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Abstract

In order to gain a better understanding of clay and Fe (oxyhydr)oxide minerals formed during pedogenesis of basalts in tropical monsoonal
Hainan (southern China), a basalt-derived lateritic soil at Nanyang, Hainan, was investigated comprehensively. The results show that the
lateritic regolith consists uniformly of kaolinite and Fe (oxyhydr)oxide minerals, with trace gibbsite only in the AE horizon. Abundant
dioctahedral smectite in the basalt bedrock formed due to primary hydrothermal alteration, and transformed to kaolinite rapidly in the highly
weathering saprolite horizon. The ‘crystallinity’ of kaolinite is notably low and its Hinckley index fluctuates along the soil profile, resulting from
intense ferrolysis due to fluctuations between wet/dry climate conditions. From the base to the top of the profile, maghemite shows a decreasing
trend, whereas magnetite, hematite, and goethite exhibit a slightly increasing trend, indicating that maghemite formed as an initial product of
basalt weathering. Formation of Fe (oxyhydr)oxide species in basalt-derived soil is mainly controlled by local environmental conditions such as
soil moisture, redox, and acidic conditions; thus, iron mineral-based paleoclimatic proxies could not be used for subtropical to tropical soils.
The highly weathered saprolite has a similar δ56Fe value (+0.06‰) to that (+0.07‰) of the parent rock, while the AE tomiddle E horizons have
greater δ56Fe values of +0.12‰ to +0.19‰. Fe isotopic signatures correlate positively with the Fe mass transfer coefficient (R2=0.77, n=6,
ρ<0.05), indicating repetitive weathering and relative accumulation of isotopically heavier Fe in the upper soil horizons, which occurred by
reductive dissolution of organic matter under oxic conditions, as reflected by the greater U/Th.
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Introduction

Soil and regolith formation usually result from chemical weathering
of bedrock (Kovács and Czigány, 2017; Wilson et al., 2017; Hilton
and West, 2020). Sub-aerial exposure of basalts occurs on a global
scale, comprising ~5% of total land area (Dessert et al., 2003), and
these are regarded as the most important igneous rock contributing
to pedogenesis and globally integrated weathering fluxes (Kardjilov
et al., 2006; Ma et al., 2007; Rasmussen et al., 2010; Li et al., 2016;
Borker et al., 2019). In particular, chemical weathering of continental
basalts contributes significantly to the balance of atmospheric CO2,
and accounts for up to 30% of CO2 total consumption (Dupré et al.,
2003; Brantley et al., 2023; Krause et al., 2023). Basaltic materials
consist of rock-forming minerals (such as chain inosilicates,

nesosilicates, alkaline feldspars) and glass but usually no
phyllosilicates, and neoformed products are derived from
crystallization of gels or solutions through weathering of these
minerals and glass (Vingiani et al., 2004; Rasmussen et al., 2010;
Watanabe et al., 2023). Under tropical climatic conditions, highly
weathered basalts generally form a lateritic regolith with a mineral
composition dominated by kaolin clays and iron and aluminum
oxides, the types and proportions of which depend on factors such
as climate, topography, bedrock lithology, and hydrogeology (Caner
et al., 2014; Campodonico et al., 2019). In tropical northern Hainan
Island, China, soils derived fromquartz tholeiitic basalts of a range of
ages are dominated by kaolinite and gibbsite with minor 2:1 clay
species that develop in the sequence illite, mixed-layered illite/
smectite (Ilt-Sme) and illite/vermiculite (Ilt-Vrm), and vermiculite
with increasing age (He et al., 2008). However, a recent investigation
of soils in this area found that minor smectite was observed in the
tholeiitic basalt bedrock, and clayminerals in the soil profile included
mainly kaolinite and trace amounts of smectite as well as chlorite,
gibbsite, boehmite, and illite (Jiang et al., 2018).
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Magnetite (Mag) and maghemite (Mgh) are the main
ferromagnetic minerals that contribute to the magnetic
susceptibility of soils, while goethite (Gth) and hematite (Hem) are
the most abundant antiferromagnetic Fe (oxyhydr)oxide minerals
formed during pedogenesis (Van Dam et al., 2008). Because of
accumulation and sensitivity to redox potential of iron during
pedogenesis, Fe (oxyhydr)oxide minerals are particularly sensitive
to document the weathering and soil development processes.
Transformations between ferromagnetic minerals and other Fe
(oxyhydr)oxide phases during weathering regulate the magnetic
susceptibility of soils (Grogan et al., 2003), which can serve as an
indicator of soil environmental conditions and pedogenetic processes
(Silva et al., 2013; Ayoubi andAdman, 2019). Themagnetic property
of soils is often influenced by parentmaterials and climate conditions
due to the formation of different Fe (oxyhydr)oxide minerals during
weathering (de Jong et al., 1999). Soils developed from basaltic rocks
under tropical to subtropical climates produce secondary Fe
(oxyhydr)oxides of mainly maghemite and magnetite (Poggere
et al., 2018). In subtropical eastern Zhejiang Province, the main
pedogenic iron phases are magnetite and/or maghemite in weakly
weathered basalt-derived soils, and magnetite, maghemite, and
hematite in highly developed soils, the latter indicating a
transformation of magnetite (maghemite) to hematite (Lu et al.,
2008). In basaltic substrate soils in tropical Hawaii, Fe (oxyhydr)
oxide minerals magnetite, maghemite, goethite, and hematite occur
widely as neoformed minerals in soils during weathering, and their
relative contents depend dominantly on soil development (VanDam
et al., 2008). As illustrated by concentration-dependent magnetic
parameters, the highly weathered basalt-derived regolith in tropical
Hainan contains dominantly magnetite, maghemite, and hematite
(Ouyang et al., 2015). However, in a basalt-derived lateritic profile
near the Nanyang soil in Hainan, Fe (oxyhydr)oxide minerals in the
soil were found to be hematite and goethite (Qi et al., 2022).

Intense chemical weathering of basalts at low, tropical latitude
with a high precipitation rate influences mobility and cycling of
elements and associated isotopic fractionation processes
significantly in the supergene environment (Fernández-Caliani
and Cantano, 2010; Wu et al., 2019; Santos et al., 2021). Iron in
soils occurs mainly in Fe (oxyhydr)oxide minerals, primary silicate
minerals, and clay minerals, and to a lesser extent as organically
bound Fe (Stucki et al., 1988). During weathering, decomposition of
primary silicate minerals releases Fe(II), which is rapidly oxidized
and subsequently precipitates as poorly crystalline Fe (oxyhydr)
oxide minerals. In soil formation, Fe dissolution, transformation,
and translocation may involve some abiotic and biotic processes
such as oxidative chemical weathering, biogeochemical reactions,
and mineral adsorption, with certain processes being dominant in
specific soil profiles (Van Breemen and Buurman, 2002; Dauphas
et al., 2017). These processes can influence the formation of Fe
(oxyhydr)oxide minerals and the Fe-isotope fractionation in soils
relative to their parent materials. Therefore, variations in the Fe-
isotope signatures of soils can potentially provide information
concerning the relationship of pedogenic processes to Fe behavior
(Opfergelt et al., 2017). Although Fe isotope studies of soils have
been conducted to investigate specific pedogenic processes, few
studies have investigated the vertical variations of iron mineral
species and Fe isotope composition in a whole soil profile (Wu
et al., 2019; Qi et al., 2022).

