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Three-component mixed-layer illite-smectite-kaolinite (I/S/K)

mineralsin hydromor phic soils, south China
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CHAOWEN WANG®
(*Key Laboratory of Geobiology and Environmental Geology, the Ministry of
Education, China University of Geosciences, Wuhan, Hubei, 430074; “Faculty of
Earth Sciences, China University of Geosciences, Wuhan, Hubei, 430074; 3School
of Agriculture, Food and Wine, The University of Adelaide, 5005 Australia)
ABSTRACT
To understand clay mineral transformations in hydromorphic conditions in the red
earth sediments in Xuancheng, south China, clay mineralogy was investigated using
X-ray diffraction (XRD) and high resolution transmission electron microscopy
(HRTEM). The XRD results indicated that clay minerals in the hydromorphic soils
were illite, kaolinite, smectite, vermiculite, and mixed-layer illite/smectite and
illite/smectite/kaolinite. Changes of the kaolinitic reflections under the various
conditions suggested that the kaolinitic phase is a mixed-layer structure having
kaolinite layers randomly interstratified with illite and smectite layers. HRTEM
observation showed that 10 A illite layers interstratified with both 15 A smectite
layers and 7 A kaolinite layers in clay particles, confirming the occurrence of
illite/smectite/kaolinite (I/S/K) three-component mixed-layer clays. The lattice fringes
of the I/S/K clays appeared corrugated and vanishing, and also exhibited variable

thickness along a lattice fringe, which were consistent with changes from illite to
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smectite, from smectite to kaolinite, and from illite to kaolinite, respectively.
Hydromorphic conditions in the Xuancheng soils led simultaneously to the direct
transformation of illite to kaolinite and the transformation of illite to smectite to
kaolinite in the pedogenic processes, and the formation of I/S/K three-component
mixed-layer clays as intermediate products of these processes.

Key words: I/S/K mixed-layer, hydromorphic soil, net-like red earth; weathering

INTRODUCTION

In supergene weathering processes, the pre—existing clay minerals may transform
into other clay species through a sequence of intermediate interstratified species
formed prior to the formation of end members with increasing degrees of weathering
and changes in climatic conditions (Singer, 1980). During the formation of Alfisols,
clay transformation is governed by the mobility of the elements released by mineral
dissolution (Chesworth, 1992). Illite is usually formed during diagenesis processes
under relatively high temperatures and pressures, and is thermodynamically unstable
in soil environments. In soils in moisture regimes where rainfall exceeds
evapotranspiration, the percolating water carries out soluble ions such as K and thus
induces K" depletion in the illitic minerals. However, in soils of alternating moist and
dry regimes where there is a distinct dry season, mineral dissolution and water
percolation is restricted, and the limited chemical leaching reduces the alteration of
illitic mineral (Bertsch and Thomas, 1985).

Alteration of illite in weathering profiles has been most often reported to weather to
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vermiculite or hydroxyl-Al interlayered vermiculite (HIV) (Allen and Hajek, 1989;
Yin et al., 2013), smectite (Ismail, 1970; Churchman, 1980; Bonifacio et al., 2009;
Churchman and Lowe, 2012), and kaolinite (Wilson, 2004). In a few instances it has
been reported to weather to mixed-layer illite/smectite (I/S), illite/kaolinite (I/K),
illite/vermiculite (I/V), and kaolinite/smectite (K/S) (Hong et al., 2012; 2014; Han et
al., 2014). The formation of mixed layer clay minerals of two-component systems is
often reported in the weathering process. However, three-component
interstratification of the clay minerals in soils has rarely been recognized, as
interstratification with three or more components is difficult to detect, in particular, if
this phase is present in small amounts in a multiphase sample (Cradwick and Wilson,
1978). The calculated XRD pattern method provided a helpful approach to recognize
three-component mixed-layer species in soils, and more and more results have proven
that three-component mixed-layer clay minerals in soils are much more common than
originally thought (Cradwick and Wilson, 1978; Sakharov et al., 1999; Hubert et al.,
2012; Dumon et al., 2014).

