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Abstract—There has been limited research on clay mineral transformation in serpentinitic soils under
humid tropical conditions. In this study, four soil pedons were selected along a toposequence from the
summit (Entisol), shoulder (Vertisol), backslope (Alfisol) to footslope (Ultisol) positions to explore the
contributions and the significance of landscape and weathering status of serpentinitic rock with regard to
clay mineral transformations in eastern Taiwan. Experimental results indicated that the large amount of
dithionite-citrate-bicarbonate-extractable Fe (Feq) and clay in the subsurface horizon were mainly caused
by the strong leaching potential from intensive rainfall and weathering of the fine-grained parent rocks.
The clay mineralogy reflected the clear weathering trend of the soils along the toposequence: (1) the soils
on the summit and shoulder contained smectite and serpentine, which are predominant in the young soils
derived from serpentinitic rocks; and (2) vermiculite gradually increased in the relatively old soils on
backslope and footslope. The mineralogical transformations observed along the toposequence indicated
that chlorite and serpentine, initially present in the Entisol on the summit, weather into smectite and
interstratified chlorite-vermiculite in the intermediate soil on the shoulder under strong leaching and
oxidizing conditions. Furthermore, vermiculite formed as the major weathering product of chlorite and
smectite in the soil developed on the backslope. In addition to vermiculite, kaolinite and quartz formed in
the soils on the footslope with the greatest concentration of Fey along the toposequence.
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Sequence.

INTRODUCTION

Serpentinites are Mg-rich, sub-siliceous rocks formed
primarily through the metamorphic alteration of dunite,
peridotite or pyroxenite, and are composed chiefly of the
serpentine minerals antigorite, chrysotile and lizardite
(Istok and Harward, 1982). Serpentine minerals are
relatively unstable in near-surface conditions and weather
easily into other layer silicates, such as smectite and
vermiculite (Rabenhorst et al., 1982; Dixon, 1989).
Nevertheless, the serpentine minerals are stable in a few
cases, particularly in the soils with high pH and
Mg®"/Si(OH), activities (Dirven et al., 1976). The
chemical weathering of these ultramafic rocks under
tropical conditions has been studied extensively for their
great nickel ore deposits (Golighty, 1981), but serpentine-
derived soils attracted the interest of soil scientists for
additional reasons. Serpentinitic soils display strong
chemical fertility limitations owing both to a low Ca/Mg
ratio and to high levels of non-anthropogenic Cr and Ni
(Whittaker, 1954; Wilson and Berrow, 1978; Alexander et
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al., 1989; Bonifacio et al., 1997; Burt et al., 2001).
Alexander (1988) also found that landscapes which
developed from non-serpentinized ultramafic rocks were
more stable than those from serpentinized rocks. In
addition to plant-growth problems and landscape instabil-
ities, environmental hazards associated with serpentinite
include the presence of chrysotile asbestos in windblown
materials and the potential release of Cr and Ni toxic
metals to natural water systems during mineral weathering
(Schreier et al., 1987; Cheshire and Giiven, 2005).
Significant contributions to the understanding of
weathering of serpentine minerals are found in pedolo-
gical studies. For example, Wildman et al. (1968)
concluded that serpentine minerals weathered to Fe-
rich montmorillonite and that Mg was released during
the temperate weathering processes. Rabenhorst ef al.
(1982) indicated that the weathering of serpentine
minerals in temperate Hapudalfs tended towards the
formation of smectite, which, with vermiculite, domi-
nated the fine clay fractions. These were often inter-
stratified with hydroxy-interlayered minerals. Serpentine
minerals, although absent from the fine clay fractions,
occurred with chlorite and vermiculite in the fine sandy
fractions of the saprolite. Graham et al. (1990) also
indicated that serpentine weathering prevails in an
Argixeroll. The serpentine content of the sand fractions
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decreased upward in the profile, whereas smectite,
absent from the A horizons, increased with depth to a
maximum in the C horizons. Bonifacio et al. (1997)
demonstrated that serpentine could weather to low-
charged vermiculite within well drained landscape
positions and to smectite within poorly drained land-
scape positions. Lee et al. (2003) explored the genesis of
weathering products in serpentinitic soils along a
moisture regime gradient and indicated that chlorite
transformed to vermiculite and interstratified chlorite-
vermiculite with the progressive release of Mg from the
brucitic sheet of the chlorite. Additionally, chlorite
weathered into high-charged smectites whereas low-
charged smectites were neoformed by precipitation of
the elements released by serpentine weathering.
Ultramafic bodies cover <1% of the Earth’s land
surface, but are abundant in ophiolite belts along
tectonic plate margins (Hamblin, 1992). Serpentine
minerals are found extensively in the eastern part of
Central Ridge and Costal Range in Taiwan, adjacent to
the convergent boundary of Eurasia Plate and Philippine
Sea Plate (Ho, 1988). Pedological studies of the mineral
weathering sequence in the serpentinitic soils under
humid tropical conditions, however, are relatively rare,
in particular studies regarding the influence of landscape
and weathering of the serpentinitic soils on clay mineral
transformation. Therefore, the aims of this work are to:
(1) identify the primary and secondary minerals through-
out the serpentinitic soil profiles; (2) examine the
relationships between the properties of the serpentinitic
soils and their mineralogy; and (3) explore the transfor-
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mation processes of clay minerals in the soils along a
serpentinitic toposequence in Taiwan.

