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1. Introduction

Vertisols have attracted global attention in research, yielding a large
body of data on their properties and management (Coulombe et al.,
1996; Mermut et al., 1996). Although substantial information is available
on vertisols, it remains challenging to optimise their use and manage-
ment (Coulombe et al., 1996; Myers and Pathak, 2001; Syers et al., 2001).

The global area under vertisols is estimated to be approximately
308 M ha, covering nearly 2.23% of the global ice-free land area (USDA-
SCS, 1994); however, the reliability of this estimate remains uncertain
because several countries have not yet been included in the inventory
(Coulombe et al., 1996). In addition, the area under vertisols in a soil sur-
vey area may often be too small to resolve at the scale of map compila-
tion (Table 1). Vertisols and vertic intergrades occur in 80 countries,
but more than 75% of the global vertisol area is contained in only 6 coun-
tries: India (25%), Australia (22%), Sudan (16%), the USA (6%), Chad (5%),
and China (4%; Dudal and Eswaran, 1988; Wilding and Coulombe, 1996).

Vertisols occur in wide climatic zones, from the humid tropics to arid
areas (Ahmad, 1996), but they are most abundant in the tropics and sub-
arid regions. In the tropics, they occupy 60% of the total area; in the sub-
tropics, they cover 30%, while they cover only 10% in cooler regions
(Dudal and Eswaran, 1988; Wilding and Coulombe, 1996). In humid
and sub-humid regions, vertisols occupy 13% of the total land area; in
sub-arid regions, 65%; in arid regions, 18%; and in the Mediterranean
climate, 4% (Coulombe et al., 1996).

Vertisols are an important natural agricultural resource in many coun-
tries including Australia, India, China, the Caribbean Islands and the USA
(Coulombe et al., 1996). Because of their shrink-swell properties and

Table 1
Distribution of vertisols in different states of India under a broad bioclimatic system.
Adapted from Bhattacharyya et al. (2009).

States Bio-climate® Area (mha)(%)"
Uttar Pradesh SAM, SHD 0.41 (0.12)
Punjab SAM*

Rajasthan AD 0.98 (0.30)
Gujarat AD, SAD, SAM 1.88 (0.57)
Madhya Pradesh SAM, SHD, SHM 10.75 (3.27)
Maharashtra SAD, SAM, SHD, SHM¢ 5.60 (1.70)
Andhra Pradesh SAD, SAM, SHD 2.24 (0.68)
Karnataka AD, SHD, SHM, H 2.80 (0.85)
Tamil Nadu SAD, SAM, SHD, SHM, H 0.91 (0.28)
Puducherry and Karaikal SHM 0.011 (0.003)
Jharkhand SHM, SHD 0.11 (0.034)
Orissa SHM, SHD, H 0.90 (0.28)
West Bengal SHD, SHM®

Bihar SHM®

India 26.62 (8.10)

¢ AD: arid dry: 100-500 mm MAR(mean annual rainfall); SAD: semi arid dry: 500-
700 mm MAR; SAM: semi arid moist: 700-1000 mm MAR; SHD : subhumid dry: 1000~
1200 mm MAR; SHM: subhumid moist: 1200-1600 mm MAR; H: Humid: 1600-
2500 mm MAR.

b Pparentheses indicate percent of the total geographical area of the country.

¢ In the states of Punjab, Bihar, and West Bengal vertisols and vertic intergrades also
occur in SHM, SHD, and SAM climates (Pal et al., 2010) but they are not mappable in
1:250,000.

4 In addition vertisols occur in HT climate (>2500 mm MAR) in Madhya Pradesh and
Maharashtra but they are not mappable in 1:250,000 scale (Bhattacharyya et al., 1993,
2005, 2009; Pal et al,, 2011a).

stickiness, vertisols are known by a number of local regional and vernac-
ular names (Dudal and Eswaran, 1988). They are known in India by at
least 13 different names (Murthy et al., 1982). These names are related
to the characteristic dark colour and/or to aspects of their workability.
These soils are often difficult to cultivate, particularly for small farmers
using handheld or animal-drawn implements. The roots of annual crops
do not penetrate deeply because of poor subsoil porosity and aeration;
therefore, farmers (especially in India) allow these soils to remain fallow
during the rainy season and cultivate them only in the post-rainy season.