In the mid-lower reaches of the Yangtze River, south China, Quaternary red earth
sediments occur widely in the hills, terraces, coalesced alluvial pans, and parts of the
piedmont belts, with a characteristic net-like vein texture in the lower portion of the
soil profile. A recent geochemical and isotopic study showed that the sediments have
efficiently recycled materials of old fluvial deposits of the drainage basins of the
mid-lower Yangtze River, and have subsequently undergone intense chemical

weathering (Hong et al., 2013). It is generally accepted that the formation of red earth
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sediments with a net-like vein texture was linked to hydromorphic conditions during
pedogenic processes (Brinkman, 1970; Zhu, 1988; Li and Gu, 1997 ; Hong et al.,
2010). Therefore, in addition to podzolisation and lessivage processes, weathering of
illite in the net-like horizon of the soil profile will also be affected by hydromorphic
conditions. Hydromorphism is characterized by redox processes, which have a direct
effect on the solubilisation of Fe and Mn oxides and hydroxides, and also affect layer
silicates through a variation in their charge (Stucki, 2006). Seasonal drying may also
concentrate hydrogen ions, lowering the pH of the soil solutions and solubilizing
aluminium. Thus, unusual patterns of illite alteration could probably be expected. The
purpose of this investigation was to characterize the transformations that have
occurred to illite minerals because of the distinct soil processes and therefore, to shed
more light on illite alteration in supergene weathering and gain a better understanding

of the processes of formation of the soils.

MATERIALSAND METHODS
The Xuancheng soil profileand sampling
The studied area is located in Xuancheng, Anhui Province, in the mid-lower
reaches of the Yangtze River, southeastern China (Figure 1). It is in the subtropical
climate zone. The position of the Xuancheng soil profile is at 118°51'E, 30°54'N, in
the southeast of Xuancheng city, where excavation for palaeoliths provided a well
developed vertical profile. The soil profile is situated on the second terrace of the

Shuiyang River, a branch of the Yangtze River. The soils are classified as red earths
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(on summit and slope) (Gu et al., 2001), consistent with Oxisols in their
characteristics.

The soil profile has been described in detail by Hong et al. (2010), and is briefly
described here as follows. The thickness of the soil profile is around 10 m, overlaying
unconformably a clay gravel layer, in which the gravels are well-rounded, with a size
of 5 to 15 cm. The upper portion (0 to 2.2 m) is homogeneously brown to

yellow—brown sandy clays. The middle portion (2.2 to 6.3 m) is grey—yellow to

red—brown sandy clays, with sporadically light color spots and white small short veins.

The lower portion (6.3 to 10.4 m) is brown—yellow to red—brown loamy clays, with
distinct net-like texture.

The white net-like veins occur in vertical, horizontal, and irregular orientations and
in different shapes between the layers of the soil profile, and make up to ~40% by
volume locally in the lower soil profile (Figure 2). White spots in the middle portion
usually have a size of 0.3 to 2 cm, and the white net-like veins in the lower portion are
usually less than 10 cm long and 3 cm wide, and occasionally fine white veins with
5-25 cm long and 0.1-0.5 cm wide were also observed in this portion. Samples were
collected from each portion of the soil profile and detailed clay mineralogical
investigation was performed for the lower portion with a distinct white net-like
structure, indicative of intense hydromorphism. The physical and chemical properties
of the soils with white net-like structure are listed in Table 1. The soils were strongly
acidic, with a pH value of 4.91+0.05, similar to those of Latosols (4.5-5.5). However,

the CEC value of the net-like red soil was 10.3+0.6 cmol/kg (Hu et al., 1999),
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significantly larger than that of the Latosols (2.86 cmol/kg) derived from weathering
of the underlying basalt in Hainan (Yin et al., 2006). The soils with a distinct white
net-like structure contained only trace amounts of organic matter, with a content of
0.294+0.087 wt% (Zhao and Yang, 1995). In general, particles with a size >100 um
were hardly observed in the soils, and the sand component (>63 pum) was only present
in trace amounts. The most abundant particle size is the silt component (4-63 pm),
followed by the clay component (<4 pum), with averaged values of 69.68 % and

30.22 %, respectively (Zhu, 2007).