Depletion of base cations, significant Si loss, Al and Fe
accumulation, and acidic soil conditions are common characteristics
of laterite developed from weathering of volcanic rocks in subtropical
to tropical environments (Perez-Fodich and Derry, 2019). However,

the weathering processes of basalt bedrock and, especially, the
evolution of clay minerals and Fe (oxyhydr)oxide minerals in basalt-
derived soils continue to be the subject of debate due to lack of reliable
determination of soil mineral phases (He et al., 2008; Van Dam et al.,
2008; Jiang et al., 2018; Qi et al., 2022), which largely hamper better
understanding of the pedogenesis process (Grogan et al., 2003;
Opfergelt et al., 2017; Orhan and Hüseyin, 2018; Ayoubi and
Adman, 2019; Santos et al., 2021). An investigation of soil
formation and associated Fe-isotopic fractionation during basalt
weathering under tropical conditions is needed for a comprehensive
understanding of the evolution of clay and Fe (oxyhydr)oxide phases
during pedogenesis. In this study, an analysis of clay and Fe (oxyhydr)
oxide phases, geochemistry, and Fe isotopic compositional changes in
the lateritic regolith developed on basaltic rocks on the tropical island
of Hainan in southern China was carried out. The aims of this study
were to: (1) gain new insights into the processes influencing the
formation of Fe (oxyhydr)oxide minerals in combination with Fe
isotope evidence; and (2) illustrate the evolution of soil minerals
during basalt weathering in a tropical monsoonal climate.

Materials and methods

Soil profile and sampling

The landscape of the Wenchang area consists mainly of rolling
terrain with an average altitude of ~42 m. The southwestern part of
Wenchang is a low-hill platform, with altitudes ranging from 50 to
150m, while the northeastern region is a relatively flat plain terrace,
with altitudes usually <50 m. It has a subtropical to tropical
monsoonal climate with contrasting wet (May–October) and dry
(November–April) seasons, with a mean annual precipitation of
~1720 mm, a mean temperature of ~24°C, and a humidity range of
34–87%.

The parent rocks of the weathering regolith on Hainan Island
are dominantly basalt, granite and granodiorite. Cenozoic basalts
are widely distributed in the northern part of the island, being
subdivided into five eruptive intervals: (1) Miocene to Pliocene, e.
g. Shimengou and Shimacun basalts, (2) early mid-Pleistocene, e.
g. Duowen basalt, (3) mid-Pleistocene, e.g. Dongying basalt, (4) late
Pleistocene, e.g. Daotang basalt, and (5) Holocene, e.g. Shishan
basalt (Fig. 1; Wang et al., 2012).

The bedrock of the present study section is tholeiitic basalt,
representing a Pliocene volcanic eruption with a K-Ar age of
~4 Ma (Zhu and Wang, 1989). The subtropical to tropical
monsoonal climate with warm temperatures and high
precipitation induced strong chemical weathering of these rocks,
generating a relatively thick (up to 15 m) weathering regolith of
Oxisols in the study area (Huang et al., 2012; Jiang et al., 2018). The
vegetation of this area is characterized by tropical coastal plants
consisting dominantly of shrubs and herbs. The study section (110°
38042.500E; 19°34046.700N) crops out at a quarry site in the low-hill
platform area at an altitude of 74 m, close to Nanyang town,
Wenchang County, in the northeastern part of Hainan Island
(Fig. 1), providing access to a 7.7 m thick soil profile overlying
unweathered tholeiitic basalt bedrock (Fig. 2).

The topsoil (0–20 cm) is a brown loamy horizon with a porous
and loose crumb structure containing abundant organic matter and
plant roots. It was not sampled for this study to avoid disturbing
agricultural activities. A reddish-brown loam horizon (AE horizon,
20–100 cm) is present under the topsoil, displaying an
homogeneous crumb structure and containing minor plant roots.
The underlying eluvial horizon (E horizon, 100–520 cm) is a thick
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purple red loam horizon that shows a blocky structure and exhibits
a distinctmottled texture, having around 20% short white clay veins
and spots. The white veins are often incoherent and are significantly
fine, with a size of usually <2 cm long and 0.02 mm wide, while the
white spots are usually <0.5 cm in size. A light red clayey gravel
horizon (B horizon, 520–770 cm) is present beneath the E horizon.

It has a banded structure of white clay and red Fe (oxyhydr)oxides,
consisting mainly of clays and weathered gravels from the
decomposing bedrock, and retains the columnar joint structure of
the parent basalt. Close up, the white clay bands exhibit a mottled
color due to the presence of large numbers of very fine (<0.1 mm
wide) red veins and red spots (<0.2 mm in size), while the red Fe

Figure 1. Location and local geology of the study profile. (A) Generalized climate map showing mean annual precipitation in China; (B) regional geological map showing the
distribution of basalts of different ages (colors) and Cenozoic sediments (gray) (modified from Wang et al., 2012).
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(oxyhydr)oxide bands are homogeneously red-brown. The
unweathered tholeiitic basalt is grey in color and exhibits an
amygdaloidal structure (Fig. 2). Representative samples (~1 kg
each) were collected from the weathering profile based mainly on
soil horizon and more densely from the eluvial horizon, yielding a
total of 11 samples.

Methods

For X-ray diffraction (XRD) analysis, the bulk samples were dried at
60°C in an electric oven overnight, and then ground manually to
powder. The mineralogical compositions of the bedrock and the
soils were determined for randomly oriented specimens by pressing
the powder into a sample holder. The clay fractions extracted from
the soils were prepared by pipetting the clay suspension onto glass
slides. The XRD measurements were carried out with a Panalytical
X’Pert PRO DY2198 (PANalytical Co., Ltd, Eindhoven,
Netherlands) diffractometer with Ni-filtered CuKα radiation at a
tube voltage of 40 kV and a tube current of 35 mA and a slit system
with a 1° divergence slit, a 1° antiscatter slit, and a 0.3 mm receiving
slit. The XRD profile was recorded from 3° to 65°2θ at a scan rate of

4°2θmin–1 and a step size of 0.02°2θ. The ‘crystallinity’ of kaolinite
wasmeasured using theHinckley index, whichwas calculated as the
rate of the sum of (1ī0) and (11ī) heights from above a line drawn
from the trough between the (020)-(1ī0) peaks to the total height
above background of the (1ī0) reflection (Hinckley, 1962;
Guggenheim et al., 2002).

For morphological observation of the clay minerals in the soil
samples, a small chip (~1 cm in size) of a bulk sample was selected
and coated with gold. Scanning electron microscopy (SEM) was
performed using an Hitachi SU8010 field emission scanning
electron microscope (Hitachi Ltd, Tokyo, Japan) equipped with
an Octane Super X‑ray energy-dispersive system (EDS) to
determine the chemical composition of regions of interest
during observation. The SEM instrument was operated at an
accelerating voltage of 15 kV and a probe current of 2 nA, with
a magnification of up to 8×105 and a resolution of 1.0 nm in
secondary electron images.

