with a focus on
the environmental impact of trace metals and their elemental composition. These studies
have highlighted the dual role of these soils: They can be relevant for agriculture yet pose
undeniable threats to environmental sustainability due to their unique chemical properties
(Hseu, 2018; Morrison et al., 2015; Yang et al., 2022). Understanding the geochemical
background concentrations and distribution of major and trace elements in ophiolitic soils
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is essential for effective pedological and environmental assessments, providing valuable
information for land management and conservation efforts (Hseu et al., 2018). This study
was conducted (1) to identify and characterize the parent materials of ophiolitic soils from
Eastern Taiwan, (2) to analyze the elemental composition of these soils, (3) to explore the
relationships between trace metals and pedogenic factors, and (4) to assess the mobility
of soil components in these complex and dynamic environments.

MATERIALS AND METHODS
Site Description and Sampling

The study area was located in the ophiolite complex that belongs to the Miocene-aged
Lichi Formation in the township of Chishang, Taiwan (Figure 1) (Ho, 1988). Four soil
pedons along the south-facing gradient transect were selected from the summit (CP1), upper
backslope (CP2), lower backslope (CP3), and foot slope (CP4) with elevation ranges from
290 to 343 m above sea level (Table 1). The climate condition of the study site is tropical
humid, with massive rainfall and tropical cyclones from May to September. The mean
annual air temperature is 22.5 °C, and the average rainfall is 1800 mm. The soil moisture and
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Figure 1. (a) Location of the studied soils and their geological and topographic map; and (b) studied pedons
(CP1-summit, CP2-upper backslope, CP3-lower backslope, and CP4-footslope)
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Table 1
Geographic information and classification of the studied pedons
Elevation Slope i

Pedon Location m (y:) L;:)l:istic:l[: ‘ Classisffl)cliltion1
CP1 N 23°04'16.82", E 121° 13' 21.64" 343 15 Summit Typic Dystrudept
CP2 N 23°04'11.95", E 121° 13' 16.34" 322 15  Upper backslope Typic Dystrudept
CP3 N 23°04'10.05", E 121° 13" 14.72" 310 10 Lower backslope Typic Dystrudept
CP4 N 23°04'09.21", E 121° 13" 11.04" 290 5 Foot slope Typic Dystrudept

Note. ! Soil Taxonomy (Soil Survey Staff, 2022)

temperature regimes are udic and hyperthermic, respectively. The vegetation is dominated
by tropical deciduous trees (Annonaceae sp.), exotic trees (Leucaena leucocephala), and
perennial grasses (Oplismenus hirtellus, Carex obnupta, Cortaderia jubata, and Saccharum
spontaneum). The field morphological description was determined according to the protocol
suggested by the U.S. Soil Survey Manual (Soil Science Division Staff, 2017). The soil
samples were collected according to genetic horizons, air-dried, and gently crushed to pass
a 2-mm sieve for laboratory analyses.

Characterization of the Studied Soil

The bulk density (Bd) was measured using the core method (Blake & Hartge, 1986). The
pH was measured using a mixture of soil and deionized water (1:1, w/v) with a glass
electrode (McLean, 1982). The Walkley-Black wet oxidation method was used to determine
the organic carbon (OC) content (Nelson & Sommers, 1982). Cation exchange capacity
(CEC) and base saturation (BS) percentage were determined by the ammonium acetate
method (pH 7.0) (Rhoades, 1982). The particle-size distribution of the soil samples was
determined using the pipette method (Gee & Bauder, 1986). Dithionite-citrate-bicarbonate
(DCB) extraction was used to determine the dissolved crystalline and noncrystalline Fe-
and Al-oxides (Mehra & Jackson, 2013).

The total concentrations of silicon dioxide (SiO,), aluminum oxide (Al,O3), Fe,0s,
potassium oxide (K,0), calcium oxide (CaO), magnesium oxide (MgO), sodium oxide
(Na,O), manganese oxide (MnO), and titanium dioxide (TiO,) were determined after the
following pretreatment of the sample procedure: A soil sample of 0.6 g (<75 pum) was
combined with 6.0 g of flux composed of 49.75% Li,B,0,, 49.75% LiBO,, and 0.50%
LiBr in a Pt-Au crucible. The mixture was fused using a fusion instrument (Claisse M4,
Malvern Panalytical, UK) for 13 min with a liquefied petroleum gas and air flame. After
fusion, the clear melt was poured into a 32 mm Pt-Au mold and cooled to room temperature.
The uniform fused glass disk was used to determine major elements using a wavelength-
dispersive X-ray fluorescence spectrometer (WDXRF; Axios™X* Advanced WDXRF,
Malvern Panalytical, UK).
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The total concentrations of trace elements (Cr, Ni, and Co) were measured following
digestion with a mixture of HF- HNO;-HCI, as outlined in the U.S. Environmental
Protection Agency’s protocol (method 3052; U.S. Environmental Protection Agency,
2021). The digestion process was associated with a microwave oven system (Speedwave
Entry, Berghof, Germany) at a gradual temperature increase of 180 °C in 10 min and
further sustained at the same temperature and time. The concentration of all major and
trace elements in the extraction and digestion solutions was quantified using inductively
coupled plasma optical emission spectroscopy (ICP-OES; Optima 2100DV, PerkinElmer,
Waltham, USA).