X-ray diffraction

The soil samples were air-dried and then crushed and ground manually to powder
grain-size with an agate mortar and pestle. To estimate the mineral composition of the
soils, randomly oriented bulk samples for XRD analysis were prepared by mounting
the powder sample onto a sample plate using the back-pressing method. The clay
mineral fractions of the soil samples were obtained using a sedimentation method
(Jackson, 1978). The powder sample was first treated by 10% H,O; to remove organic
materials and was then washed, transferred into a 1000 ml beaker, and then 1000 ml
deionized water was added and stirred for ~120 minutes. The clay suspension was
allowed to settle for 60 h. The suspension in the uppermost part of the beaker was
moved into a tube, and the clay fraction was collected by centrifugation method. The
oriented clay samples were prepared by carefully pipetting the clay suspension onto a

glass slide. Ethylene glycol saturation was done by treating the oriented sample in a
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sealed glass desiccator with ethylene glycol at 65 °C for 4 h in an electric oven. The
oriented clay samples were heated to 400°C and 550°C for 1 h respectively in a
Muffle furnace to determine the dehydration reaction of clay species. The clay
fractions had been saturated with K™ and Mg®", which was performed by adding the
air—dried clay fraction into 1 M KCl and 1 M MgCl, solutions in each glass tube, and
were equilibrated at 50 °C for 12 hours and then washed with deionized water.

The XRD analyses were performed on a Panalytical X’Pert PRO DY2198
diffractometer at the Laboratory of Geological Process and Mineral Resources, China
University of Geosciences (Wuhan). The instrument was operated at 40 kV and 35
mA with Ni-filtered Cu Ko radiation, and the slit conditions of 1° divergence slit, 1°
anti-scatter slit, and 0.3 mm receiving slit. The XRD patterns were collected from 3°

to 60° 20 at a scan rate of 4° 20/ min with a step size of 0.02° 26

HRTEM analysis

Both the air-dried clays and the glycolated clays were prepared for HRTEM
analysis in order to obtain better understanding of their interlayer characteristics. The
clay samples were air-dried at ambient temperature, and then embedded in M-bond
610 resin between two glass slides to obtain highly oriented clay particles; the resin
embedded clay sample was then solidified in an electric oven at 80 °C for 2 h. For
HRTEM observation, a thin section was cut vertically from the glass slides so that the
(001) plane of clay particles was preferentially oriented. HRTEM observation was

undertaken on a Tecnai G2 20 S-TWIN high resolution transmission electron
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microscope equipped with a GENESIS 2000 X-ray energy dispersive detector (EDS),
at the Key Laboratory of Catalysis and Materials Science of the State Ethnic Affairs
Commission and Ministry of Education, South-Central University for Nationalities.
The instrument was operated at an accelerating voltage of 160 kV. The beam spot size
was 1.5 nm, and the point resolution and the line resolution were 0.24 nm and 0.14
nm respectively.

The lattice fringe images were obtained under over-focus conditions in order to
obtain the best contrast effect of lattice fringes of clay particles (Guthrie and Veblen,
1989). In our observation, only lattice fringes of the 001 reflection were obtained with
a 10-um diameter objective aperture, and the EDS microanalysis of the crystal domain
of clay minerals was undertaken in TEM mode only after taking the lattice-fringe

images.