MATERIALS AND METHODS

Site description

Tong-An Mountain (N 23°03'04”, E 121°11'58") is
located in eastern Taiwan where the geology is
characterized by arc-continent collision (Ho, 1988).
The area studied consists of serpentinites and mudstones
which belong to the Lichi formation and crop out in the
southeastern part (Figure 1). The serpentinitic rocks are
the exotic blocks of ophiolite from the Phillipine Sea
Plate. The climate of the study area is characterized by
high temperature and humidity, massive rainfall and
tropical cyclones in summer.

Four soil pedons with slopes ranging from 5 to 15%
and with good drainage were selected to reflect the
potential development of soils on different landscape
positions along a serpentinitic toposequence (Figure 1).
Additionally, mudstone saprolite was also sampled at the
‘A’ point from the marginal toeslope on the above
toposequence but within the mudstone matrix of the
Lichi Formation. All pedons are approximately west-
facing with Pedon TA-1 located on the summit, Pedon
TA-2 on the shoulder, Pedon TA-3 on the backslope, and
Pedon TA-4 on the footslope. Surprisingly, the topose-
quence is only ~150 m long, but contains four Soil
Orders in Soil Taxonomy (Soil Survey Staff, 2006),
ranging from Entisols to Ultisols. From the pedological
point of view, the order of soil development was Pedon
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Figure 1. The study area: (a) location of Tong-An Mountain; (b) stratigraphic conditions and hillslope; (c) soil pedons along the

toposequence.
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TA-1 (Entisol) - Pedon TA-2 (Vertisol) — Pedon TA-3
(Alfisol) —» Pedon TA-4 (Ultisol) (Hseu, 2000).

Physical and chemical analysis

Soil samples were collected from each horizon for
physical and chemical analyses. The pH was measured
using a mixture of soil and deionized water (1:1, w/v)
with a glass electrode (McLean, 1982). The total organic
carbon (OC) content was determined via the Walkley-
Black wet oxidation method (Nelson and Sommers,
1982). Exchangeable cations and cation exchange
capacity (CEC) were determined by the ammonium
acetate method (pH 7.0) (Rhoades, 1982), and free Fe
(Feq) was extracted by the dithionite-citrate-bicarbonate
(DCB) method (Mehra and Jackson, 1960). The ele-
mental compositions of the soils were determined by
X-ray fluorescence (XRF) spectrometry. Finally, soil
particle-size distribution was determined by the pipette
method (Gee and Bauder, 1986).

Thin-section preparation and description

Kubiena boxes were used to collect rock and
undisturbed soil blocks in the field for micromorpholo-
gical studies. After air drying, vertically oriented thin-
sections 30 pm thick were prepared by Spectrum
Petrographics, Inc., Washington, USA; the sections
were examined under polarized light in an optical
microscope and described according to the terminology
of Bullock et al. (1985).

X-ray diffraction of soil fraction and rock

Air-dried soil samples were pretreated with 30%
H,0, to remove any organic matter, and then treated
with DCB to remove the Fe oxide coatings. The sand
fraction (0.05—2 mm) was obtained using the wet sieve
procedure; the silt (2—50 pm) and clay (<2 pm)
fractions was extracted using continuous flow centrifu-
gation. X-ray diffraction (XRD) analysis was performed
on the oriented K- and Mg-saturated clay samples. The
expansion properties of the Mg-saturated samples were
determined by glycerol solvation at 65°C for 24 h. The
K-saturated samples were further subjected to succes-
sive heat treatments at 110°C, 350°C, and 550°C for 2 h.
The oriented clays were examined using an X-ray
diffractometer (Rigaku D/max-2200/PC, Japan) and
Ni-filtered CuKo radiation generated at 30 kV and 10
mA. The XRD patterns were recorded over the range
2—-60°26 with a scanning speed of 1.0°26/min.
According to the reciprocal mineral intensity factors
summarized by Kahle ez al. (2002), the semi-quantita-
tive determination of the clay minerals was based on the
difference of reflection patterns from the K-saturated,
Mg-saturated, glycolated, heated and air-dried samples
(Johns et al., 1954).

The unweathered rock, sand and silt fractions of the
soil were also examined as random powders by XRD
with the same instrumental conditions as above.
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Thermogravimetric analysis

The clay fraction was studied by thermogravimetric
analysis after organic matter and Fe oxides were
removed. The initial sample mass of ~10 mg was placed
in a quasi-hemispherical platinum crucible (4 mm deep
and 9 mm in cross-sectional diameter at its mouth). The
thermobalance (Thermo Cahn model TG-2121, USA)
was operated under a carrier gas flow of ultrahigh pure
N, at 50 cm®/min. The operating temperatures ranged
from 20 to 1000°C at a heating rate of 5°C/min. The
differential thermogravimetric (DTG) results could then
be obtained based on the TG curves.