The 57Fe Mössbauer measurements of soil samples were
performed at the Key Laboratory for Magnetism and Magnetic
Materials of the Ministry of Education of Lanzhou University
using in a WSSL-10 Mössbauer spectrometer (Wissel, Germany),
which was operated at a temperature of 50K for soil samples and at

Figure 2. Field photos of the Nanyang weathering soil profile developed on tholeiitic basalt. (A) Full view of the soil profile; (B–E) close-up photographs of the AE, E, and B horizons,
and the bedrock, respectively.
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ambient temperature for the basalt bedrock, in transmission mode
using a conventional constant acceleration spectrometer and a
25 mCi 57Co source in Rh matrix. Powdered soil samples were
packed with lucite powder into Perspex holders. The velocity scale
was calibrated by α-Fe foil at ambient temperature. Measurements
at 50K were undertaken using a bath cryostat with the sample
immersed in nitrogen. The 57Fe Mössbauer spectra were fitted to
Lorentzian lines based on the non-linear least-square method, and
the Mössbauer parameters were determined using the Moss
Winn3.0 program (Waerenborgh et al., 2003). The individual Fe
phases in the samples were identified according to their Mössbauer
parameters, and the spectral areas of the Fe phases were used to
estimate their relative abundances in the samples. The error values
of isomer shift and quadrupole splitting were usually ±0.02 mm s–1,
and the detection limit was ~1% of the total Fe.

For total organic carbon (TOC) analysis, the soil sample was
ground to pass through a 200-mesh sieve using an agate mortar and
pestle. The powdered sample was subsequently treated with
0.1 mol L–1 hydrochloric acid overnight to remove carbonate
impurities. The TOC content was measured on a Vario Macro
Cube carbon analyzer (Elementar Analysensysteme GmbH,
Hanau, Germany).

X-ray fluorescence (XRF) analysis was used to determine the
chemical composition of the soil samples. A loss-on-ignition (LOI)
measurement was performed by drying a sample aliquot in an oven
at 105°C for 2 h and then heating 1 g of the dried sample to 1000°C
for 1.5 h, and the LOI value was then calculated as the weight
difference between these sample aliquots. Preparation of fused
pellets for XRF measurement was briefly described as follows: the
soil sample of 5 g was dried in an electronic oven at 60°C overnight
and was subsequently ground to pass through a 200-mesh sieve
(particle size <0.074 mm) for further generation of fused XRF
pellets. Major element compositions were measured on an XRF-
1800 Shimadzu sequential X-ray fluorescence spectrometer
(Shimadzu, Tokyo, Japan). In general, the detection limit of
major elements was 0.01 wt.%, with a relative standard deviation
usually better than 1%.

The gain or loss of each element along the weathering profile
was calculated from the mass balance using Th as an immobile
reference element, as Th is the least mobile element during basalt
weathering under tropical conditions (Brimhall and Dietrich,
1987; Biddle et al., 1998; White and Buss, 2014). The content of
a given element in the unaltered bedrock was used as the starting
mass, and the mass transfer coefficient of element j relative to the
fresh parent rock (τjw) was calculated as: τjw = (CjwCip)/
(CjpCiw) – 1, where Cjw and Cjp represent the contents of
element j in the weathered soil and the parent rock, respectively,
and Ciw and Cip represent the concentrations of the immobile
reference element i (Th) in the weathered soil and the parent rock,
respectively. For element j, τjw can range from –1 (i.e. complete
mobilization) to 0 (i.e. no gain or loss) to +1 (i.e. strong external
addition).

Iron isotope ratios were determined by multiple-collector
inductively coupled plasma mass spectrometry (Nu Plasma1700
MC-ICP-MS; Nu Instruments, Wrexham, UK). A standard
bracketing approach was used to calibrate the machine drift and
instrumental mass bias, and a membrane desolvation system
(MCN-6000, Cetac Technologies, Omaha, NE) was used to
minimize argide interferences (ArN+, ArO+, ArOH+) to a
background/signal ratio of usually <0.001. Comparison between
laboratories was made based on the BHVO-2 standard, which has a
δ56Fe value of 0.114±0.011‰ (Craddock and Dauphas, 2011). The

57Fe/54Fe and 56Fe/54Fe ratios were measured simultaneously,
and iron isotope compositions were reported in per mille (‰)
relative to the average of igneous rocks (Beard et al., 2003),
i.e. δ56Fe = [(56Fe/54Fe)sample/(

56Fe/54Fe)igneous � 1] × 103. Each
sample was measured three times, with the reproducibility (2SD) of
these replicate sample measurements shown as an error bar in the
figures. The reproducibility of δ56Femeasurements was tested using
the BHVO-2 standard after every six samples and at the end of each
analytical run.

Results

Clay minerals and Fe (oxyhydr)oxides in the weathering profile

The basalt bedrock consists dominantly of smectite (14.8, 1.54,
1.48 Å), plagioclase (6.45, 4.05, 3.75, 3.64, 3.20, 2.52, 2.13, 1.75 Å),
and pyroxene (2.99, 2.52, 1.75, 1.63 Å), with negligible amorphous
diffraction backgrounds, suggesting that the glassy component of
the basalt bedrock has largely altered into smectite in the
supergene environment. Also, the smectite (060) reflection of
both 1.54 Å and 1.50 Å indicates the presence of mixed
dioctahedral and trioctahedral structures. The weathering
profile consists mainly of kaolinite (7.15, 4.47, 3.58, 2.34,
1.49 Å), Fe (oxyhydr)oxides, including hematite (2.70, 1.69 Å),
magnetite (2.52, 1.49 Å), maghemite (2.52, 1.47 Å), and goethite
(2.70, 4.18 Å). Additionally, the AE horizon contains trace
amounts of gibbsite while the lower portion of the B horizon
contains trace quartz, as reflected by the characteristic XRD
peaks of these minerals (Fig. 3). For the soil samples, kaolinite
in the AE horizon and the lower part of the B horizon has generally
better ‘crystallinity’ relative to that from other horizons, based on
stronger (001) reflections (Fig. 3).

Under SEM observation, clay flakes in the soil profile exhibit a
uniform smooth and flat basal (001) plane and display a generally
poorly developed pseudohexagonal morphology with irregular or
ragged edges, with significantly small thickness of the edge
dimension (Fig. 4). The particle sizes of kaolinite are usually
<0.5 μm, suggesting generally less ‘crystallinity’ (Fig. 4A–C).
Occasionally, the clay aggregates show a booklet shape
(Fig. 4A), which is typical of kaolinite generated from supergene
weathering of feldspars. The EDS analysis showed a chemical
composition of dominantly Si, Al, and trace Fe, with a Si/Al
ratio of ~0.96 (Fig. 4D), corresponding well to the typical crystal
chemical composition of kaolinite. The basalt bedrock shows
generally a loose porous structure, with abundant small clay
flakes (Fig. 4E). These clay flakes occur in fissures or in the
interstitial spaces, and often form on the surfaces and replace
residual basalt particles, with a particle size of usually <0.3 μm
and typically curled edges and wave-shaped outlines. EDS analysis
shows that these clay flakes consist mainly of Si, Al, andminorMg,
Fe, Ca, and Na, with a Si/Al value of 3.83, suggesting the presence
of smectitic clays (Fig. 4F).