RESULTS

X-ray diffraction

The XRD results showed that mineral components of the soils were quartz, clay
minerals, and minor feldspars. Smectite, vermiculite, and illite were identified using
the 15.0 A, 14.5 A and 10.0 A reflections, and kaolinite was determined by the 001
and 002 reflections of 7.2 A and 3.58 A. Mixed-layer K/S was characterized by the
~7.5 A peak, and mixed-layer I/S had a basal 001 spacing of mainly ~12 A, displaying
a relatively broad 001 peak. Clay minerals in the soil samples were illite, kaolinite,

smectite, vermiculite, and illite/smectite (R0) and kaolinite/smectite (RO) mixed-layer
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clays (Figure 3a). The relative proportions of clay minerals changed markedly
between the soil samples based on their relative intensities of characteristic peaks of
the clay species. The upper portion contained more illite but less kaolinite, vermiculite,
and mixed-layer illite/smectite compared to the middle portion. The contents of
kaolinite, vermiculite, and mixed-layer illite/smectite increased while that of illite
decreased in the middle portion; mixed-layer kaolinite/smectite occurred abundantly
in this portion. The lower portion had more kaolinite, smectite, and mixed-layer
illite/smectite but less illite relative to the upper and middle portions.

Clay species in the soil sample from the white net-like structure portion were
identified as illite and kaolinite, with minor smectite, vermiculite, and mixed-layer
illite—smectite (Figure 3b). On glycol saturation the broad peak at ~13 A in air—dried
conditions disappeared and a 14.1 A peak was present. The ~15 A peak expanded to
17.2 A, suggesting the presence of small amounts of smectite. For air-dried specimen,
the kaolinitic phase had d(001) of 7.20 A and d(002) of 3.57 A, respectively. When
saturated with Mg®" the d(001) and and d(002) of this phase were 7.39 A and 3.58 A,
in association with a notable increase in intensity of the 4.17 A peak, and the ~13 A
broad peak decomposed into 14.4 A and 10.1 A peaks, while the 4.99 A peak
decomposed into 4.99 A and 4.92 A peaks respectively. Glycolation of the
Mg* -saturated sample caused the expansion of 14.4 A to 16.9 A and an increase in
intensity of the 10 A peak. The occurrence of 14.4 A and 4.92 A peaks after Mg*"
saturation indicated that the clay species was enriched in an illitic phase associated

with randomly interstratified smectite/illite (Laird and Nater, 1993). The d(001) of
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7.39 A and d(002) of 3.58 A of kaolinite phase of the Mg*'-saturated specimen were
different from those of pure kaolinite, which may be due to partial overlapping of
these reflections with the nearest I-S-K reflections, and the kaolinitic phase is a
mixed-layer structure having kaolinite layers randomly interstratified with illite and
smectite layers (Sakharov et al., 1999).

The 14.9 A and 12.8 A peaks disappeared and the intensity of the 10 A peak
significantly increased after K'—saturation, indicating that the intercalated components
in smectite mineral and the smectite layers of the I/S clay were replaced by the K"
cation. When heated to 400 °C, both the 14.9 A and 12.8 A peaks collapsed to 10 A
and its intensity largely increased relative to those of the air—dried and glycolated
samples, and with further heating to 550 °C, the 7.2 A peak of kaolinite disappeared,
while the intensity of 10 A peak increased markedly. The complete collapse to 10 A
under K '—saturation with heating treatments at 400 °C and 550 °C reinforced that the

expandable layers are smectitic in nature.

HRTEM observation

Clay particles were present in three distinct different morphologies under HRTEM
observation. Most of the clay grains showed near-perfect crystalline character,
occurring as long plate-shaped crystals with a straight outline along the (001)
dimension. Some of the particles were wave—shaped with a relatively thin and poorly
developed (001) surface, which are characteristic morphologies of smectites and

mixed-layer illite-smectites (Figure 4a; Van Der Gaast et al., 1986; Deconinck and

10
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Chamley, 1995). Less commonly, clay particles occur as aggregates with a small
grain size and irregular outlines (Figure 4b). Usually, crystal boundaries of the clay
particles could be readily identified and their lattice fringes were well-defined.
However, for clay particles with small sizes, lattice fringe images were difficult to
obtain due to the structural damage from dehydration caused by the electron beam
heating.