RESULTS AND DISCUSSION

Parent materials and primary minerals

The parent material of Pedons TA-1 and TA-2 is the
residuum of exotic blocks of serpentinite underlain by
the mudstone matrix of the Lichi Formation during the
Pliocene and Pleistocene. However, the colluvium
(weathered serpentine) over the residuum from serpenti-
nite was transported and deposited as the parent material
of Pedons TA-3 and TA-4. Therefore, the soils of Pedons
TA-1 and TA-2 were weakly developed, but those of
Pedons TA-3 and TA-4 were relatively more developed,
by field observation.

The chrysotile, antigorite and lizardite of the
serpentine mineral group have similar
[Mg;Si,05(OH)4] composition (Dixon, 1989; Caillaud
et al., 2006). Three polymorphs of serpentine were
clearly identified under the microscope by different
textures. Veins of cross-fiber chrysotile are alternated
with antigorite/lizardite in the serpentinitic rock
(Figure 2a). The vein chrysotile is orange or brownish
yellow with high birefringence (Figure 2b). The ground-
mass serpentine was further identified as antigorite from
cross-foliated textures, and as lizardite from hourglass
textures (Figure 2c¢). Caillaud et al. (2004, 2006)
indicated that the hourglass textures were derived from
olivine, and the cross-foliated (thin blades) textures were
from pyroxene and amphibole in the serpentinite.
Opaque inclusions of magnetite and chromite stain the
parent rock brown or yellow (Figure 2d). Small amounts
of weakly anisotropic light-yellow clay pseudomorphs,
and irregularly distributed strong-yellow clayey material
in voids or on the grain surfaces were interpreted as
hypogene neoformed clay minerals (Figure 2d).

A rock sample powder XRD pattern shows reflections
at 1.4, 0.71, 0.47, 0.35 and 0.28 nm, which are indicative
of chlorite (Figure 3). Additional reflections at 0.73,
0.45, 0.36, 0.27 and 0.24 nm are characteristic of
serpentine. The associated minerals including talc,
magnetite and chromite were identified by the moderate
peaks at 0.94, 0.49 and 0.31 nm for talc and the
relatively clear peaks at 0.29 and 0.25 nm for magnetite
and chromite, respectively, as previously observed by
Nesse (2000) and Becquer et al. (2006). Residual
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Figure 2. Micrographs of the thin-section of the serpentinitic rocks: (a) veins of chrysotile (C) alternated with antigorite/lizardite
(AL) under cross-polarized light; length of scale bar is 0.125 mm; (b) chrysotile (C) with high birefringence throughout the
groundmass of antigorite/lizardite (AL) under cross-polarized light; length of scale bar is 0.25 mm; (¢) hourglass-textured lizardite
(L) and fibrous chrysotile (C) under cross-polarized light; length of scale bar is 0.08 mm; (d) weakly anisotropic clay pseudomorphs
in voids or on the grain surfaces as hypogene, neoformed clay minerals (N) including magnetite and chlorite under cross-polarized
light; length of scale bar is 0.25 mm.
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Figure 3. XRD powder pattern of the unweathered rock sample. CHL: chlorite; SER: serpentine; AMI: amphibole; MAG: magnetite;
TAL: talc. CuKa radiation.
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Figure 4. XRD patterns of silt and sand fractions of the BCI horizon of Pedon TA-2. CHL: chlorite; SER: serpentine;

AMI: amphibole; MAG: magnetite; TAL: talc. CuKo radiation.

amphibole was also identified in the parent rock by
reflections at 0.85, 0.33 and 0.27 nm. The above-
mentioned mineral species observed in the unweathered
rock sample are also found in the sand and silt fractions
of the initial and intermediate developed soils whereas
the primary minerals mainly include chlorite, serpentine
and amphibole, such as in Pedon TA-2 (Figure 4).
However, the amounts of serpentine and amphibole are
reduced in relatively highly developed soils, such as in
Pedon TA-4. Nevertheless, the abundance of chlorite
increased from unweathered rock to silt fraction of the
soils.

Selected physical and chemical properties of the soil
pedons

During the weathering, serpentine minerals are
unstable in soil environments (Rabenhorst et al., 1982;
Dixon, 1989), and are characterized by fine textures in
microscopy. This is also perhaps due to the fine-grained
nature of the parent materials. All the soils are well
drained and have thick (>10 cm) A horizons with large
clay content. The Munsell colors of the Aa-C1-C2
horizon sequence in Pedon TA-1 are very dark gray
(10YR 3/1), dark brown (7.5YR 3/2) and strong brown
(7.5YR 5/6). The colors of the other pedons resemble
those of Pedon TA-1, but some of their subsurface
horizons display S5YR or redder colors with more
extensive degrees of pedogenesis. In Pedon TA-2, wide
and deep cracks are found in the soil surface, and
significant slickensides are found on the pedsurface of
the B horizon. These field morphological characteristics
meet the criteria in order to be classified as a Vertisol
(Soil Survey Staff, 2006). Additionally, significant
accumulation of illuvial clay is identified by optical
observation of oriented argillans in Pedons TA-3 and
TA-4 which have relatively shallow slopes. The soils in