Mössbauer spectra of the soil samples were fitted to sextets and
doublets (Fig. 5), which were derived from an iron-bearing phase
or from a set of unresolved contributions of Fe-bearing phases,
and the relative area (RA) of each doublet or sextet is
proportionally related to the abundance of Fe in the mineral
phase (Table 1; Fig. 6). In the spectra of soil samples, a doublet
with an isomer shift (IS) of 0.567–0.637 mm s–1 and a quadrupole
shift (QS) of 0.744–0.850 mm s–1 corresponds to Fe3+ in silicates
(phyllosilicates). Sextets often correspond to microcrystalline
Fe (oxyhydr)oxides in the soil samples: those with an IS of
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0.466–0.552 mm s–1 and QS of –0.143 to �0.263 mm s–1 are
typically hematite; those with IS of 0.450–0.548 mm s–1, QS of –
0.085 to �0.261 mm s–1, and a magnetic hyperfine field of 49.71–
51.00 T are indicative of goethite; those with IS of 0.449–
0.577 mm s–1, QS of –0.123 to –0.365 mm s–1, and a magnetic
hyperfine field of 44.80–47.74 T are characteristic of Fe2.5+ in
magnetite; and those with IS of 0.497–0.650 mm s–1, QS of
around 0 to –0.388 mm s–1, and a magnetic hyperfine field of
28.52–38.41 T are maghemite. The Mössbauer spectrum of the
basalt bedrock consists of three patterns of doublets (Fig. 5). The
doublet with IS of 0.310 mm s–1 and QS of 0.886 mm s–1 is
attributed to Fe3+ in silicates (phyllosilicates and pyroxenes),
while the doublets with IS of 1.117 mm s–1 and QS of
1.963 mm s–1 and those with IS of 1.878 mm s–1 and QS of
1.105 mm s–1 are characteristic of Fe2+ in two kinds of silicate
phases. The abundance of maghemite decreases gradually from
the lower to the upper part of the weathering profile, whereas the
contents of hematite, goethite, andmagnetite generally exhibit the
opposite trend. Iron in the bedrock occurs mainly as Fe3+ in
phyllosilicates and pyroxenes and Fe2+ in two silicate phases in

addition to those in magnetite, but Fe2+ was not observed in the
soil due to intense chemical weathering.

Geochemical and iron isotope compositions of the soil samples

TOC values and geochemical compositions of the soil samples are
listed in Table 2. The TOC content of the Nanyang soil is generally
low, ranging from 0.10 to 0.27%. Samples from the upper part of the
soil profile yield greater TOC values (>0.16%), with the highest
value (0.27%) in the AE horizon, whereas samples from the lower
part of the profile exhibit smaller and more stable TOC values
(0.10–0.13%). The Nanyang soil shows significantly uniform
geochemical composition along the weathering profile, with only
small differences between samples from different soil horizons
(Table 2). The B horizon sample contains more SiO2 (37.2%)
than the AE and E horizon samples (33.5–35.9%). TiO2 and
Fe2O3 display similar trends, having uniformly larger values of
3.47–3.88% and 20.9–22.2% in the soil profile, with only slightly
smaller values of 3.21–3.39% and 19.2–19.8%, respectively, in the
lower E horizon. Al2O3 has generally high and uniform values and

Figure 3. X-ray diffraction patterns of representative samples of the Nanyang soil profile showing mineral compositions by soil horizons. Sme = smectite; Pl = plagioclase;
Px = pyroxene; Kln = kaolinite; Qz = quartz; Hem = hematite; Gth = goethite; Mgh = maghemite; Mag = magnetite; Gbs = gibbsite.
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shows the inverse trend of those of TiO2 and Fe2O3, with modest
concentrations in the lower E horizon (28.0–28.5%) relative to other
soil horizons (26.0–28.0%). MnO andMgO show generally upward
decreasing trends, changing from 0.13 to 0.36% and from 0.31 to

0.80%, respectively. CaO, Na2O, and K2O are notably low in the soil
profile, with ranges of 0.03–0.05%, 0.000–0.025%, and 0.011–
0.020%, respectively. The upper E horizon contains less P2O5

(0.10–0.12%) than the lower E, AE and B horizons (0.13–0.23%).

Figure 4. Scanning electron microscopy images of the Nanyang samples. (A) Kaolinite showing a booklet aggregate (E horizon); (B) clay flakes having smooth and flat basal planes
with ragged edges (E horizon); (C) clay flakes showing small grain size and poorly developed edge dimension (B horizon); (D) EDS of the particle in A, showing a Si/Al ratio of 0.96,
consistent with kaolinite; (E) basalt exhibiting a porous structure with abundant small clay flakes (bedrock); (F) EDS of the clay flakes in E, showing a Si/Al value of 3.83, consistent
with smectite. Kln = kaolinite; Sme = smectite.

Clays and Clay Minerals 7

https://doi.org/10.1017/cmn.2024.14 Published online by Cambridge University Press

https://doi.org/10.1017/cmn.2024.14


The gain or loss values of the Nanyang soil samples vary greatly
along theweathering profile (Fig. 7). Fe, Ti, andAl show slight losses
in the upper and lower parts of the profile, but no net change (i.
e. reflecting immobility) or even slight accumulations in the middle
part of the profile. Mg, Ca, Na, and K show almost complete loss in
the weathering products. Si and P leached out intensively, and
remain in relatively small amounts, and Mn leached strongly
from the upper profile, but exhibited reduced mobility and even
weak accumulation in the lower profile.

The 56Fe/54Fe values of all soil samples from the weathering
regolith are positive, with slightly greater values for samples of the
upper profile (+0.12 to +0.19‰) compared with those of the lower
profile (+0.06 to +0.09‰), with the sample from the upper
E horizon yielding the greatest 56Fe/54Fe value (+0.19±0.06‰;
Table 3; Fig. 6). The 56Fe/54Fe value of the basalt bedrock sample
is +0.07±0.02‰, comparable to the average of igneous rocks (Beard
et al., 2003). Replicate analyses of the basalt standard BHVO-2
yielded a δ56Fe value of +0.111±0.031‰, which is identical to the
recorded value of +0.128±0.019‰ for this standard within
measurement error (Millet et al., 2012).

Discussion

Clay minerals in the Nanyang weathering profile

The Nanyang tholeiitic basalt bedrock is dark gray in color and
exhibits an amygdaloidal structure, consisting mainly of smectite
and plagioclase with aminor amount of pyroxene. The weathering
regolith above the bedrock is generally reddish andmarkedly loose
in structure, consisting uniformly of kaolinite, maghemite,
hematite, goethite, magnetite, and a trace amount of quartz,
while trace gibbsite is present only in the AE horizon (Figs 3
and 4). The weathering profile exhibits a sharp transition from

loose soil material to solid basalt bedrock (Fig. 2e), indicating that
mass fluxes driving chemical weathering dominated along textural
contrast and weathering-related boundaries (Phillips et al., 2019).
The sharpness of this transition reflects the rapid development of
regolith onmafic and ultramafic rocks due to the rapid conversion
of bedrock to weathered rock compared with acidic igneous and
sedimentary rocks, with intense chemical weathering eliminating
any trace of the primary mineralogical and geochemical
composition of the parent rocks (Phillips et al., 2019; Vilela
et al., 2019). The well-developed amygdaloidal texture and
columnar joint structure of the parent basalt favored infiltration
of groundwater and formation of smectite during basalt
weathering (Fig. 2E). In supergene environments, the Si and Al
released by dissolution of volcanic materials can lead to
oversaturation of sediment porewater with respect to smectite,
which is typically the clay mineral phase in thermodynamic
equilibrium with pore solutions during basalt weathering
(Christidis, 1998; Ziegler et al., 2003).