Current agricultural land uses (edaphological) demonstrate that al-
though vertisols are a relatively homogeneous soil group, they occur
in a wide range of climatic environments globally and also show consid-
erable variability in their uses and crop productivity (Pal et al., 2011a).
Vertisol use is not confined to a single production system. In general,
management of vertisols is site-specific and requires an understanding
of degradation and regeneration processes to optimise management
strategies (Coulombe et al., 1996; Syers et al., 2001). Basic pedological
research is needed to understand some of the unresolved edaphological
aspects of vertisols (Puentes et al., 1988) to develop optimal manage-
ment practices. Thus, a critical review is in order to establish the con-
nection between the pedology and edaphology of vertisols.

Most of the vertisols in India lie in the Torrid Zone between the Tropic
of Cancer and the Tropic of Capricorn, where the soils are classed as
“tropical”. As in several parts of the world, vertisols also occur in wider
climatic zones in India (Table 1), in humid tropical (HT), sub-humid
moist (SHM), sub-humid dry (SHD), semi-arid moist (SAM), semi-arid
dry (SAD) and arid dry (AD) climatic environments. In total, they occupy
8.1% of the total geographical area of the Indian sub-continent (Table 1).
Additionally, outside the Deccan basalt region of the peninsula, in the
states of Punjab, Bihar and West Bengal, vertisols and their vertic inter-
grades occur in SHM, SHD and SAM climates (Pal et al., 2010), but they
are not mappable at the 1:250,000 scale. Over the past two decades;
however, the focus of research has shifted from general pedology to min-
eralogical and micro-morphological research. By 2009, a total number of
306 BM (benchmark) vertisols and vertic intergrades had been identified
by the National Bureau of Soil Survey & Land Use Planning (NBSS&LUP;
ICAR), Nagpur, India, which included 112 BM vertisols (Pal et al.,
2009c). They have been indicated (along with their global distribution)
ona 1:1 million-scale map (NBSS&LUP, 2002; Pal et al,, 2011a). Although
this review is based on the Indian vertisols, data from other tropical parts
of the world are included where relevant. This review uses state-of-the-
art data on the recent developments in the pedology of vertisols, includ-
ing variation in their morphological, physical, chemical, biological, min-
eralogical and micro-morphological properties. The aim of this review
is to provide a better understanding of vertisols created by the climate
change phenomena of the Holocene, with the goal of optimising their ef-
ficient use and management in tropical India and other tropical regions.
The main objective of the paper is to join pedology and edaphology for
better management of vertisols and to optimise their productivity in
the tropical world during the 21st century.

2. Factors in the formation of vertisol
The soil-forming factors are the most relevant and appropriate

factors explaining vertisol formation. They are interdependent and
highly variable and therefore influence the properties of vertisols in
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multiple ways (Coulombe et al., 1996). In view of recent develop-
ments in studies of vertisol formation (Bhattacharyya et al., 2005;
Pal et al.,, 2001a, 2006a, 2006b, 2009a, 2009b, 2009c; Srivastava et
al., 2002), each of these five factors merits discussion.

2.1. Parent material

Several geologic formations provide the basic parent materials in-
volved in vertisol development (Coulombe et al., 1996; Murthy et al.,
1982). Parent materials from inheritance or weathering provide a
large quantity of smectites; however, the distinction between inherited
and newly formed clay minerals is difficult to discern (Coulombe et al.,
1996). A study of the vertisols of the sub-humid, semi-arid and arid cli-
mates of Peninsular India clearly indicates that both plagioclase and
micas are either fresh or weakly to moderately altered, suggesting
that chemical weathering of these minerals has not been substantial
(Fig. 1a,b). These data discount the formation of smectite during the de-
velopment of vertisols (Srivastava et al., 2002) and validate the hypoth-
esis that vertisol formation reflects a positive entropy change (Smeck et
al., 1983). As smectite is solely responsible for the vertic properties of
soils (Shirsath et al.,, 2000), smectite appears to be the exclusive parent
material of vertisols.