Clay particles with relatively thick and plate-shaped outline usually exhibited
straight lattice fringes with 10 A spacing, consistent with those of illite layers. Some
of the clay particles showed homogeneous 10 A fringes and were indicative of
discrete illite grains (Figure 4c¢). In clay particles with relatively thin and
wave—shaped outlines, only 15 A fringes were observed, indicative of discrete
smectite particles. However, in some clay crystals, the 10 A layers were irregularly
interstratified with both 15 A and 7 A layers (Figure 4d). The 10 A and 15 A fringes
were probably derived from illite and smectite layers respectively, while the 7 A
fringe was probably derived from kaolinite layer. The I/S/K lattice—fringe sequences
displayed a disordered structure, and were randomly interstratified according to
HRTEM observation.

The interstratified illite, smectite, and kaolinite layers in the clay particles
suggested that illite transformed into I/S/K three component mixed-layer clays (Figure
4e). In general, the illite—smectite—kaolinite mixed—layer clays were characterized by
interstratified lattice fringes of 10 A, 15 A, and 7 A under HRTEM observation. Most

lattice fringes of the clay layers were wave-shaped while some were straight and were
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relatively well-defined. The white fringes appeared corrugated and vanishing in some
parts, and sometimes the fringes showed variable thickness, with a spacing changing
from 15 A to 7 A, and with crystal boundaries, although layer terminations within the
crystals were not aligned. In the glycolated sample, the clay particles were also clearly
observed to be composed of three kinds of crystal domains with lattice-fringe
spacings of 10 A, 17 A, and 7 A (Figure 4e), consistent with illite, smectite, and
kaolinite layers respectively, which appeared as a three component composite instead
of an interstratified structure, suggesting a stage in the overall transformation from
illite to smectite and kaolinite. The EDS analyses of the 7 A domain suggested that
the area consisted of mainly Si and Al, in good agreement with those of kaolinite
(Figure 5a). The chemical composition of the 10 A area had a significantly high
content of K and minor Mg, and relatively less Al compared to those of the 7 A area,
and that of the 17 A area contained abundant Mg and K, with minor Ca, consistent

with those of smectite and illite respectively (Figure 5b,c).

DISCUSSION
The XRD evidence suggested that clay minerals in the soil sample from the white
net-like structure portion were illite, kaolinite, smectite, and mixed-layer
illite—smectite (Figure 3). However, HRTEM lattice-fringe images clearly indicated
occurrence of three-component mixed-layer clays. Disordered mixed—layer I/S/K with
10 A illite layers interstratified with 15 A smectite layers and 7 A kaolinite layers

occurred within the I/S/K crystals (Figure 4d,e). In glycolated samples, the observed
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17 A lattice fringes suggested the occurrence of smectite layers instead of vermiculite
layers within the interstratified clays. Unlike the lattice-fringe images of mixed—layer
I/V, in which the 14 A spacing fringes are usually straight and are interstratified with
10 A fringes, the lattice fringes of the I/S/K clays appeared corrugated and vanishing,
and also showed variable thickness along a lattice fringe, in correspondence with a
phase change from illite to smectite or from smectite to kaolinite, and sometimes the
lattice fringes of illite, smectite, and kaolinite domains all occurred together within a
clay particle. These suggested that the alteration of illite during the pedogenic process
involves exchange of K' by hydrated cations leading to a swelling of the clay mineral,
and local dissolution of the smectite layers, causing the formation of kaolinite (Figure
6); hence the processes of transition of illite to smectite and of smectite to kaolinite
could simultaneously occur within a clay particle.