Smectite typically displays a mixed dioctahedral and
trioctahedral structure in relatively weakly weathered basalt
bedrock, in which the dioctahedral component is considered to
be derived from pedogenic breakdown of inherited trioctahedral
smectite due to replacement of Ca,Mg by Al and oxidation of Fe2+

to Fe3+ (Lessovaia et al., 2016; Hong et al., 2023). Microscopic
observations show that cavities and cracks developed intensively
in the Nanyang basalt bedrock due to replacement of the original
basaltic glass by clay flakes and mechanical disintegration of
parent rocks (Fig. 4E). Distinct clay flakes with curled edges
and Si/Al ratio of 3.83, the 15 Å reflection in the XRD profile
and, in particular, the 1.50 Å and 1.54 Å peaks of smectite (060)
reflection indicate the mixed dioctahedral and trioctahedral
structure of this smectite (Figs 3 and 4E,F). However, primary
hydrothermal alteration during cooling of lava as well as

Figure 5. Mössbauer spectra of representative samples showing the presence of maghemite, hematite, magnetite, and goethite in the soil samples, and magnetite and both Fe3+

and Fe2+ in silicates of the basalt bedrock.
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permeating groundwater during supergene weathering often
produce trioctahedral smectite in basaltic bedrock (Egli et al.,
2008). The surfaces of lava flows are generally vesicular and very
porous, and the interior of the rock bodies is usually broken due
to well-developed joints. Glassy components in lava flows usually
weather faster than crystalline phases such as plagioclase and
pyroxene (Marques et al., 2014). Therefore, the dioctahedral
smectite in the Nanyang basalt bedrock probably resulted from
the gradual transformation of inherited trioctahedral smectite
under acidic conditions, as lava flows are highly permeable and

susceptible to decomposition and favor the transformation from
trioctahedral smectite to dioctahedral smectite during
pedogenesis (Lessovaia et al., 2016).

Pedogenesis of the Nanyang basalt protolith under tropical
climate conditions has caused complete decomposition of the
parent mineral components. The main weathering products are
kaolinite and Fe (oxyhydr)oxide minerals phases, while smectite,
plagioclase, and pyroxene are lacking. Uniform CIA values of
99.53–99.73 in the weathering regolith (Table 2; Fig. 2) indicate a
highly weathering soil with stable secondary mineral phases

Table 1. Fitting parameters and iron phases of the Mössbauer spectra of the Nanyang soil

Sample Spectra δ δ (mm s–1) Δ (mm s–1) Γ (mm s–1) H (T) RA (%) Iron phase (Gth+Hem)/(Mag+Mgh)

NY-11 D1 0.572 0.777 0.682 10.2 Fe3+ in silicates

S1 0.523 –0.143 0.582 54.92 26.5 Hematite

S2 0.535 –0.243 0.582 51.00 26.1 Goethite 1.41

S3 0.462 –0.123 0.582 47.74 17.2 Magnetite

S4 0.600 0.00 1.194 38.41 20.0 Maghemite

NY-10 D1 0.567 0.804 0.682 13.2 Fe3+ in silicates

S1 0.512 –0.237 0.582 54.62 22.4 Hematite

S2 0.450 –0.085 0.582 50.88 20.5 Goethite 0.98

S3 0.577 –0.365 0.582 47.56 19.9 Magnetite

S4 0.497 –0.286 1.094 32.51 24.0 Maghemite

NY-08 D1 0.594 0.744 0.682 10.9 Fe3+ in silicates

S1 0.504 –0.225 0.582 55.50 22.9 Hematite

S2 0.500 –0.201 0.582 51.00 21.9 Goethite 1.01

S3 0.511 –0.224 0.582 47.14 17.3 Magnetite

S4 0.600 –0.388 1.394 32.99 27.0 Maghemite

NY-06 D1 0.590 0.850 0.782 16.1 Fe3+ in silicates

S1 0.466 –0.222 0.582 55.00 17.5 Hematite

S2 0.471 –0.247 0.582 49.71 21.1 Goethite 0.85

S3 0.449 –0.194 0.582 44.80 15.3 Magnetite

S4 0.585 –0.388 1.394 28.52 30.0 Maghemite

NY-03 D1 0.643 0.763 0.682 12.9 Fe3+ in silicates

S1 0.552 –0.263 0.582 54.29 16.5 Hematite

S2 0.548 –0.261 0.582 50.03 20.5 Goethite 0.74

S3 0.500 –0.240 0.582 45.94 15.1 Magnetite

S4 0.650 –0.366 1.394 32.20 35.0 Maghemite

NY-01 D1 0.637 0.781 0.682 11.1 Fe3+ in silicates

S1 0.492 –0.240 0.582 55.00 16.6 Hematite

S2 0.483 –0.238 0.582 50.34 20.2 Goethite 0.71

S3 0.467 –0.311 0.582 45.89 15.1 Magnetite

S4 0.589 –0.129 1.394 32.64 37.0 Maghemite

Basalt D1 0.310 0.886 0.649 57.4 Fe3+ in silicates

D2 1.12 1.963 0.406 29.7 Fe2+ in silicates (a)

D3 1.88 1.105 0.373 12.9 Fe2+ in silicates (b)

Notes: δ = isomer shift; Δ = quadrupole shift; Γ = line width; H = magnetic hyperfine field; RA = relative area.
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(Pokrovsky et al., 2005; Phillips et al., 2019). A similar weathering
pattern has been widely reported elsewhere for basalt-derived soils
(Rasmussen et al., 2010; Fernández-Caliani and Cantano, 2010;
Campodonico et al., 2019). For example, in low-elevation sites of
the southern Cascade Range of California, USA, under relatively
high mean annual precipitation and temperature conditions, the
weathering regolith was characterized by well-developed Alfisols
andUltisols with dominance of secondary kaolins and Fe (oxyhydr)
oxides (Rasmussen et al., 2010); in a soils derived from tholeiitic
basalt bedrock in subtropical Misiones, NE Argentina, intense
weathering led to removal of ~50% of the original basalt mass via
solution, and soil in the upper profile consists dominantly of
kaolinite and hematite with minor amorphous Fe(Al) (oxyhydr)
oxides (Campodonico et al., 2019).

TheHinckley index (HI) of kaolinite in the Nanyang weathering
profile ranges from 0.62 to 0.93, indicating in general a relatively
disordered crystal structure, consistent with its poorly developed
anhedral morphology, as observed under SEM (Fig. 4). However,
samples from the middle E horizon exhibit generally less
‘crystallinity’ compared with those from the lower and upper
E horizon and the AE horizon. Changes in ‘crystallinity’ of
kaolinite with position in the soil profile can probably be
attributed to the variable leaching intensity of the weathered
material.

In advanced weathering profiles, soil minerals are dominated
by poorly ordered kaolinite and Fe (oxyhydr)oxides (Qafoku
et al., 2004). Kaolinite, which forms through intense chemical
weathering, is the dominant clay species in the Nanyang profile,
consistent with its notably high CIA values (99.53–99.73). The
‘crystallinity’ of kaolinite is dependent on the pedogenic and
geochemical environment of its formation, transport, and
deposition (Pineau et al., 2022). The low ‘crystallinity’ of
kaolinite in subtropical to tropical soils with low organic
content is often associated with intense ferrolysis subject to
long cycles of anaerobiosis and aerobiosis due to fluctuations
between wet and dry climate conditions. Variations in acidity
are coupled with ferrolysis and can increase the concentrations of
Si and Al in the soil solution, thus favoring the formation of

kaolinite crystals of small size and low ‘crystallinity’ (da Silva
et al., 2019).