Mineralogical and Micromorphological Analyses

The powdered sand fractions (0.05-2 mm) by the pipette method were used for the mineral
composition determination of the parent materials using X-ray diffraction (XRD, MiniFlex
600 Powder Diffractometer, Rigaku, Japan). The XRD patterns of the samples were obtained
from 0° to 70° 20 at a scanning rate of 10° 26 min’'. Furthermore, micromorphological
characteristics and primary minerals were identified on thin sections of soil with a polarized
light microscope (DM2700 M, Leica, Germany).

Elemental Mass Balance Calculation

The elemental mass balance approach was applied to estimate the gain and loss of the clay
fractions, major elements (Si, Al, Fe, Ca, and Mg), and trace metals (Cr, Ni, and Co) in the
studied pedons. The mass variation of the target element (j) was compared with the relative
immobile index element (i) with the consideration of soil volume changes during soil
development. Strain [¢], which stands for the volume change, was calculated based on the
following equation (Brimhall & Dietrich, 1987; Brimhall et al., 1992; Chadwick et al., 1990):

Eiw™ (ppCi,p /pri,w) -1 [1]

where subscripts p and w represent the parent material and the weathered soil, respectively.
p stands for Bd, while C refers to target and index element concentration. & was employed
to get the mobility of the target element (j) in the soils. The mass transfer coefficient (t;,,)
was calculated, followed by the equation below:

T = (0uCin  PyCip)( &1 1)) = 1 (2]

where the positive value indicates the net gain of the target element (j) related to the parent
material while the negative value represents the net loss, in Equations 1 and 2, C horizons
in the studied pedons were regarded as the parent material, and Ti was employed as the
immobile index element in the calculations.
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Quality Assurance and Control and Statistical Analysis

A standard reference material, SRM 2709a (San Joaquin Soil) from the National Institute
of Standards and Technology (NIST), USA, was also digested and analyzed using the
U.S. Environmental Protection Agency (2021). The recoveries of the trace metals were as
follows: Cr, 104%; Ni, 89.6%; Co, 94.60%. Additionally, a certified reference material,
BCR-2 (Columbia River Basalt) from the United States Geological Survey, was also
analyzed using WDXRF. The recoveries of targeted elements from the BCR-2 were as
follows: Si, 99.6%; Ti, 100%; Al, 100%; Fe, 99.9%; Mn, 101%; Mg, 99.6%; Ca, 100%:;
Na, 110%; and K, 101%. For every 10 sample sets, a blank and spiked procedure was
performed for interference assessment and contamination check.

Statistical software R (version 4.1.0) was used to perform Pearson’s correlation
coefficient (r) analysis for the linear correlation among soil properties. The statistical
significance levels are as follows: *p < 0.05, **p < 0.01, and ***p < 0.001.

RESULTS AND DISCUSSION
Parent Material and Micromorphology

This study utilized XRD to identify the primary minerals present in the sand fractions of
ophiolitic soil. That is, chlorites were identified by peaks at 1.44, 0.72, 0.48, 0.46, and
0.15 nm; feldspars were characterized by peaks at 0.64, 0.43, 0.39, and 0.38 nm; quartz
was indicated by peaks at 0.25, 0.18, and 0.17 nm; micas were identified from peaks at
1.00, 0.33, and 0.20 nm; and calcite was observed from peaks at 0.23 and 0.17 nm (Figure
2). The abovementioned minerals suggested a complex mineralogical composition that
deviates from the typical ophiolite parent materials. Ophiolites were generally expected to
be composed mainly of minerals such as serpentinized amphibole, pyroxene, and accessory
olivine, which reflect the soils developed, particularly those that have not undergone
extensive weathering (Dilek & Furnes, 2014; Kiilah et al., 2014). However, the dominance
of chlorites, feldspars, quartz, micas, and calcite in the studied soils indicated that they
were predominantly derived from other parent materials rather than serpentinites. Instead,
the mineralogy of these soils suggested a significant influence from marine sediments,
particularly mudstones, which were known to contribute to the mineral diversity found in
ophiolitic soil profiles (Hseu et al., 2007; Kiilah et al., 2014). Additionally, no slickensides
or visible cracks, typically characteristic of soils derived from fine-textured marine
sediments, were observed in the field, and this corresponded with the absence of smectite
in the XRD results. Furthermore, the relatively lower number of peaks and peak intensities
for serpentine (0.72 and 0.22 nm), chrysotile (0.36 and 0.15 nm), and talc (1.0, 0.31 and
0.25 nm) suggested that these minerals were present in smaller quantities than expected.
However, kaolinite appears to be identified by the peaks at 0.72 nm and 0.36 nm in the
XRD spectra, which are characteristic of soils derived from fine-grained marine sediments.