2.2. Climate

The characteristics of vertisols are related to overall climate; how-
ever, other factors such as texture, clay mineralogy, cation saturation,
and the amount of exchangeable sodium equally influence soil mor-
phology (Dudal and Eswaran, 1988; Eswaran et al., 1988).

Large quantities of smectite are required to create shrink-swell
properties in vertisols. Smectite is ephemeral in an HT climate
(Bhattacharyya et al, 1993; Pal et al, 1989). In sub-humid to arid

climates, the weathering of primary minerals contributes very little to
smectite formation (Srivastava et al., 2002). Smectite cannot be formed
or retained in HT vertisols or in sub-humid to arid climatic conditions.
The occurrence of vertisols in the alluvium of weathering Deccan ba-
salt, as well as in HT, SHM, SHD, SAM, SAD, and AD environments in the
Indian peninsula (Pal et al., 2009¢), may suggest that the basaltic parent
material influenced soil formation such that similar soils are formed
under different climatic conditions (Mohr et al., 1972). The soils are ver-
tisols (Soil Survey Staff, 2003), but their morphological and chemical
properties differ. Cracks >0.5 cm wide extend down to the zones of
sphenoids and wedge-shaped peds with smooth or slickensided sur-
faces in HT, SHM, SHD and SAM soils, but cracks cut through these
zones in SAD and AD soils (Fig. 2). Soil reactions and the CaCO5 content
indicate that a reduction in mean annual rainfall (MAR) leads to the for-
mation of calcareous and alkaline soils. Hence, the soils are Typic
Haplusterts in HT, Typic/Udic Haplusterts in SHM, SHD and SAM cli-
mates, and Sodic Haplusterts and Sodic Calciusterts in SAD and AD cli-
mates. Such examples help to define the climatic signatures in soils
that allow researchers to infer the occurrence of climate change in trop-
ical and subtropical regions of India and elsewhere (Pal et al., 2009c).

2.3. Topography

Vertisols generally occur at low elevations, but they also occur at
higher elevations in the Ethiopian plateau or on higher slopes, as in
the West Indies (Coulombe et al., 1996). The majority of the vertisols
in India occur in lower physiographic areas, i.e., in the lower piedmont
plains and valleys (Pal and Deshpande, 1987a; Pal et al., 2009c) or in
micro-depressions (Bhattacharyya et al., 1993; Pillai et al., 1996). Ver-
tisols in micro-depressions are spatially associated with red ferruginous
soils (alfisols) and are seen as distinct entities under similar topograph-
ical conditions on the Deccan basalt plateau in the HT (Bhattacharyya et

a) (muscovite) b) (biotite)
Ch = Chiome
V = Vermiculite
oui >1 Mg-GL = Mg-saturated 001 | 1
002 and glycolated 002
Mg-GL K chev
: M| M
LL 002 s
23 19 15 1 7 3 20 2319 15 11 7 3

Fig. 1. Representative SEM photographs showing no or very little alteration of micas (a, b) and XRD diagrams of the silt and clay fractions (c) of vertisols of Peninsular India. Adapted

from Pal et al. (2006c).
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Panjri, Nagpur,

Paral, Akola,

Nipani, Adilabad, Bhatumbra, Bidar, Sokhda, Rajkot,
Maharashtra. Andhra Pradesh Karnataka Maharashtra Gujarat
Typic Haplusterts Typic Haplusterts Udic Haplusterts Sodic Haplusterts Sodic Calciusterts
SHM, MAR 1127mm  SHD, MAR 1071 mm  gAM, MAR 977 mm SAD,MAR794mm  AD, MAR 533 mm

Fig. 2. Cracks are extending beyond the zone of slickensides with increase in aridity (SHM to AD bioclimates). Adapted from Pal et al. (2003a).