Fe (oxyhydr)oxide minerals formed in the weathering profile

TheNanyang residual soil formed through intensive removal of Ca,
Mg, K, Na, and Si, a process that operates vigorously under
oxidizing and acidic conditions (Giorgis et al., 2014; Jiang et al.,
2018). In addition to depletion of base cations and silica, weathering
of basaltic rocks under tropical climate conditions can mobilize Al
and Fe (Perez-Fodich and Derry, 2019). Gibbsite is present only in
trace amounts with slightly greater abundance in the upper soil
horizons, as shown by its characteristic XRD reflection (Fig. 3). The
various soil horizons of the weathering profile have nearly uniform
geochemical and mineralogical compositions, with Al2O3 content
being consistently high (26.0–28.5%) and most Al being resident in
kaolinite, suggesting that the relative enrichment of Al was a
consequence of chemical leaching of base cations and silica (Lyu
et al., 2022).

Ti and Al are considered to be the two most immobile elements
during chemical weathering of basalts (Gíslason et al., 1996;
Pokrovsky et al., 2005). The Nanyang soil profile exhibits
relatively uniform TiO2/Al2O3 values of 0.11–0.14, similar to that
of 0.13 for the basalt bedrock, confirming an in situ weathering
origin of the soil (Table 2). The dissolved Al3+ from the octahedral
sheet of smectite can precipitate as Al-Fe (oxyhydr)oxides such as
gibbsite during flooding of the soil in conjunction with increasing
pH (Van Breemen and Buurman, 2002). Gibbsite is commonly
observed to form from basalts during intensive chemical leaching
under warm and humid climatic conditions. The organic acids
released from decomposition of organic matter favor the removal
of Al from clay minerals and, thus, enhance dissolution of clay
phases (April et al., 2004; Kovács and Czigány, 2017), and the lower
pH associated with continuously high moisture conditions
promotes the formation of organo-Al complexes and decreases
the activity of Al3+ and Al-hydroxocomplexes in the soil solution
(Drever and Stillings, 1997; Lyu et al., 2022; Watanabe et al., 2023).
The limited variation of Al and precipitation of only trace amounts

Figure 6. Variation in Femineral phases, Fe isotopic values, U/Th ratio, τTh,Fe, and ‘crystallinity’ of kaolinite (Hinckley index) in the Nanyang soil profile. SH = soil horizon; A = topsoil;
AE = weathering material with trace organic matter in transition between topsoil and leaching layer; E = eluvial horizon consisting of light colored loam; B = accumulation of clays
and weathered gravels of decomposing bedrock; R = Rock; HI = Hinckley index; RA = relative area.
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of gibbsite in the weathering profile, as documented by mass
transport calculations (Fig. 7), indicate that chemical weathering
of the Nanyang soil did not experience extreme weathering leading
to Al mobility, probably due to insufficient time or lack of highly
acidic (pH<4.5) conditions (Giorgis et al., 2014). Fe2O3/Al2O3

values range from 0.68 to 0.81 with only slight fluctuations
through the soil profile and little deviation from the 0.78 ratio of
the basaltic bedrock (Table 2), suggesting that pedogenesis at
Nanyang did not cause Fe (or Al) enrichment. An increase in
Fe3+ activity can result in increasing substitution of Fe for Al in the
kaolinite structure and, as a result, reducing its ‘crystallinity’ as it
becomes increasingly disordered (Yang et al., 2001). At Nanyang,
intensive oxidation and lixiviation occurred in the upper soil
profile, resulting in downward penetration of weakly acid to
weakly alkaline soil waters (He et al., 2008; Jiang et al., 2018).
The underlying soil, especially the middle E horizon (Fig. 6),
experienced intense eluviation as a result of the increasing
solubility of Si and Al and, in particular, the increasing activity
of Fe3+. These processes not only impeded the growth of kaolinite
crystals, but also facilitated the isomorphic substitution of Al by Fe
in the kaolinite structure, thereby generating a more poorly
crystalline form of kaolinite in the middle E horizon (Yang et al.,
2001; Lima et al., 2021).

Iron in the Nanyang basaltic protolith is present as both Fe3+

and Fe2+ in silicates and pyroxenes and magnetite, but exclusively
as Fe3+ in Fe (oxyhydr)oxides (maghemite, hematite, magnetite,
and goethite) and phyllosilicate of the weathering profile (Table 1;
Fig. 5). In the B horizon, a significant increase of Fe2O3 content
(20.5%) compared with the bedrock (10.9%) indicates that Fe
accumulated during the leaching of alkalis, Si, Ca, and Mg. Field
evidence of Fe mobility and reprecipitation in the Nanyang soil
profile includes the greyish white color of the soil matrix of the E
and B horizons, a well-developedmottle structure in the E horizon,
and filling of Fe- and Mn- (oxyhydr)oxide nodules and
concretions in fissure and macropore networks of the soil matrix
in the E and B horizons (Fig. 2C,D). These features suggest that
iron migration and reprecipitation occur at the initial stage of
basalt weathering, as iron can be transported in the ferrous state
either in the form of Fe2+ or Fe(OH)3– during initial weathering of
igneous rocks (Christidis, 1998), resulting in the light-color soil
matrix and an enrichment of Fe (oxyhydr)oxides in the
millimeter- to centimeter-scale cracks and fissures in the
saprolite (Kovács and Czigány, 2017; Yu et al., 2020; Santos
et al., 2021). As chemical weathering proceeded, the selective
leaching of associated bases gradually increased upwards, and
finally resulted in strong Si depletion and Fe and Al enrichment
in the soil profile. Fe (oxyhydr)oxides are the main residual
minerals of basalt weathering, with the exact composition of the
secondary Fe phases being determined by parent lithology and
climate (rainfall and temperature), especially the redox and
drainage conditions of the soil profile (Driese, 2004; Marques
et al., 2014).

Mineralogical compositions as well as the geochemical indexes
of the Nanyang weathering regolith suggest that lateritization
developed as a continuous process. The formation of secondary
Fe (oxyhydr)oxide minerals (especially hematite and goethite) is
believed to be controlled mainly by climatic and drainage
conditions, while maghemite in regolith from weathering of
mafic rocks is primarily a product of oxidation of magnetite in
the bedrock (da Costa et al., 1999). The abundant maghemite in
the Nanyang soil was generated primarily by weathering under
warm and humid climate conditions (Lu et al., 2008; Ayoubi andTa
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Adman, 2019). Upward in the soil profile, from the B horizon to the
AE horizon, the RA value of maghemite decreases markedly from
37.0% to 20.0%, whereas those of hematite and goethite increase
gradually from 16.6% to 26.6% and from 20.2% to 26.1%,
respectively, while that of magnetite shows only a minor change
from 15.1% to 17.2% (Table 1; Fig. 6). Although magnetite occurs
widely as an accessory mineral in basaltic rocks, magnetite was not
detected in the Nanyang basalt bedrock in the Mössbauer
measurement, suggesting that lithogenic magnetite in the
Nanyang soil is negligible. This pattern suggests that evolution of
Fe (oxyhydr)oxides with weathering was dominated by
transformation from maghemite to hematite, goethite, and
magnetite. Unlike the lateritic soils on fluvial deposits in south
China, in which ferrihydrite occurs widely as the precursor
mineral of other thermodynamically stable Fe (oxyhydr)oxide
minerals (Hong et al., 2016), ferrihydrite was not observed in the
Nanyang soil (Qi et al., 2022), suggesting that the small organic-
matter content in soil favored the mineral evolution toward greater
oxidation and more crystalline levels (Pizarro et al., 2017) and the
formation of Fe (oxyhydr)oxide minerals in Nanyang soil involved
limited biogenic iron as ferrihydrite often precipitates via biotic
pathways (Melton et al., 2014; Yu et al., 2019; Klaes et al., 2023).
Maghemite is a metastable Fe (oxyhydr)oxide phase that
transforms to other stable phases during weathering. An oxic and
arid environment causes the transformation of magnetite to
hematite and, inversely, reduced oxygen fugacity causes the
transformation of hematite to magnetite (Giorgis et al., 2014;