Pertanika J. Trop. Agric. Sci. 48 (3): 991 - 1017 (2025) 997



Marvin Decenilla Cascante, Cho Yin Wu, Chia Yu Yang, Hui Zhen Hum and Zeng Yei Hseu

-0.33 nm (Qtz, Mic)

e =
<
V] g
o = 2 |ls = =
= By o) ) g = = A
g a3 e g |2 & S T
= 4 ZEo S Sgoay |7 N o2 5 2 N N =
2 & EF = SisgsH N =2 5 2 N N =
S & S CTIZELC [T g d s & 2 & U
= = Sz = =D oo = a = g g g =
§ § K] 5§ Bc585 g 85 2 2 = g g
S8 EE 2 B a g ‘
I 8 ©3 %% (238 4 8 8 ] = = =
-~ -~ Qe S o |loco c o © o < < S
1 . . ' ' . L ] ' ) Ll ' . '
A ad - ) W VA Y A A A A__ CP1-Bwl
A A L‘A.—JA A I A A L An A m__ CP2-A
i J Jb«l | N SV A A JA_. CP3-BC
. . J.._.._Nl_ e h A M__CP4-C

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
°20

Figure 2. X-ray diffraction pattern of the sand fractions in ophiolite soils (CP1-Bw1, CP2-A, CP3-BC, and
CP4-C). Chl = chlorite, Fel = feldspar, Qtz = quartz, Mic = micas, Ser = serpentine, Chr = chrysotile, Tal
= talc, Kao = kaolinite

This observation is consistent with the findings of Hseu et al. (2007). Moreover, talc could
also potentially overlap with mica near 1.00 nm. This indicated that the soils had been less
influenced by serpentinites than one might anticipate, implying a more complex geological
history involving altering the original ophiolitic materials during their formation. This
alteration reflects the broader geological processes and environmental conditions that have
impacted the ophiolite complex over time.

Plane-polarized light (PPL) and cross-polarized light (XPL) microscopy images
verified the presence of minerals previously identified by XRD. Under PPL, chlorite was
recognized by its colorless to pale green appearance, showcasing its pleochroic behavior
as it changed intensity with the rotation of the microscope stage. When viewed under
XPL, chlorite displayed striking blue interference colors, which is characteristic of this
mineral (Figure 3a). Feldspar, which is a significant rock-forming mineral commonly
found in ultramafic and sedimentary parent materials (Verrecchia & Trombino, 2021), was
identified by its distinctive features. Under PPL, feldspar exhibited a tabular parallel habit
with a cloudy color; under XPL, it showed a distinctive polysynthetic twinning pattern
with interference colors ranging from gray to white (Figure 3a). Quartz was identified by
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Figure 3. Photomicrographs of the thin section (left, plane polarized; right, cross-polarized light) showing:
(a) chlorite, feldspar and quartz in Bw2 horizon of CP2 pedon; (b) quartz and micas from CB horizon of
CP3 pedon; (¢) calcite in Bw2 horizon of CP2 pedon; (d) quartz and serpentine in CB horizon of CP4 pedon;
€ chlorite, chrysotile, and quartz in A horizon of CP1 pedon; (f) and talc in Bw1 horizon of CP3 pedon

detrital grains that appeared colorless or white under both PPL and XPL. These grains were
observed consistently across multiple photos (Figures 3a, 3b, 3d, and 3e), reinforcing the
identification of quartz by the XRD. The presence of micas group minerals was indicated
by laminar grains that showed brown to brownish-green colors with white to gray bands
under PPL. Under XPL, these grains exhibited bright colors ranging from pink to green to
blue (Figure 3b). This range of interference colors is typical for mica minerals and helps
identify them. Calcite was identified by an aggregate of white grains with pink to gray
borders under PPL. When observed under XPL, calcite displayed high-order interference
colors, which are indicative of its high birefringence (Figure 3c). The identification of the
primary minerals in the thin sections using polarized light microscopy was based on the
mineralogical criteria described by Deer et al. (2013).

The thin sections also revealed the presence of serpentine, chrysotile, and talc.
Serpentine minerals were identified by their platy texture, which appeared white under PPL
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and showed gray to yellow interference colors under XPL. Chrysotile, a fibrous variety of
serpentine, appeared with a parallel fibrous texture that was white in PPL and displayed
gray to yellow colors under XPL (Figures 3d and 3e). Furthermore, the presence of talc
was indicated by a flaky aggregate with an irregular bladed texture that appeared colorless
with hints of very pale green under PPL. Under XPL, this aggregate displayed high third-
order interference colors.

The detailed observations under PPL and XPL offer a comprehensive and conclusive
verification of the mineral composition in the ophiolitic soils, providing nuanced insights
that strongly corroborate the findings from XRD. The presence of tectosilicates such
as feldspar and quartz, as well as phyllosilicate minerals like chlorite, serpentine group
minerals, and micas, matches the expected outcomes. This evidence suggested that the
parent materials of these soils were lithified, fine-grained sediment particles that weathered
from various minerals and rocks, which underwent chemical alteration during tectonic
movements (Macquaker et al., 1997; Lazar et al., 2015). Serpentine group minerals
are generally not found in soils derived from sedimentary parent materials, particularly
mudstone, due to their specific formation conditions (Perri et al., 2021). Their presence
in the studied ophiolitic soils indicated a significant tectonic event and reflected the
incorporation of primary minerals from serpentinites.