general have undergone intensive weathering and
extensive leaching, resulting in metal and clay translo-
cation. Meanwhile, the soil textures reveal large clay
contents, especially in the subsurface horizons of all
pedons (Table 1). The concentrations of DCB-extrac-
table Fe (Feq) are normally greater in the B horizons of
the soil profile (Table 1). The accumulation of illuvial
clay and Feyq in the subsurface horizon was mainly
caused by the strong leaching potential of the very large
amount of rainfall in the study area, especially in
summer. The Feyq content in mudstone saprolite on the
toeslope is much less than those in all four soil pedons.
The pH values were <7.0 in all the soils and generally
increased with soil depth in Pedons TA-3 and TA-4
attributed to base cation accumulation in the lower parts
of pedon. The soils derived from ultramafic rocks
usually show high CEC values, as observed in this
study, ranging from 26 to 74 cmol/kg. This indicated that
very active colloids such as smectite and vermiculite
existed in the soils. The OC content was always <4.0%.
The percentage base saturation (PBS) of the diagnostic
horizon in Pedon TA-3 generally exceeds 35%, while in
Pedon TA-4 it is always significantly <35% (Table 1).
Therefore, Pedon TA-3 is classified as an Alfisol and
TA-4 is classified as an Ultisol, according to the
requirements of PBS and the argillic horizon defined
in Soil Taxonomy (Soil Survey Staff, 2006). Although
Pedon TA-4 is located on the well drained footslope,
base cations are further released to the toeslope, the final
sink of the cations. This result is in agreement with the
report by Garnier et al. (2006) who indicated that the
soils on the footslope were Ferralsols which equilibrated
with Ultisols. Additionally, Bonifacio et al. (1997) had
also identified four soil orders of the Soil Taxonomy
along a short serpentinitic catena <100 m long, including
Entisols, Inceptisols, Mollisols and Alfisols. Lee et al.
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Table 1. Selected physical and chemical properties of the studied soils.

Texture

Horizon Depth Sand Silt Clay pH ocC! CEC? PBS? Feg*

(cm) (%) (%) (cmol(+)/kg) (%) (g/kg)
TA-1 (Summit: Typic Udorthent)
Aa 0-18 18 47 35 6.6 0.9 399 89 8.92
Cl1 1851 35 31 34 6.4 0.4 69.3 90 16.4
C2 51-90 40 27 33 6.3 0.2 74.2 90 20.6
TA—2 (Shoulder: Typic Hapludert)
Aa 0—-10 32 32 36 6.5 2.9 32.0 35 14.0
AB 10-30 41 26 33 6.4 22 274 60 15.3
Bssl 30—-65 27 22 52 6.0 1.5 36.3 66 14.6
Bss2 65—94 28 15 58 6.0 1.2 34.6 55 19.7
Bss3 94—-120 25 20 56 6.0 1.0 40.3 59 28.8
Bss4 120—145 34 24 53 6.2 1.0 355 55 12.2
Bss5 145—165 24 26 50 6.0 0.8 37.8 57 16.3
BCl1 165—-200 42 21 37 6.1 0.7 51.1 61 13.4
BC2 >200 34 25 41 6.0 0.8 36.3 62 14.2
TA-3 (Backslope: Typic Paleudalf)
Ae 0-19 16 49 35 52 2.4 34.7 37 32.1
Btl 19—-48 8 40 53 5.1 1.2 41.9 44 34.5
Bt2 48—72 13 17 70 5.1 1.5 41.5 46 43.8
Bt3 72—-101 12 23 65 53 0.8 50.9 45 455
Bt4 101—-140 19 31 50 5.9 0.4 50.5 56 33.8
BtS 140—170 22 32 47 6.1 0.6 49.7 57 22.7
Bt6 170—-200 37 31 32 6.2 0.3 53.8 55 16.3
BCl 200—-240 47 28 25 6.6 0.7 42.7 52 6.73
BC2 240—-280 41 33 26 6.7 0.6 52.5 53 6.22
C 280—300 48 31 21 6.7 0.6 429 50 5.90
TA-4 (Footslope: Typic Paleudult)
Ae 0—14 19 53 28 5.7 3.6 26.2 12 31.8
Btl 14—60 19 31 50 4.8 1.4 27.7 6.0 69.4
Bt2 60—92 13 36 52 4.8 1.0 343 10 66.0
Bt3 92—-125 16 41 44 5.1 0.9 319 9.0 49.0
Bt4 125—-160 21 30 49 53 0.7 33.7 10 48.1
BCl 160—200 32 35 34 5.4 0.6 30.7 24 29.9
BC2 200—240 26 41 33 5.6 0.9 29.7 15 10.7
BC3 240—-280 42 33 25 5.7 0.8 34.8 12 9.24
C 280—300 42 32 26 6.0 0.9 31.3 15 5.11
Mudstone saprolite (toeslope)

2 49 49 6.7 1.05 25.6 77 2.00

! Organic carbon

2 Cation exchange capacity

3 Percentage of base saturation
* Free Fe

(2004) indicated the pedogenesis of Mollisols and
Alfisols in a serpentinitic terrain over the short distance
of only 80 m.