Long et al., 2015). The formation of magnetite involves reduction
of Fe3+ to Fe2+ and occurs usually in well-drained, oxidizing soils,
which is often linked to soil humidity fluctuations. Conversely,
oxidation of Fe2+ to Fe3+ favors the formation of maghemite,
which can further transform into hematite, a process that is
facilitated by a warm and dry environment (Ahmed and Maher,
2018).

Upward within the Nanyang soil profile, the (Gth+Hem)/(Mag
+Mgh) ratio increases from 0.71 to 1.41 (Table 1), suggesting that,
in a humid weathering environment, pedogenetic transformations
of Fe (oxyhydr)oxide minerals are dominated by conversion of
strongly magnetic magnetite and maghemite into hematite and
goethite (Lu et al., 2008; Liu et al., 2022). Basaltic weathering
profiles are often observed consisting mainly of poorly crystalline
minerals such as ferrihydrite, allophane, imogolite, and opaline
silica, which are unstable soil components that evolve with time
into crystalline phases (Chadwick et al., 2003). In subtropical
Paraná (Brazil) with a seasonally hot and cold climate, Fe
(oxyhydr)oxides in the basalt-derived Ferralsol are mainly
hematite, maghemite, and magnetite (Cervi et al., 2014). At an
advanced to extreme weathering stage, such profiles consist
dominantly of pedogenic phyllosilicates and Fe- and Al-Fe
(oxyhydr)oxides and sesquioxides (goethite, hematite, and
gibbsite) (Liivamägi et al., 2018). The Nanyang basaltic
weathering profile is dominated by kaolinite and stable Fe
(oxyhydr)oxides, with trace gibbsite, which is especially
characteristic of weathering profiles developed on basalt under
humid and/or warm climates, in which bases and silica have been
almost completely lost through leaching.

In large geographic regions under temperate to semi-arid
climate conditions, soil magnetic susceptibility exhibits positive
correlation with mean annual temperature and precipitation due
to the formation of pedogenic magnetite andmaghemite (Grimley
and Vepraskas, 2000; Geiss et al., 2004). However, in temperate
and tropical regions Fe (oxyhydr)oxides in soils occur dominantly
in the form of crystalline Fe phases, and goethite and hematite are
the most abundant Fe (oxyhydr)oxide minerals due to
transformation from ferrimagnets (Hu et al., 2009; Liu et al.,
2012). The formation of goethite depends largely on
environmental moisture, and oxic and acidic conditions favor
the maghemite-to-goethite transformation (da Silva et al., 2019).
In more poorly drained soils, other Fe (oxyhydr)oxides such as
maghemite and magnetite may exist independent of the climate

Figure 7. Gain/loss profiles of major elements in the Nanyang soil profile. For definitions, see Fig. 6.

Table 3. Iron isotopic values of selected Nanyang soil samples (‰)

Soil horizon Sample 56Fe/54Fe 2SD 57Fe/54Fe 2SD 57Fe/56Fe 2SD

AE (20–100 cm) NY–11 0.13 0.02 0.19 0.06 0.07 0.05

E (100–520 cm) NY–10 0.14 0.01 0.20 0.04 0.07 0.05

NY–08 0.19 0.06 0.28 0.04 0.09 0.03

NY–06 0.12 0.04 0.19 0.06 0.07 0.03

NY–03 0.09 0.02 0.14 0.01 0.06 0.00

B (520–770 cm) NY–01 0.06 0.02 0.11 0.02 0.04 0.03

Bedrock Basalt 0.07 0.02 0.14 0.04 0.06 0.01

Standard BHVO–2 0.11 0.03 0.14 0.06 0.03 0.02
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conditions (Claudio et al., 2017). Highly weathering soils (Oxisols,
Ultisols, and Alfisols) from mafic igneous rocks in subtropical to
tropical southern Brazil contain mainly hematite and maghemite
in soils at different landscape positions, and maghemite is
primarily formed by weathering of bedrock (da Costa et al.,
1999). In the adjacent basalt-derived regolith on the same
bedrock with the Nanyang soil, only hematite and goethite were
observed as Fe (oxyhydr)oxide minerals throughout the soil
profile (Qi et al., 2022). However, in the Nanyang soil,
maghemite, hematite, goethite, and magnetite co-exist
throughout the soil profile. This assemblage of Fe (oxyhydr)
oxide minerals in soil suggests that the tropical monsoonal
climate and poorly drained soil conditions have produced a
seasonally wet/dry environment that promoted formation of the
paragenetic Fe (oxyhydr)oxide phases of magnetite, maghemite,
hematite, and goethite, as tropical monsoonal conditions favor the
neoformation of fine-grained magnetite and the mineral
transformations due to maghemitization and hematization
(Ouyang et al., 2015). Thus, except for the influence of the
parent material lithology, pedogenic Fe (oxyhydr)oxide minerals
in highly weathered soils under subtropical to tropical climates are
also dominantly influenced by soil moisture (drained condition),
redox, and acidic conditions, which cause perturbations in use of
iron mineral-based paleoclimatic proxies such as soil magnetic
property and hematite-goethite value.

Weathering processes indicated by secondary minerals of the
Nanyang soil

The Nanyang soil profile has a quite uniform Fe2O3 content,
varying within a narrow range from 19.2% to 22.2%, with
generally smaller values for samples from the middle E horizon
(Table 2). Iron isotope compositions (δ57Fe and δ56Fe) exhibit
similar secular trends and vary within narrow ranges through the
soil profile. δ57Fe ranges from +0.11‰ in the B horizon to +0.28‰
in themiddle E horizon, and δ56Fe ranges from+0.06‰ to +0.19‰,
respectively. The highest values for δ57Fe (+0.28‰) and δ56Fe
(+0.19‰) were observed in the same sample (NY-08) from the
middle E horizon, whereas the lowest values δ57Fe (+0.11‰) and
δ56Fe (+0.06‰) were found in sample NY-01 from the B horizon.

Although the B horizon displays differences in itsmineralogical and
geochemical composition from the bedrock (Table 2; Fig. 3), their
iron isotopic compositions are identical, suggesting that iron phases
formed at an early stage of weathering retain the isotopic
composition of the parent rock. Other samples from the AE and
E horizons show slightly heavy δ57Fe and δ56Fe signatures that are
significantly above the parent rock values, reflecting the progressive
removal of isotopically lighter Fe during intense chemical
weathering.