Kaolinite is considered as an end-product of pedogenesis. In soil genesis with
intense chemical weathering, leaching of base cations and Si from the parent materials
followed by recrystallization will generally result in the formation of kaolinite (e.g.
Herbillon et al., 1981; Nahon, 1991; Churchman et al., 2010). As suggested by Hao et
al. (2010) and Hong et al. (2013), the Xuancheng soils were derived from fluvial
sediments consisting of abundant clay minerals in drainage basins of the mid—lower
reaches of the Yangtze River. In moderate chemical weathering under neutral to
acidic conditions, the inherited illite clay may probably alter into a mixed—layer I/V
mineral as an intermediate through release of potassium from the interlayer, and may

further transform into smectite as weathering proceeds (Bhattacharyya et al., 2000;
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Bonifacio et al., 2009).

Intermediate clay species occurred widely in the red earth sediments in the
mid-lower reaches of the Yangtze River. HIV clays were only present in the upper
portion of the soil profile with a relatively low degree of weathering (Yin et al., 2013;
Han et al., 2014). Mixed-layer I/V only occurred in certain soil layers in the middle
soil profile (Hong et al., 2014). Mixed-layer I/S and K/S clays were observed mainly
in the mid-lower portion of the soil section with relatively weak development of
net-like texture (Hong et al., 2012). However, in the lower soil profile intense
hydromorphism occurred during the syndepositional pedogenesis, as indicated by the
well-developed net-like texture. This would result in an environment with fluctuating
base cation concentrations due to the poorly-drained conditions, and would favor the
formation of metastable precursor mixed-layer clays (Thanachit et al., 2006). In
hydromorphic circumstances the redox processes may influence the CEC and the
swelling behaviour of clay minerals due to their effect on charge (Stucki, 2006). The
changing layer charge will determine whether Ca®" and Mg”" ions enter into a
structure providing a smectite mineral, or, where potassium is available in aqueous
solutions, forming illite type minerals. In general, the high charge layers tend to
attract either A" ions or K ions, and the lower charge layers selectively adsorb
divalent ions Ca®" and Mg*" (Stucki, 2006). These chemical forces will induce
internal ionic migration and the clay particles may become internally heterogeneous
(Velde and Meunier, 2010), and therefore can produce heterogeneous clay mineral

layers in the crystallites, as observed by Eberl et al. (1986), who found heterogeneous
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clay components of illite/vermiculite/smectite mixed-layer in crystallites.

The lower portion of the Xuancheng soils formed under seasonally dry humid
tropical climatic conditions (Hong et al., 2010b), indicative of intense chemical
weathering during the pedogenic modification of the sediments. The periodic redox
processes may cause the incomplete transformation of inherited clay minerals during
pedogenesis, and the newly formed metastable clay phases in association with the
incompletely altered parent clays could simultaneously weather into stable species
through subsequent chemical weathering. The presence of three component I/S/K
mixed-layer clays in the soils suggested that transformations from illite to smectite
and from smectite to kaolinite occurred simultaneously within a clay particle. The
variable thickness observed in lattice fringe images from an illite layer to a smectite
layer along a lattice fringe suggested that an interlayer ionic migration occurred
during the alteration processes due to variations in charge (Figure 4d,e). Variations in
layer charge have been observed to occur through chemical influences by internal
ionic migration in smectite clays creating new charge sites in the structure without
re-crystallization (Bauer et al., 2006). However, smectite to kaolinite transformation
generally involves dissolution—precipitation reactions of a smectite layer within
existing clay crystals. As shown in Figure 4d, a smectite layer changed laterally into a
kaolinite layer. This suggested that the smectite layer dissolved progressively in a
lateral manner as Al-rich, Si-poor fluids infiltrated into the interlayer along crystal
edges (Ryan and Huertas, 2009). The transformation of smectite into kaolinite takes

place through the progressive loss of the tetrahedral sheet of smectite layers, followed
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by changes in the octahedral sheet and the remaining tetrahedral sheet (Dudek et al.,
2006).