Soil Physical and Chemical Characteristics

Table 2 provides a detailed overview of the selected soil characteristics across the studied
ophiolitic soil pedons. The particle size distribution in these pedons showed no distinct
variation, with the clay fraction consistently dominating. Specifically, the clay content
ranged from 45.0% to 62.5%, surpassing the sand fraction, which varied between 2.5% and
40.0%. This trend was evident across all pedons, with the highest clay content observed
in the lower backslope pedon (CP3) and the lowest in the foot slope pedon (CP4). The
study further revealed that soil Bd tended to be lower in the surface horizons across all
pedons compared to the subsurface horizons, indicative of the higher OM content (Jiménez-
Ballesta et al., 2024). The soil pH values across the pedons were found to be slightly to
moderately acidic, ranging from 6.1 to 6.9. Notably, these pH values remained consistent
with increasing depth, suggesting a relatively uniform distribution of acidity throughout
the soil profiles.

In terms of organic carbon (OC) content, the surface horizons exhibited relatively
higher levels, ranging from 5.0% to 5.8%. The higher OC content in the surface horizons
was attributed to the accumulation of OM, which is often deposited from plant litter and
other organic inputs at the soil surface (Jiménez-Ballesta et al., 2024). Conversely, the OC
content decreased with soil depth, ranging from 3.6% to 2.0% in the subsurface horizons.
A notable observation was the consistently higher levels of exchangeable Ca compared
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to Mg, K, and Na across all pedons. Exchangeable Ca ranged from 3.62 to 10.6 cmol(+)
kg, while Mg levels were lower, ranging from 0.45 to 1.12 cmol(+) kg'. The finding was
somewhat unexpected, as soils developed in ophiolitic complex typically exhibit higher
Mg levels than Ca (Hseu, 2018; Yang et al., 2022). The higher Ca levels in the studied soils
suggested that they were primarily derived from sedimentary materials, namely calcite,
which have a different elemental composition than ultramafic rocks. The CEC values in the
studied pedons ranged from 14.5 to 27.3 cmol(+) kg™'. The highest CEC value was recorded
in the summit pedon (CP1), while the lowest was observed in the upper backslope pedon
(CP2). The BS percentage in the studied soils ranged from 17.1% to 82.2%. Higher BS
values were observed in the C horizons of all pedons, which was attributed to the leaching
and accumulation of basic cations from the surface and subsurface soils into these deeper
layers, highlighting the dynamic nature of nutrient cycling and soil development within
the ophiolitic landscape.

The study also determined the contents of DCB extractable Fe, and Aly, which
ranged from 65.5 to 96.3 g kg! and 5.04 to 11.8 g kg!, respectively (Table 2). Elevated
concentrations of Fe, and Al were particularly noticeable in the B horizons, where the
accumulation of free Fe and Al oxides was more pronounced. The accumulation was likely
due to the processes of weathering and leaching that preferentially concentrated these
oxides in the subsurface horizons. Based on the observed soil characteristics, including the
well-structured development in the mineral subsurface horizons (Bw) and the presence of
low basic cations, the four studied pedons were classified as Typic Dystrudepts according
to the Soil Survey Staff (2022)(Table 1).

Total Content of Major and Trace Elements

The total contents of major and trace elements in the studied pedons (CP1 to CP4) within the
ophiolite complex are detailed in Table 3. Results showed that SiO, across the four pedons
showed irregular fluctuations throughout the soil horizons, ranging from 65.8% to 53.2 %.
Similarly, the concentrations of Al,O; and Fe,O; also exhibited vertical variations, with Al
ranging from 16.8% to 13.5% and Fe from 6.59% to 4.52%. Notably, slightly higher levels
of Al,O; and Fe,O; were observed in the CP2 pedon (located on the upper backslope) and
the CP3 pedon (situated on the lower backslope). This was consistent with their topographic
positions, which were typically zones of deposition where these elements could be
accumulated. Moreover, results showed noticeably elevated concentrations of Al,O; (15.1%
to 16.8%) and Fe,O5 (5.41% to 6.45%) in B horizons, indicating the accumulation of the
element during soil formation. In contrast, other selected elements, such as K,O (2.36%
to 2.89%), Na,O (0.96% to 1.78%), MgO (1.51% to 2.31%), CaO (0.56% to 2.60%), and
MnO (0.05% to 0.10%), were present in lower concentrations compared to SiO,, Al,Os,
and Fe,O;across all pedons (Table 3). The elemental composition of the studied ophiolitic
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soils did not align with the characteristics of the typical soils found in ophiolite complexes,
which were known for their low SiO, content (<45%) and relatively high Fe,O; content.
The low SiO, and high Fe,O; content were inherited from the mafic and ultramafic parent
materials (serpentinites), which are rich in Mg- and Fe- silicates (Hseu et al., 2007; Yang
et al., 2022). However, the relatively high SiO, (>45%) and Al,O; contents observed in
the studied soils were indicative of their derivation from fine-grained sedimentary rocks,
such as mudstone (Macquaker et al., 1997; Perri et al., 2021).