The various horizons of the Nanyang soil profile show uniform
Fe mineralogy. The amounts of hematite, goethite, and magnetite
generally increase upward from the B horizon to the AE horizon,
whereas the amount of maghemite exhibits the opposite trend. The
Fe2O3 contents of the soil horizons fluctuate within a limited range,
from 19.20% to 22.19%. The isotopically heavy iron samples do not
show a distinct relationship with Fe2O3 content (Table 2; Fig. 6).
However, the highest δ57Fe and δ56Fe values are observed in the
leached E horizon, and samples from the AE and E horizons have
relatively heavier Fe isotopic signatures, suggesting that weathering
processes in the Nanyang soil profile generate solid-phase materials
that are 57Fe- and 56Fe-enriched relative to the unweathered basalt
rock. Samples with heavier isotopic signatures are characterized by
less Fe mobilization (Figs 6 and 7), although iron loss relative to the
parent rock occurred in nearly all soil horizons. The strong positive
correlation (R2=0.77, n=6, ρ<0.05) between the gain or loss of Fe
and δ56Fe indicates that preferential removal of isotopically lighter
Fe occurred during pedogenesis (Fig. 8).

Th and U are both relatively immobile during weathering, but
strongly oxidizing conditions – in which U4+ is insoluble and U6+ is
soluble – favor the solubility of U and decrease the U/Th ratio
(Sheldon andTabor, 2009). The basaltic bedrock has aU/Th ratio of
0.21 (Table 2; Fig. 6). The lower U/Th ratios of the upper soil
horizons (0.17–0.19) suggest that U was leached away while Th
was retained due to the intensely oxidizing conditions, and that the
elevated U/Th ratios in the mid-lower B horizon (0.23–0.26)
indicate a re-distribution and lessivage process as well as a redox
gradient in the lower part of the soil profile. Variations of U/Th in
the lower soil profile probably reflect redox fluctuations in concert
with changes in groundwater conditions, as also indicated by
variability in the ‘crystallinity’ of kaolinite through the soil

Figure 8. Correlation between Fe isotopic composition (56Fe/54Fe) and mass transfer coefficient of Fe (τTh,Fe).
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profile. The uniformly high CIA values (99.53–99.73) of all
horizons of the Nanyang soil profile reflect the overall intensity of
chemical weathering, with strongly oxidizing conditions indicated
by smaller U/Th ratios in the upper horizons, in association with
stronger Fe mobilization (i.e. smaller τTh,Fe values), which supports
a more prolonged and thorough weathering of the upper soil
horizons.

In the Nanyang soil, δ56Fe is negatively correlated with the
U/Th value, reflecting that the elevated δ56Fe results from the
intensely oxidizing conditions. The retention of isotopically
heavier Fe in the upper Nanyang soil profile can be attributed to
the presence of organic matter and microbial activity, which
served to promote reductive dissolution of ferric (oxyhydr)
oxides instead of a pure inorganic chemical process (Vepraskas
and Faulkner, 2001; Ma et al., 2007). Soil organic matter consists
of a heterogeneous mixture of organic compounds of various
origins, generated from plants or microbial molecules or their
monomers, and decomposition of organic matter can produce
dissolved components ranging from simple amino acids to high-
molecular weight complexes (Basile-Doelsch et al., 2020).
Dissolved organic matter can be intensively produced from
plant litter, soil humus, microbial biomass, and root exudates in
the upper soil horizons, producing a solution that is relatively rich
in organic matter (Basile-Doelsch et al., 2020). The TOC value of
the Nanyang soil changes from 0.27 to 0.10% down the profile,
with generally more TOC in the upper soil horizons and
correlating positively to δ57Fe and δ56Fe signatures (Tables 2
and 3), suggesting that organic matter facilitates the
mobilization and re-distribution of Fe during weathering (Ma
et al., 2007; Dauphas et al., 2017; Klaes et al., 2023). The
reductively dissolved Fe2+ and complexed Fe3+ released into soil
solution are considerably lighter isotopically than their parent
material, and the repetitive removal of Fe from the dynamic
upper soil horizons will lead to a progressively increasing
heavier Fe in the upper soil profile due to preferential release of
54Fe (Schuth et al., 2015; Wu et al., 2019).

In the mid–lower sections of the Nanyang soil, the low chroma
(<3) soil matrix colors and the presence of Fe (oxyhydr)oxides as
well as Fe (oxyhydr)oxide nodules and concretions in soil
macropores indicate the mobility of iron during the weathering
process (Fig. 2C,D). Fe (oxyhydr)oxides formed in soils from oxic
weathering of granite in the Swiss Alps contained usuallymore light
Fe isotopes, which was attributed to a kinetically controlled isotope
fractionation effect in which light Fe preferentially released from
the primary phyllosilicates during weathering of iron-bearing
phyllosilicates in soils (Kiczka et al., 2011). In soil developed from
peridotite weathering in the tropical Southern Philippines, small Fe
isotopic fractionation between the peridotite (δ56Fe=�0.03‰) and
the extremely weathered saprolite (δ56Fe=+0.10‰) was regarded as
a Rayleigh distillation process based on the correlation with Fe
content (Li et al., 2017). However, the comparable δ56Fe
(+0.06‰) of the highly weathered B horizon to that (+0.07‰) of
the bedrock in the Nanyang soil profile suggests that Fe (oxyhydr)
oxides formed from extreme oxidation of iron(II)-bearing minerals
in the bedrock without Fe-isotopic fractionation, instead of
preferential dissolution of primary iron-bearing phyllosilicates or
a Rayleigh distillation process during weathering of iron(II)-
bearing minerals (Table 3). The uniform depth distribution of
iron content suggests that pedogenic conditions in the Nanyang
soil did not induce significant iron translocations within the profile
but, rather, in short-distance mobility and reprecipitation within
the soil horizon.

Conclusions

The soil developed from the Nanyang tholeiitic basaltic bedrock
consists uniformly of kaolinite, Fe (oxyhydr)oxide minerals, and
trace amounts of quartz, while trace gibbsite is present only in the
AE horizon. Dioctahedral smectite in the basaltic bedrock was
probably produced via transformation of inherited trioctahedral
smectite under acidic pedogenic conditions, and the low
‘crystallinity’ of kaolinite in the Nanyang soil is attributed to intense
ferrolysis due to fluctuations between wet/dry climate conditions.

The tropical monsoonal climate and the poorly drained
conditions at Nanyang favored a seasonally wet/dry
environment and resulted in the distinct paragenetic Fe phases
of magnetite, maghemite, hematite, and goethite. Maghemite
formed primarily as a product of weathering of bedrock, and the
evolution of iron phases with weathering was dominated by
transformation from maghemite to hematite, goethite, and
magnetite. Pedogenic Fe (oxyhydr)oxide minerals in basalt-
derived soils are influenced not only by temperature and
rainfall, but also by a number of factors such as drainage, redox,
and acidic conditions; thus soil magnetic properties and relative
contents of Fe (oxyhydr)oxide minerals of highly weathering soils
could not be used as paleoclimatic proxies.

Iron loss occurred for nearly all horizons with respect to the
parent rock and showed negligible vertical re-distribution, with a
uniform Fe2O3 content of 19.2–22.2% between the soil horizons.
The δ56Fe ranges from +0.06‰ in the B horizon to +0.19‰ in
the middle E horizon, and the extremely weathered saprolite has
the same Fe isotopic composition as the bedrock. Heavier isotopic
signatures correspond positively to less Fe mobilization but much
more intense oxidizing conditions. The elevated heavier Fe
isotopic values may be associated with organic matter and
microbial activity due to the reductive dissolution of ferric
(oxyhydr)oxides.
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