In situations where chemical leaching processes dominated, the transformations of
the clay phases were governed by the mobility of the elements released by mineral
dissolution (Rich, 1968). The stability of hydroxyl-aluminum species is pH-dependent
(Churchman, 2000), and A’ cations could be produced by the destabilization of
silicates including clay minerals in solutions with a pH<6. It can be expected that,
during the seasonal drying phase, hydrogen ions will become more concentrated in the
soil solutions, thereby lowering their pH and increasing their solubility. Clay minerals
show some increase in solubility as pH is decreased (e.g. Carroll and Starkey, 1971)
and smectites, in particular release increasing amounts of Si, in addition to Al, to
solution at low pH (Churchman and Jackson, 1976). Exposure of smectites to
increasing acidic solutions as occurs with seasonal drying in these soils means that
their tetrahedral layers which are adjacent to interlayers exposed to the solutions
become more readily solubilised. In the lower soil profile, Al-rich and Si-poor
aqueous solutions were readily produced by permeating groundwater with AI’*
dissolving from the upper soil profile due to intense chemical weathering, and the
smectite to kaolinite transformation could be expected to occur as a result of the
chemical composition of these aqueous solutions.

During weathering illite generally alters into smectite, vermiculite, and intermediate
clay species (e.g., Churchman and Lowe, 2012). However, when the environment

provides enough Al and Si in solution under acidic conditions, illite can alter to

16

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld

2/25



353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-5170

Revision 2

kaolinite (Sand, 1956). As shown in Figure 4d, an illite layer was observed to laterally
change into a kaolinite layer, indicating direct transformation from illite to kaolinite.
The loss of tetrahedra produces domains of kaolinite structure in illite layers, but the
layer will collapse to a 7 A kaolinite layer only after the extent of the layers without
two tetrahedra is sufficiently large. At a given alkali activity, change in illite mineral
stability in favor of kaolinite may occur due to pH variation (Figure 6). In acidic
conditions illite can transform into smectite (montmorillonite) in higher Si
concentration solutions and into kaolinite in relatively lower Si concentration
solutions during weathering. A seasonally dry and wet environment will cause the
groundwater table to rise and fall frequently. Hydromorphism in the Xuancheng soil
profile indicates fluctuating Si concentrations in solutions due to the seasonally
varying climate, and thus caused both the illite to smectite and the illite to kaolinite
transformations to occur in the pedogenic processes.

In Rio Grande do Sul State, Brazil under subtropical climate conditions,
interstratified  kaolinite-smectite and  illite-smectite, illite, kaolinite, and
hydroxy-aluminium interlayered vermiculite were observed in Acrisol soils in
well-drained conditions (Bortoluzzil et al., 2008), where the intermediate species
resulted from the transformation of inherited 2:1 clay minerals by intense leaching.
However, the transformation of illite to kaolinite and to I/S/K three component
mixed-layer clays occurred under subtropical climate conditions during the pedogenic
processes in hydromorphic conditions in Xuancheng, mid-lower reaches of the

Yangtze River,
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CONCLUSIONS

XRD analysis and HRTEM observation showed that the most striking characteristic
of clays found in Xuancheng hydromorphic soils is their uncommon intermediate
behavior. In the XRD patterns, clay species were identified to be illite, kaolinite,
smectite, and mixed-layer illite—smectite. However, HRTEM analysis suggested that
10 A illite layers were interstratified with both 15 A smectite layers and 7 A kaolinite
layers in clay grains, suggesting the occurrence of I/S/K three-component mixed-layer
clays.