These rocks were primarily composed of clay minerals and silt-sized particles, which
contained significant amounts of aluminosilicate minerals, including feldspars and micas.
The presence of these minerals was confirmed through XRD analysis and cross-polarized
light microscopy (Table 3; Figures 2 and 3).

Regarding the Ca/Mg ratio, the results revealed lower values in CP1, CP3, and CP4
pedons, all showing a ratio of less than or equal to 1.0 (Table 3). This outcome was likely
influenced by the formation of carbonates, such as calcite, which developed after the parent
materials in the ophiolite complex were formed (Dandar et al., 2023). Consequently, Ca
tended to be depleted in the soils during weathering under a tropical humid climate (Nesbitt
& Young, 1982; Harnois, 1988; Jiménez-Ballesta et al., 2022). In contrast, the subsurface
horizons of the CP2 pedon exhibited a higher concentration of Ca compared to the total
Mg concentration, which resulted in a Ca/Mg ratio exceeding 1.0. This elevated ratio in
CP2, in comparison to the other pedons, was significantly influenced by the presence of
feldspar and carbonate minerals (Nesbitt & Young, 1982). This was further supported by
mineral micromorphology observed through polarized light microscopy, which indicated
these minerals’ contributions to the increased Ca levels in the CP2 pedon (Figures 2, 3a,
and 3d). The intricate and diverse composition of the ophiolite complex created a unique
mineralogical structure, which significantly contributed to the specific characteristics
and behavior of this element. This relationship between the complexity of the mineral
composition and the properties of the elements underscores the importance of the geological
context in determining the distribution, concentration, and chemical behavior of the element
within the ophiolite complex.

Ophiolitic soils are commonly enriched with trace metals, such as Cr, Ni, and Co, due
to the presence of ultramafic rocks in the ophiolite complex (Kierczak et al., 2007; Oze et
al., 2004; Kierczak et al., 2016; Hseu et al., 2018). Nevertheless, the formation of ophiolite
complexes typically involved the accretion of sedimentary cover and other crustal layers,
which led to lower concentrations of Cr, Ni, and Co in soils derived from these sedimentary
parent materials (Kierczak et al., 2016; Hseu et al., 2018). In the studied ophiolitic soils,
the concentrations of trace metals exhibited variations that ranged from 71.2 to 105.0
mg kg for Cr, 23.6 to 43.2 mg kg for Ni, and 20.3 to 27.9 mg kg' for Co (Table 3).
Interestingly, the levels of Cr, Ni, and Co were slightly elevated in the CP3 pedon compared
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to the CP1, CP2, and CP4 pedons, which were situated in the lower backslope positions,
respectively. Backslope areas were often considered zones of accumulation where eroded
materials from upper slopes were deposited, leading to higher trace metal concentrations
(Zhang et al., 2020). This observation was further supported by the fact that these higher
concentrations of Cr, Ni, and Co in CP3 pedon corresponded with the elevated levels of
DCB extractable Al and Fe in the same pedons, indicating the significant role of Fe- and
Al-oxides in influencing the distribution of trace metals in the environment (Rinklebe &
Shaheen, 2017; Merrot et al., 2021) (Tables 2 and 3).

The concentrations of Cr, Ni, and Co in the studied pedons (CP1 to CP4) were notably
higher than the world soil averages of 59.5 mg kg™! for Cr, 29.0 mg kg™! for Ni, and 11.3 mg
kg for Co (Kabata-Pendias, 2011), suggesting that these heavy metals accumulated during
soil formation. However, when considering the implications for agricultural practices, the
Cr, Ni, and Co levels in these soils were below the contamination control thresholds set for
Taiwan, which were 175 mg kg™ for Crand 130 mg kg™ for Ni, with no specific permissible
limit for Co. The presence of minerals such as chlorite, serpentine, and chrysotile in the
studied pedons (Figures 2, 3a, 3d, and 3e) further supported the idea that these elements
were primarily of geogenic origin (Kierczak et al., 2007; Caillaud et al., 2009).

The trace metal levels found in this study were significantly lower than those reported
in previous research, which was also conducted on ophiolite complexes in eastern Taiwan.
For instance, Hseu et al. (2007) reported Cr concentrations (400 to 3,100 mg kg™!) that
were as far as thirty times higher, and Ni concentrations (400 to 5,800 mg kg') were up
to over a hundred times greater than those observed in this study. Similarly, Yang et al.
(2022) reported that the Cr and Ni total concentrations ranged from 1,880 to 3,854 mg
kg'and 2,355 to 4,994 mg kg'!, respectively. This discrepancy underscores the variability
in trace metal concentrations across different ophiolite complexes, likely due to the fact
that the studied soils are being partially derived from other parent materials as indicated
by the higher Si content, the elevated concentration Al over Fe, and the limited presence
of primary minerals responsible for the high concentration of trace metals. There was no
data for the concentration of Co in the mentioned studies in Taiwan, but Kierczak (2016)
reported that the total concentration of the element in Poland ranged from 83 to 168 mg
kg!, much higher than the studied ophiolitic soils.