The bulk chemical compositions of the different
horizons in the four soil pedons show small Si contents
in relation to the Si-poor mineralogy of the parent rock
(Table 2). The total Mg contents are much greater than
the Ca contents in the four pedons. The soils of Pedons
TA-3 and TA-4 show larger Ca/Mg ratios than in the
Pedons TA-1 and TA-2, in agreement with Alexander et
al. (1989) who demonstrated that evolved serpentinitic
soils showed higher Ca/Mg ratios because of strong Mg

leaching. The Ni and Cr contents in these soils are
greater than in soils formed from other parent materials,
with considerable variation between the pedons in
different landscapes (Table 2), which probably reflects
the degrees of chemical weathering in the serpentinitic
rocks (Lee et al., 2004; Massoura et al., 2006). The total
Ni content follows the trend Pedon TA-2 > Pedon TA-1
> Pedon TA-4 > Pedon TA-3. Colluvial materials over
the residuum from serpentinitic rocks, mixed to a small
extent with gray muddy sediments, were transported and
deposited as the parent material of Pedons TA-3 and
TA-4. Therefore, the total Ni contents in the soils of
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Table 2. Total metal contents (wt.%) of the four soil pedons.
Horizon Depth Si Al Fe K Na Ca Mg Mn Cr Ni
(cm)

TA-1 (Summit: Typic Udorthent)
Aa 0—-18 30.3 0.49 8.37 0.32 0.13 0.02 1.70 0.15 0.16 0.27
Cl 1851 34.3 0.38 9.72 0.34 0.14 0.03 1.77 0.18 0.31 0.34
C2 51-90 37.1 0.55 7.37 0.48 0.14 0.02 2.59 0.15 0.26 0.27
TA-2 (Shoulder: Typic Hapludert)
Aa 0—-10 283 0.46 9.90 0.22 0.11 0.04 1.35 0.15 0.21 0.22
AB 10—-30 27.5 0.64 10.3 0.22 0.11 0.08 1.75 0.19 0.18 0.23
Bssl 30—-65 29.0 0.50 9.81 0.25 0.11 0.05 2.00 0.19 0.27 0.52
Bss2 65—-94 29.5 0.58 10.7 0.25 0.12 0.05 1.41 0.21 0.18 0.54
Bss3 94-120 28.0 0.81 14.1 0.27 0.12 0.05 1.68 0.22 0.22 0.58
Bss4 120—145 28.8 0.38 12.1 0.24 0.12 0.04 2.04 0.21 0.27 0.58
Bss5 145—-165 30.0 0.62 10.1 0.35 0.12 0.05 2.18 0.20 0.17 0.47
BCl 165—-200 33.0 0.58 11.0 0.34 0.12 0.05 2.32 0.14 0.19 0.43
BC2 >200 29.6 0.81 12.2 0.36 0.12 0.04 2.31 0.15 0.17 0.42
TA-3 (Backslope: Typic Paleudalf)
Ae 0—-19 28.9 0.51 8.53 0.25 0.10 0.04 0.81 0.13 0.14 0.13
Btl 19—-48 27.9 0.63 8.97 0.25 0.13 0.05 1.13 0.14 0.10 0.13
Bt2 48—-72 28.5 0.11 9.80 0.22 0.18 0.03 0.84 0.14 0.14 0.14
Bt3 72—101 28.2 0.17 11.0 0.24 0.12 0.03 1.02 0.14 0.14 0.14
Bt4 101—-140 30.4 0.12 9.21 0.22 0.18 0.03 0.62 0.13 0.13 0.13
BtS 140—170 28.3 0.12 8.48 0.34 0.17 0.01 1.07 0.13 0.13 0.12
Bt6 170—200 27.5 0.12 10.3 0.34 0.13 0.03 0.82 0.11 0.12 0.12
BCl1 200—-240 31.6 0.82 10.7 0.36 0.11 0.02 0.75 0.10 0.09 0.22
BC2 240-280 31.2 0.78 10.5 0.33 0.14 0.03 1.42 0.11 0.12 0.32
C 280—-300 32.0 0.75 11.0 0.33 0.12 0.03 1.14 0.11 0.13 0.32
TA-4 (Footslope: Typic Paleudult)
Ae 0—14 28.1 0.57 9.54 0.31 0.26 0.03 0.76 0.11 0.05 0.04
Btl 14—60 28.0 1.14 9.61 0.31 0.11 0.04 0.67 0.09 0.04 0.04
Bt2 60—92 24.6 1.72 9.87 0.31 0.21 0.03 0.43 0.11 0.04 0.09
Bt3 92—-125 29.3 1.68 8.36 0.37 0.20 0.03 0.46 0.12 0.05 0.08
Bt4 125—-160 314 1.90 10.1 0.34 0.20 0.03 0.57 0.13 0.05 0.08
BCl 160—200 29.0 1.15 10.2 0.38 0.20 0.04 0.79 0.14 0.05 0.15
BC2 200—-240 30.2 1.07 11.6 0.35 0.14 0.04 1.12 0.11 0.06 0.26
BC3 240-280 28.8 1.59 11.5 0.34 0.21 0.03 1.03 0.12 0.04 0.25
C 280—-300 31.0 1.57 10.6 0.37 0.20 0.03 1.28 0.13 0.06 0.24
Mudstone saprolite (toeslope)