al.,, 1993) and SAD (Pillai et al., 1996) climates. The red soils are mildly
acidic entisols/inceptisols/alfisols in SAD climates, whereas they are
moderately acidic alfisols in an HT climate. The red soil clays of an HT
climate are composed primarily of smectite-kaolin (Sm-K), whereas
those of the SAD climate contain only small amounts of Sm-K. Sm-K
was formed at the expense of smectite in red HT soils, and in red SAD
soils, it is considered to have originated under a previous, humid climate
regime (Pal, 2003). The genesis of both red soils (alfisols) and vertisols
in the contrasting climate has been explained through the landscape-
reduction process (Bhattacharyya et al., 1993; Pal, 1988), as in similar
soils elsewhere (Beckman et al., 1974). In the initial stage of soil forma-
tion, smectite-rich products of weathering from the hills were deposit-
ed in micro-depressions, as is evident from the lithic/paralithic contacts
of such vertisols (Fig. 3). Over time, these sites gradually flattened, and
internal drainage dominated over surface run-off. After peneplanation,
the red soils (alfisols) of the present (Bhattacharyya et al., 1993) and
the past (Pillai et al., 1996) HT climates on relatively stable surfaces con-
tinued to weather, forming Sm-K. In contrast, vertisols continued to
exist in the micro-depressions (Fig. 4) even in HT climates because of
the continuous supply of bases from Ca-rich zeolites that helps to stabi-
lise the smectite (Bhattacharyya et al., 1993). Because the period of the
HT climate ended during the Plio-Pleistocene transition (Pal et al,
1989), both smectite and Sm-K in SAD vertisols were preserved to the
present. The SAD climate restricted further leaching in vertisols and
caused calcareousness and the rise in pH (Pillai et al., 1996). Thus, ver-
tisols are not common in residuum on the Deccan basalt of the plateau.

The formation of “gilgai” micro-topography in vertisol areas is not
very well understood (Coulombe et al, 1996). At present, gilgai
micro-topographies are very rare on the Indian sub-continent because
most were obliterated by post-cultural human activities; however, the
depth distribution of soil properties generally differs between the
mounds and depressions of the gilgai topography (Wilding and
Coulombe, 1996; Wilding et al., 1991), resulting in vertical and horizon-
tal spatial variability in vertisols within distances as short as a few me-
tres or less. Such spatial and horizontal variability in SAD vertisols in a

central Indian watershed was observed by Vaidya and Pal (2002).
Watershed vertisols occur in both micro-high (MH) and micro-low
(ML) positions. The distance between these positions is approximately
6 km, and the elevation difference is 0.5-5 m. Vertisols in MH positions

Fig. 3. A representative vertisol (Typic Haplustert) developed in micro-depression of a
plateau, showing paralithic contact with the Deccan basalt of central India. Photograph,
courtesy of DKP.
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Fig. 4. Schematic diagram of the pedon site of red soils (alfisols) and black soils, (vertisols)
showing the landscape reduction process explaining the formation of spatially associated
red and black soils. Adapted from Pal (2008).

are strongly alkaline, and those in ML positions are mildly alkaline
(Fig. 5). The formation of sodic soils in MH positions alongside non-
sodic soils in ML positions is a unique phenomenon that occurs because
of micro-topographic differences; these differences result in the non-
uniform distribution of water across the landscape and facilitate greater
penetration of rainwater in ML positions.

2.4. Vegetation

Reports on the influence of vegetation on pedogenesis and distribu-
tion of vertisols are very few (Coulombe et al., 1996). Vertisols that are
not cultivated are associated with native vegetation, such as grasslands
and savannahs (Probert et al., 1987). Vertisols can tilt large trees
(Bhattacharyya et al., 1999b). Not surprisingly, few, if any, commercial
forests are found on vertisols (Buol et al., 1978), but mixed pine and de-
ciduous forests are reported in selected regions of east Texas. At present,
most vertisols are under post-cultural activities that make it difficult to
identify and infer the influence of native vegetation (Coulombe et al.,
1996). Vertisols in India are generally less intensively cultivated
(Bhattacharyya et al., 2007), indicating that management has little
role in their formation and modification. These soils are low in organic
carbon on both the surface and sub-surface layers (<1%), indicating
that biotic factors have no substantive role in the genesis of vertisols(Pal
et al., 2009c¢).