Relationships Between Soil Properties, Major Elements, and Trace Metals

The geochemical characteristics of trace metals in ophiolitic soils were analyzed using
Pearson’s correlation to investigate their relationships with basic soil properties, major
elements, and trace metals to better comprehend their solubility and mobility (Table 4).
No significant correlation was observed between soil pH and the concentrations of Cr, Ni,
and Co in the ophiolitic soils (Table 4). Even though higher concentrations of trace metals
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were observed in CP2 and CP3 pedons, the soil pH values remained relatively consistent
across different horizons and pedons (Tables 2 and 3). The studied ophiolitic soils were
classified as Inceptisols, which exhibit comparable acidic to moderate pH values, causing
the lack of relationships between soil pH and the trace metals. As these soils continue to
develop, the influence of pedogenic processes on trace metal distribution is expected to
become more pronounced.

Generally, besides pH, OC and Fe/Al-oxides were also the critical factors that influence
the oxidation states and solubility of these trace metals, affecting their distribution and
mobility (Hseu et al., 2018; Wang et al., 2020; Xu et al., 2020). OC generally provides
retention sites and controls the movement of absorbed trace metals in soils (Wang et al.,
2020). However, in this study, no significant correlations were found between OC and
the concentrations of Cr, Ni, and Co, suggesting that the distribution of these trace metals
may be influenced by factors other than OC (Table 4). The highest concentrations of trace
metals were observed in the BC horizon of pedon CP3, with values of 105 mg kg™ for Cr,
43.2 mg kg'! for Ni, and 27.9 mg kg for Co. In contrast, the lowest values were recorded
in the Bw2 horizon (71.2 mg kg for Cr, 20.2 mg kg for Co) and the C horizon (27.7
mg kg for Ni) of the CP4 pedon. Interestingly, both the highest (5.43% OC) and lowest
(1.31% OC) levels of OC were found in the CP4 pedon, highlighting the variability in OC
distribution across different soil horizons. The observed differences in the distributions of
Cr, Ni, Co, and OC were likely associated with the strong affinity of these trace metals for
Fe and Al oxides, which incorporate them into the mineral matrix rather than associating
them with OM (Hseu et al., 2018; Wang et al., 2020; Xu et al., 2020).

The strong positive correlation between Fe, and Al, with Cr, (p <0.01) and the positive
correlations of these total elements with Ni, and Co, (p < 0.05) indicated a significant
influence of the parent material and the geochemical affinity between these trace metals
and the Fe and Al oxides present in the soils. The considerably elevated concentrations of
total Al and Fe and the DCB-extractable Fe in the B horizons (79.7 to 88.3 g kg Fe;; 37.8
to 45.1 g kg! Al; 78.4 to 94.7 g kg! Fey; Tables 2 and 3) strengthen the relationships of
these elements with Cr, Ni, and Co. The high surface areas and reactive sites of Fe and Al
oxides facilitate the adsorption of trace metals, leading to their co-precipitation with Cr,
Ni, and Co (Bolafios-Benitez et al., 2021; Cornell & Schwertmann, 2003; Merrot et al.,
2021). Pedogenic metal oxides, particularly Fe and Al oxides, were considered important
sinks for trace metals in soils (Hseu, 2018). Moreover, the slightly to moderately acidic
conditions of the studied soils (pH 6.06 to 6.88) likely played a role in the formation of
these oxides (Schwertmann et al., 2000), as their pH-dependent solubility affects the
availability of trace metals in the soil solution, leading to their accumulation in association
with Fe and Al oxides (Table 2) (Bolafios-Benitez et al., 2021; Merrot et al., 2021). Among
the trace metals studied, only Ni showed a positive correlation with Fey (p < 0.05) in the
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Table 4
Pearson’s correlation matrix among selected soil properties, selected total major elements, and total trace
metals in the studied soil samples (n=24)

pH ocC Fe, Aly Si, Al Fe, Cr, Ni, Co, Ca/Mg
pH
oC -0.43"
Feq 021  -0.04
Aly 0.21 0.01  0.527
Si, 0.02 -0.48 -0.32 0.10
Al 0.25 0.11 0.39 001 -0.77
Fe, 0.19 0.19 042" -0.15 -0.86"" 0.95™
Cr, 0.23 022 040 0.06 -0.69"" 0.56™ 0.60"
Ni, 0.26 0.25 043" 023 -0.66" 0.50° 051" 0.95™
Co, 0.21 023 0.34 -0.03  -0.65"" 0.43" 0.50" 0.97"" 0.93™

Ca/Mg -026 -0.01 -0.19 -0.84"™ -022 -0.02 0.18 0.21 0.01 0.29

Note. Fe,: Fe DCB-extractable; Al;: Al DCB-extractable. Si,: total SiO,; Al,: total AL,Os; Fe,: total Fe,O5; Cr;:
total Cr; Ni;: total Ni; Coy: total Co. *, ** and *** Significant at p < 0.05, 0.01, and 0.001

DCB extractable fraction, further emphasizing the role of free Fe oxides in influencing
Ni distribution.