49.5 20.6 5.42 8.01 0.77 0.75 0.22 0.38 0.08 0.06

Pedons TA-3 and TA-4 are considerably less than those
of Pedons TA-1 and TA-2 and could be attributed to
smaller amounts of serpentine minerals within Pedons
TA-3 and TA-4. Nevertheless, total Ni, which occurs
primarily in the structures of serpentine minerals, shows
a general increase with depth in the four pedons
(Table 2). This is probably due to the greater intensity
and duration of weathering and consequent release and
removal of Ni from horizons nearer to the soil surface.
The total Cr contents are ~10 to 25 times greater in the
soils of Pedons TA-1 and TA-2 than in those of Pedons
TA-3 and TA-4. Levels of total Cr, which occurs most
commonly in serpentinites as the accessory mineral
chromite (Becquer et al., 2006), are more variable with
depth. Nevertheless, the differences in Cr levels between
soils can be attributed to mineralogical differences in

parent materials. Serpentine is most abundant in Pedon
TA-1, so it has the highest Cr level of all the soils. The
soils in Pedons TA-3 and TA-4 contained less Cr due to
the advanced stage of pedogenesis. Additionally, rela-
tively large Si and small heavy metal contents are found
in the mudstone saprolite on the toeslope.

Clay mineral compositions

The clay mineral composition also reflects the
weathering trend of soils along the toposequence. The
XRD patterns of clay fractions in the Bss1 horizon of the
pedon TA-2 explain the clay mineralogy (Figure 5). The
main reflection at 25°C in the K-saturated clays was
present at 0.71 nm (Figure 5a), and so it could contain
chlorite, as the peak was reduced when heated to 550°C
(Figure 5b). On the other hand, chlorite was clearly
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Figure 5. XRD patterns of clay fraction in the Bss1 horizon of Pedon TA-2: (a) with K- saturation treatments at 25, 110 and 350°C;
(b) with K-saturation treatment at 550°C and with Mg-saturation treatments. CuKo radiation.

characterized by the peaks at 1.42, 0.71, 0.47 and
0.35 nm. Chlorite was present in all horizons of the four
pedons, increasing with soil depth. Vermiculite was
characterized both by the peak at 1.0 nm when the
K-saturated clays were heated at 110°C (Figure 5a) and
by the peak at 1.42 nm when the Mg-saturated clays
were solvated with glycerol (Figure 5b). The basal XRD
peaks at 1.42 nm with the Mg-saturated clays inter-
mediate between 1.2 and 1.3 nm with the K-saturated
clays heated at 550°C are characteristic of randomly
interstratified chlorite-vermiculite (Sawhney, 1989; Lee
et al., 2003), which is a chlorite-like mineral but the
interlayer OH sheet of the chlorite structure is incom-
plete. The principle difference between randomly inter-
stratified chlorite-vermiculite and chlorite-smectite is
that the 001/001 combination peak for Mg-saturated
chlorite-smectite shifts to higher spacings on glycerol
treatment, while that from chlorite-vermiculite remains
at 1.4 nm (Sawhney, 1989). Weaver (1956) described a
number of chlorite and vermiculite mixed layers which
he deduced from the relative intensities of the 1.4 nm
and 0.7 nm peaks from the untreated material, as their
intensities were intermediate between those expected

from chlorite and vermiculite. Weaver found that on
heating the sample to 400°C, ~50% of the layers
collapsed to 1.0 nm, resulting in combination peaks at
1.26 nm 001/001, 0.8 nm 001/002, 0.49 nm 002/003 and
0.349 nm 003/004, respectively. After the sample was
heated at 550°C (the temperature at which OH is
removed from the chlorite and the 001 peak decreases
to 1.38 nm), the 001/001 combination peak decreased
from 1.26 nm to 1.16 nm. Similarly, Heystek (1956)
observed that the XRD pattern of the glycol-treated clay
gave a 1.43 nm diffraction peak and its submultiples.
When the sample was heated to 500°C, however, the
001/001 combination peak decreased to ~2.0 nm,
suggesting a 50:50 interstratified chlorite-vermiculite.
Therefore, the mixed-layer clay minerals in this study
are chlorite-vermiculite forms, not chlorite-smectite
forms. No depth trend of the interstratified chlorite-
vermiculite was found in any pedon, but it was always
less abundant in the BC or C horizons than in their
overlying horizons.

Serpentine was also identified in the clay fraction of
the four soil pedons by the characteristic XRD peaks at
0.73 nm which persist with K saturation and heating to
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550°C (Istok and Harward, 1982). Thermogravimetric
data revealed the characteristic dehydroxylation tem-
peratures of serpentine minerals and chlorite between
550 and 700°C (Figure 6). Much more serpentine was
found in the soils of Pedons TA-1 and TA-2 than those
of Pedons TA-3 and TA-4, and the serpentine always
increased with soil depth in each pedon. This result is in
agreement with the report of Graham ez al. (1990) which
also indicated that the serpentine content decreased
upwards in the profile of a serpentinitic soil in
California, USA.