The lattice fringes of the I/S/K clays appeared corrugated and vanishing, and also
showed variable thickness along a lattice fringe, in correspondence with illite to
smectite, smectite to kaolinite, and illite to kaolinite transformations. In hydromorphic
soils the redox processes may influence the CEC and the swelling behaviour of clay
minerals due to variation in charge, and these chemical forces will induce internal
ionic migration. The variable thickness in correspondence corresponding to transitions
from illite layers to smectite layer suggested an interlayer ionic migration during the
alteration processes. The smectite to kaolinite transformation appeared to occur
through progressive dissolution in a lateral manner as Al-rich, Si-poor fluids
infiltrated the interlayer along crystal edges. The lateral change from illite to kaolinite
indicated direct transformation from illite to kaolinite by stripping tetrahedra from
illite layers. In the Xuancheng soils fluctuating Al, Si concentrations and acidic

solutions resulting from the concentration of hydrogen ions under seasonal drying in a
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seasonally warm and humid climate has caused the transformation of illite to kaolinite
through intermediate stages to occur by pedogenesis.
IMPLICATIONS

Clay minerals in soils may comprise complex mixtures of different types of
aluminosilicate layers in interstratifications. This can arise because of seasonally
changing hydromorphic conditions during soil formation. Redox changes that occur as
a result can lead to variations in the charges on the layers. The chemistry of soil
solutions, and particularly the nature of the cations surrounding the clay minerals and
its pH can lead to changes within the interlayer that favor the occurrence of smectite
(or vermiculite) or its reversion to an illitic phase. Depending on the relative activities
of Aland Si ions and pH in the solutions, the transformation of illite to kaolinite can
even occur by partial dissolution of the aluminosilicate layers due to increased acidity
resulting from seasonal drying. The transformations of illite to smectite, vermiculite
and kaolinite commonly occur via intermediate mixed-layer phases that can include

any two, or even three of the component mineral types.
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Table 1 The physical and chemical properties of the studied soils

Particle size distribution (%)

Organic matter

CEC
Soil taxonomy (cmol/kg) pH >63um | 63-4 um | <4pm
cmo
g (sand) | (silt) | (clay) | content(wt%)
Oxisols 10.3£0.6 | 4.91+0.05 0.10 69.68 30.22 0.294+0.087
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Figure 1 A generalized map showing the location of the study area.
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Figure 2 (a) A full view of the soil profile showing the occurrence of well-developed net-like veins
in the lower section
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Figure2 (b) A close-up photograph showing the shape and size of the net-like veins
(Pen length 15 cm)
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Sme- smectite; Vrm-vermiculite
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Fig 3a The XRD patterns of samples showing the mineral composition of the soil profile. XRD
experimental patterns are powders, and samples are natural without saturation. U-Bulk:

Bulk sample from the upper portion; U-Clay: Clay fraction of soil from the upper portion; M-Bulk:

Bulk sample from the middle portion, M-Clay: Clay fraction of soil from the middle portion;
L-Bulk: Bulk sample from the lower portion; L-Clay: Clay fraction of soil from the lower portion.
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Figure 3b The XRD patterns of samples from the lower portion with a distinct white
net-like structure showing the mineral composition of the hydromorphic soil. Natural
sample without saturation: oriented sample dried at ambient temperature; Glycolated:
ethylene glycol saturation; K-Saturated: exchanged by K" solution; 400° C: heated to 400
°C; 550° C: heated to 550° C.
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Figure 4 HRTEM images of the Xuancheng soil. (a) Smectite and mixed-layer illite-smectite
showing the characteristic wave—shaped morphology

Figure 4 (b) Clay particles in aggregates with irregular outline
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Figure 4 (c) Illite in relatively thick and plate-shaped outline with straight lattice fringes of
10 A spacing

10 nm

Figure 4 (d) Lateral transition from illite layer to kaolinite layer and from smectite layer to
kaolinite layer
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ngure 4 (e) The interstratified 10, 17, and 7 A layers in clay crystallites of a glycolated

sample.
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Figure 5 The EDS spectra of the interstratified clay crystallites (a) The 7 A domain
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Figure 5 The EDS spectra of the interstratified clay crystallites (b) The 10 A domain
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Figure 5 The EDS spectra of the interstratified clay crystallites (c) The 15 A domain
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Figure 6 The illite/smectite/kaolinite stability diagrams (adapted from Garrels, 1984)
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