The Ca/Mg ratio is another important indicator that provides insights into the geological
history and processes influencing the formation and evolution of ophiolites. This ratio is
particularly useful in understanding the enrichment and depletion of basic cations through
hydrothermal alteration processes (Miyashiro et al., 1969; Coleman & Keith, 1971; Hseu
et al., 2018). The interactions between oceanic fluids and primary minerals during these
processes can lead to the enrichment and incorporation of trace metals into the mineral
structure (Naldrett & Lehmann, 1988; Grieco et al., 2004). As ophiolitic parent materials
weather, they release major elements and trace metals, which become incorporated into
the developing soil (Hseu et al., 2018). As soil development progresses, Ca is recycled by
plants, while Mg is lost due to its solubility in the soil environment, which also affects the
concentrations of Cr and Ni (Hseu, 2018). However, in this study, no significant correlations
were observed between the Ca/Mg ratio and the concentrations of Cr, Ni, and Co in the
ophiolitic soils (Figure 5), suggesting that the behavior of Ca and Mg during pedogenesis
may have an indirect impact on trace metal concentrations rather than a direct one.

The study also revealed strong positive and significant correlations among Cr,, Ni,,
and Co, (p <0.001), indicating that these trace metals were concurrently released during
the weathering of the ophiolitic parent material and were not significantly influenced by
non-geogenic sources. In typical ophiolitic environments, where ultramafic rocks are
the dominant source of soil development, Ni is often found in the structures of minerals
located in octahedral layers, such as lizardite, antigorite, chrysotile, and other phyllosilicate
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minerals, including those in the chlorite group. These minerals can be easily released during
soil formation (Hseu et al., 2007; Kierczak et al., 2016). Cr and Co, on the other hand, are
primarily sourced from chromite, a key mineral in ultramafic rocks, and are often enriched
by magnetite (Oze et al., 2004; Kierczak et al., 2016; Hseu, 2018; Hseu et al., 2018; Yang
et al., 2022). The weathering of the abovementioned minerals has a significant impact on
the proportions of Cr, Ni, and Co in sediment-derived ophiolitic soils, such as those derived
from mudstone. For instance, Garver et al. (1996) reported that elevated concentrations of
trace metals in soils suggest the presence of ultramafic rocks in the sediment source region.
While the origin of trace metals is often determined using background concentrations, world
average elemental equivalence, and Earth’s crust composition, the significant correlations
between these trace metals and their abundance in ophiolitic soils also provide valuable
provenance information, as they reflect the lithological characteristics of their parent
materials (Tables 3 and 4) (Gonnelli & Renella, 2012; Kabata-Pendias, 2011).

Mobility of Soil Components

The enrichments and depletion factors of clay, along with elements like Si, Al, Fe, Ca, Mg,
and trace metals, were carefully analyzed to understand the long-term weathering rates of
soils. The mass transfer coefficient (1) of clay increased significantly at the surface of the
studied pedons, especially for the CP1 (summit; Clay, = 0.24) and CP2 (upper backslope;
Clay, = 0.23) pedons, where the stability of the landscape allowed for intense chemical
weathering over time, leading to the gradual build-up of clay, suggesting that the landscape
has remained stable enough to favor clay accumulation. In contrast, in CP3 to CP4 pedons
(lower backslope to the footslope; CP3, Clay, = 0.09; CP4, Clay, = 0.10), in consideration of
the increasing slope, the enrichment of clay might be mainly due to erosion and deposition
processes. These processes have moved clay particles from higher areas to lower ones,
resulting in sediment accumulation and a corresponding increase in clay content in these
pedons. In terms of the subsurface horizons, both pedons CP1 and CP2 generally had similar
increases in clay content (Clay, = 0.00 to 0.02), suggesting the constant accumulation of clay
particles. CP3 pedon (Clay, =-0.01 to 0.02), however, generally showed no significant gains
or losses in the subsurface horizons, indicating a balance between erosion and deposition.
On the other hand, CP4 pedon (Clay, =-0.19 to 0.04) experienced a noticeable loss of clay
in the subsurface layers, which is likely due to water percolation that leaches clay particles
away, leaving behind coarser materials (Table 2).

Similar patterns were observed for the major elements Si, Al, and Fe, which correlated
with the clay content, indicating that the behavior of these major elements appears to
be interrelated, likely due to the influence of soil formation processes, particularly the
translocation of secondary clay minerals within the soil profiles (Tonkha et al., 2021). The
accumulation of major elements in the surface horizon in CP1 to CP4 pedons (Si,=0.10 to
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0.21; Al,- 0.09 to 0.21; Fe, = 0.09 to 0.20) is probably due to the higher concentration of
fine particles, while the losses of these elements in the subsurface horizons, especially in
CP4 pedon (Si, =-0.18 to 0.04; Al,~ -0.19 to 0.04; Fe, =-0.19 to 0.04), may be attributed
to coarser or less uniform textures (Macquaker et al., 1997; Tonkha et al., 2021). CP1 (Ca,
=0.00to 0.15; Mg,=0.00 to 0.18), CP2 (Ca,=0.00 to 0.11; Mg, 0.00 to 0.16), CP3 (Ca,
=0.00 to 0.05; Mg, - 0.00 to 0.08) pedons, and the surface soils of CP4 (Ca, = 0.14; Mg,
_0.10) exhibited no net gain and loss to positive mass fluxes for Ca and Mg (Figure 4).
Typically, in ophiolitic soils, the behavior of these basic cations changes as soil development
progresses. Mg is often leached out through the breakdown of Mg-silicate minerals and
high-activity clay minerals, while Ca tends to be recycled by plants (Hseu, 2018; Yang
et al., 2022). However, in this study, both Ca and Mg showed comparable mass fluxes,
which is consistent with the intermediate stage of soil development observed in the studied
ophiolitic soils (Table 1).