Smectite was identified by its 1.4 to 1.5 nm spacing
after Mg saturation which expands to ~1.8 nm after
glycerol solvation and which does not completely

1.0 nm

1.41 nm

0.72 nm

0.47 nm
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collapse to 1.0 nm after K saturation and heating to
550°C for 2 h, suggesting the partial hydroxy-interlayer-
ing of smectite (Figure 5). This behavior was observed
in other studies of serpentinite-derived soils (Wildman et
al., 1968; Istok and Harward, 1982; Graham et al.,
1990). The dygo values were used to distinguish
dioctahedral (0.1510 nm) and trioctahedral (0.1538 nm)
minerals (Lee et al., 2003). The XRD pattern for the clay
fraction in the Bssl horizon of Pedon TA-2 has a
moderate peak of 0.1536 nm and a relatively small peak
of 0.1511 nm suggesting that the trioctahedral minerals
are the dominant smectites (not shown here). However,
kaolinite in the mudstone saprolite of the toeslope was
strongly characterized by the peaks at 0.72 and 0.354 nm
with the K-saturated clays at 25, 110 and 350°C, but the
0.354 nm reflection is strongly reduced when the
K-saturated clays were heated at 550°C (Figure 7).
Additionally, illite was much more abundant in the
mudstone saprolite on the toeslope than that on any other
landscape positions along the toposequence. In general,
chlorite, chlorite-vermiculite interstratified minerals,
vermiculite, smectite and serpentine are the dominant
clay minerals in the four soil pedons, and the appreciable
amounts of kaolinite and quartz showed consistent trends
through the soil profiles (Table 3). The soils of Pedons
TA-1 and TA-2 contained much more smectite and
serpentine, which were always predominant in the young
soils derived from serpentinic rocks (Rabenhorst et al.,
1982); however, vermiculite increased gradually in
Pedons TA-3 and TA-4.
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Figure 7. XRD patterns of clay fraction of the mudstone saprolite in the toeslope. CuKa radiation.
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Table 3. Composition and semi-quantitative analysis of clay mineral composition in the four soil pedons'.

Horizon Depth (cm) CHL SME C-v VER SER KAO QZ 1
TA-1 (Summit: Typic Udorthent)
Aa 018 ++2 ot + + + - + -
Cl 18—51 et ++ + + ++ — — —
C2 51-90 ++ ++ + + + — — _
TA-2 (Shoulder: Typic Hapludert)
Aa 0—10 ++ et + + + + + —
AB 10-30 ++ + + + + — + —
Bssl 30—65 ++ ++ ++ ++ + + + —
Bss2 65—-94 ++ ++ ++ + ++ - + -
Bss3 94—120 ++ ++ ++ + ++ — + —
Bss4 120145 +++ ++ ++ + ++ - + -
Bss5 145—-165 +++ ++ + + ++ — + —
BC1 165—-200 +++ + + + ++ - + -
BC2 >200 +++ + + + ++ - + -
TA-3 (Backslope: Typic Paleudalf)
Ae 0-19 + — + ++ - + + -
Btl 19—-48 + — ++ ++ — + + —
Bt2 48—-72 + - ++ ++ — + + -
Bt3 72—101 + - + ++ — + + -
Bt4 101-140 + — + + — + + —
Bt5 140—-170 ++ — ++ + — + + _
Bt6 170—-200 ++ - + + — — + —
BCl 200—240 ++ - + + + - — -
BC2 240-280 - — + + + _ _ -
C 280—300 ++ _ _ + + -~ B B
TA-4 (Footslope: Typic Paleudult)
Ae 0—14 + — + ++ — + + _
Btl 14—60 + — + ++ - + + —
Bt2 60—92 + — + ++ — + + —
Bt3 92—-125 + - ++ ++ — + + -
Bt4 125—-160 ++ — ++ ++ — + + —
BCl1 160—200 ++ — ++ + + + + —
BC2 200—240 ++ — + + + — + —
BC3 240-280 ++ — + + + — + -
C 280—-300 ++ — + + + — + +
Mudstone saprolite (toeslope)

+++ — — + — +++ + ++

' CHL: chlorite; SME: smectite; C-V: chlorite and vermiculite mixture; VER: vermiculite; SER: serpentine; KAO: kaolinite;

QZ: quartz; IlI: illite.
2t 25—50%; ++: 10—25%; +: <10%; —: undetectable

Mineral transformation during pedogenesis

Iron from the primary olivine and pyroxene is usually
consumed by the formation of fine-grained magnetite,
during metamorphism, disseminated through the serpen-
tine (Figure 2d). The magnetite was gradually replaced
by neoformed (pedogenic) Fe oxides such as goethite
and hematite, which allowed free Fe accumulation
during the genetic processes of the soils (Table 1).
Serpentine and chlorite, identified by XRD and TG data,
are the dominant primary minerals in the present soils.
Under the different weathering conditions of tropical soil
ecosystems such as the different landscapes along the
toposequence in this study, serpentinite has initially
weathered to smectite and interstratified chlorite-vermi-

culite by the formation of interlayer hydroxy sheets, and
eventually to form thick argillic (Bt) horizons with high
pedogenic Fe oxides and appreciable amounts of kaolin-
ite and quartz (Table 3) because of the further chemical
weathering of the above multilayered clay minerals. This
result is in agreement with the reports (Massoura et al.,
2006) of mineralogical variations between 14 soils
derived from serpentinitic rocks along a pedo-climatic
environment gradient.

We further hypothesized the major mineralogical
transformations that appear to occur during the genesis
of these soils along the toposequence over serpentinitic
rocks (Figure 8). Chlorite and serpentine dominated the
mineral phases in the initially developed soil on the
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Figure 8. Clay mineral transformation of serpentinites during pedogenetic processes.

summit (Entisols); however, the mafic chlorite is highly
unstable (Borchardt, 1989), and it would be expected to
lose its interlayer hydroxide sheet under strong leaching
and oxidizing conditions, thus forming smectite and
interstratified chlorite-vermiculite which 1is, in turn,
relatively unstable due to its trioctahedral nature in the
intermediate developed soil on the shoulder (Vertisols)
(Aspandiar and Eggleton, 2002a, 2002b). Bulmer and
Lavkulich (1994) also indicated that smectite from
serpentine was formed and altered as easily as other
minerals during the earlier stage of soil development,
including Entisol, Inceptisol and Vertisol. On the other
hand, vermiculite was formed as a weathering product of
chlorite through an intermediate interstratified chlorite-
vermiculite mineral in the moderately well developed
soil on the backslope (Alfisols), whereas the removal of
all or portions of the interlayer hydroxide sheet within
chlorite is a general weathering process that depends on
the quantity of interlayer Fe®", the oxidation of Fe*" to
Fe", and the subsequent removal of Fe and Mg from the
interlayer hydroxide sheets. The various multilayered
silicates are gradually transformed as kaolinite and
quartz, which are associated with the greatest concen-
tration of Fey on the footslope (Ultisols) along the
toposequence. Furthermore, Mg, Ni and Cr were leached
out of the soils during the pedogenetic processes.
However, the abundance of kaolinite decreased with
soil depth of pedons so that mudstone at depth is
unlikely to be a source of kaolinite. The mudstone
saprolite on the toeslope is quite different from the soils
of Pedons TA-3 and TA-4 in chemical and mineralogical
compositions such as metal concentrations and serpen-
tine minerals, indicating that the mudstone saprolites
were not significantly contaminated by the above-
mentioned colluvial action. From the eolian point of
view, it is possible that aeolian quartz was accumulated
in the soil surfaces. However, the study area is located at
Hua-tung valley along Peinan River between the Central

Ridge and Coastal Range of Taiwan with average
elevation >1000 m in humid tropical conditions
(Figure 1). These high mountains act as effective
barriers to the accumulation of atmospheric dusts from
the Asian continent such as mainland China, in spite of
the suggestion by Simonson (1995) who reported aeolian
materials having moved east from northern China to be
deposited in southern Japan. Additionally, the prevailing
monsoon winds of Taiwan are from southwest in summer
and northeast in winter, and these wind directions are
different from those reported by Simonson (1995).
Therefore, acolian action by long-distance transport is
unlikely to be a significant source of quartz in the soils
studied in this work. Nevertheless, lithological disconti-
nuity was recognized through the depth functions of
clay-free particle-size fractions and abrupt decreases in
silt content at subsurface horizons found in all pedons
(Table 1), indicating the presence of small amounts of
local aeolian materials over serpentinites. This illustra-
tion is supported by Langley-Turnbaugh and Bockheim
(1997) and Gunal and Ransom (2006) who identified this
aeolian addition during pedogenesis.

CONCLUSIONS

Entisol on the summit, Vertisol on the shoulder,
Alfisol on the backslope and Ultisol on the footslope
were represented along the short-distance serpentinitic
toposequence. Serpentine and chlorite are the dominant
minerals in the unweathered rock. Three polymorphs of
serpentine were clearly identified by microscopic
textures. Magnetite, the associated mineral disseminated
through the serpentine, was gradually replaced by
pedogenic Fe oxides which were identified by the
accumulation of Fey, particularly in the soils on the
backslope and footslope. The total Cr and Ni contents in
the soils on the summit and shoulder positions are large,
while those on the backslope and footslope positions are
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relatively small, because of the differences in quantity of
serpentine in parent rocks and soils in the study area.
Serpentine in the Entisol has initially weathered to
smectite and interstratified chlorite-vermiculite, which
became the dominant minerals in the Vertisol. However,
vermiculite was further formed as a weathering product
in the Alfisol. These various multilayered silicates are
eventually transformed as kaolinite and quartz in the
Ultisol. In addition, locally, aeolian materials make a
small contribution in terms of quartz addition to the
soils, particularly in the subsurface horizons.
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