The selected trace metals in the ophiolitic soils exhibited similar mass flux patterns,
indicating consistent geochemical behavior and uniformity in the source material (Figure
5). Notable positive mass fluxes were observed in surface and upper subsurface soils from
pedons CP1 (Cr,=0.14 to 0.24; Ni, = 0.14 t0 0.25; Co,=0.13 to 0.24) and CP2 (Cr,=0.04
t0 0.20; Ni,=0.04 to 0.23; Co, = 0.04 to 0.20), as well as in the surface soils of pedons CP3
(Cr,=0.11;Ni,=0.10; Co,=0.11) and CP4 (Cr,=0.14; Ni, = 0.14; Co, = 0.14), suggesting
an enrichment of these metals in the upper soil layers. Conversely, the subsurface horizons
of pedon CP4 displayed negative mass fluxes, indicating a loss of trace metals in the soils
from low-elevation areas. The observed gains and losses of trace metals in the studied
ophiolitic soils (CP1 to CP4 pedons) corresponded closely with the behavior of the major
elements, such as Al, Fe, and clay. These elements are known to provide retention sites for
trace metals, effectively controlling their mobility and availability within the soil matrix
(Bolafios-Benitez et al., 2021; Cornell & Schwertmann, 2003; Merrot et al., 2021; Hseu
et al., 2018; Wang et al., 2020).

Specifically, the positive correlations between trace metals and Fe and Al in the
studied ophiolitic soils (Table 4), along with the substantially elevated concentrations of
total and DCB extractable Al and Fe in B horizons (Tables 2 & 3) as mentioned above,
reinforced the idea that these elements played a critical role in the accumulation of metals,
particularly Cr, Ni, and Co. Although OC did not exhibit a direct positive correlation with
the trace metals (Table 4), the high concentrations of OC in the surface soils still reflect
the observed gains of trace metals in these horizons, which serves as binding agents that
enhance trace metal retention (Wang et al., 2020; Table 2; Figure 5). Furthermore, the
noticeable change in the mass flux of trace metals was observed only in pedon CP4, which
exhibited a negative trend in the subsurface horizons, likely influenced by the higher
proportion of coarse particles (25 to 40% sand; Table 2; Figure 5). Coarse-textured soils,
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with their higher permeability, tend to promote the mobility and leaching of trace metals.
Additionally, the elevated concentrations of trace metals in the surface soils of the studied
pedons might be attributed to the higher OC content, which can bind trace metals and
enhance their retention (Table 2).

The observed behavior of trace metals in these ophiolitic soils did not align with
findings from previous studies, which suggested that trace metals tend to accumulate more
at lower elevations due to longer water residence time (Chen & Torres, 2012; Liu et al.,
2016). This discrepancy suggested that other soil components, such as texture and OM,
may play a more significant role in determining trace metal distribution than elevation
alone. Moreover, the behavior of clay content, major elements, and trace metals in the
studied ophiolitic soils followed similar trends, reinforcing that the parent material and
pedogenesis primarily influence these soil components. Furthermore, the consistency across
these elements suggested that external factors, particularly anthropogenic inputs, did not
significantly impact the observed patterns but rather reflected the intrinsic characteristics
of the soil and its natural development over time.
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Figure 4. Mass transport coefficient (z) of clay, Si, Al, Fe, Ca, and Mg with depth
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Figure 5. Mass transport coefficient (1) of Cr, Ni, and Co with depth

CONCLUSION

The study provided a comprehensive understanding of their mineralogical and geochemical
properties, highlighting the intricate relationships between soil formation processes and
trace metal dynamics. The study identified key minerals such as chlorites, feldspars, and
quartz, which reflect that the studied soils were not derived from typical ophiolite parent
materials (serpentine) but rather mudstones. It also revealed that the concentrations of
trace metals, including Cr, Ni, and Co, were influenced significantly by the presence of
Fe and Al oxides. Moreover, the mobility and retention of trace metals in the studied
pedons are closely linked to soil texture, suggesting that well-drained, coarse-textured soils
may facilitate leaching. The accumulation of trace metals in CP1, CP2, and CP3 pedons
(summit and upper backslope) rather than in CP4 (footslope) emphasized the need to
consider local soil characteristics and environmental factors in understanding trace metal
behavior. Additionally, the results emphasized the variability in trace metal concentrations
across different pedons in the ophiolite complex, which was attributed to other parent
materials and soil formation processes. Furthermore, the exploration of the relationships
between trace metals and soil components highlighted the complex interactions that govern
their mobility, emphasizing the need for a nuanced understanding of soil dynamics in
these unique environments and providing valuable insights for future research and land
management practices.
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