2.5. Time

Most vertisols are derived from geological rock systems that are
millions of years old (Bardaoui and Bloom, 1990; Yerima, 1986). The

4 345
- 2
340 3 o 3 3
E g g N
3 2 ~ g
= - MH 5
335 ML —
ML
Y 330 : :
0 5 10 15 20 25

«——— Distance (kms) ———————»

Fig. 5. Juxtaposition of the occurrence of sodic and non-sodic soils (vertisols) on MH
and ML positions in black soil region. Adapted from Pal et al.(2009b).

age of the parent material provides only a maximum chronological
point; in reality, millions of years are much older than the true age
of the geomorphic surface or the time required for vertisol formation
(Coulombe et al., 1996). Many researchers suggest that the formation
of slickensides is very rapid and that vertisols are formed on geomor-
phic surfaces in as few as 550 years (Parsons et al., 1973). For exam-
ple, a Vertic Haplustalf formed <100 yr BP (“C age, Pal et al., 2006a) in
the alluvium of the central Indian SHD Deccan basalt, which exhibits
pressure faces but lacks slickensides. The occurrence of shrink-swell
soils and slickensides (Singh et al., 1998) in the SHM lower Indo-
Gangetic Plains 500-1500 yr BP (TL ages) indicates that a minimum
of 500 yr is adequate to form vertisols. The vertisols of central and
western peninsular India developed in the Deccan basalt alluvium of
the Upper Cretaceous, mostly during the Holocene period, indicating
aminimum "“C age of 3390 yr. and a maximum of 10,187 yr. BP (Pal et
al., 2006b 2009c). These data suggest that vertisols in India and else-
where are of Holocene origin.

3. Smectite clay minerals in vertisols
3.1. Characteristics of smectites

Smectite is considered the major mineral in vertisols, with kaolinite
being of secondary importance (Hajek, 1985). In contrast, kaolinite has
been reported to be abundant in some vertisols in El Salvador (Yerima
et al,, 1985, 1987) and Sudan (Yousif et al., 1988). In addition, several
non-expanding clay minerals (kaolin, micas, chlorites, palygorskite
and vermiculites) are associated with vertisols and their vertic inter-
grades (Coulombe et al., 1996; Heidari et al., 2008). The shrink-swell
behaviour is primarily governed by the nature of the clay minerals, par-
ticularly their surface properties. Although the soils containing all other
clays shrink and swell with changes in moisture content, changes are
particularly extreme in smectites (Borchardt, 1989). Other minerals,
such as kaolin, micas, chlorites, palygorskite and vermiculite do not ex-
pand on solvation. Bhattacharyya et al. (1997) concluded that the vertic
properties of soils are a function of smectite content. A close examina-
tion of the X-ray diffraction (XRD) diagrams of the fine clays of El
Salvador soils in which shrink-swell processes are related to the fine-
clay kaolin content (Yerima et al., 1985; 1987) indicates the presence
of a smectite peak in the Atiocoyo soils, in which Sm-K also dominates.
Thus, the higher value of COLE (0.10-0.12) and the clay CEC value
(62-79 cmol (+)/kg) are compatible with their vertic character. The
presence of expansible minerals might have escaped the notice of re-
searchers in the few shrink-swell soils of the USA (Hajek, 1985) be-
cause the CEC of their clays is >40 (Eswaran et al., 1988).

It was stipulated earlier that the montmorillonitic mineralogy of
soils is associated with vertic properties when smectite exceeds 50%
of the total mineral content in the <2 pm clay fraction (Soil Survey
Staff, 1975, 1994). A qualitative smectite mineralogy class was proposed
for the soils that contain more smectite by weight than any other single
clay mineral (Soil Survey Staff, 1998, 1999). This class provided a means
by which smectite can reflect a quantitative dimension of the vertic
properties of soils. Quantitative determination of minerals in the clay
fractions of soils by XRD analysis is difficult, as any attempts in this re-
gard have yielded semi-quantitative estimates (Gjems, 1967). More-
over, such estimation is questionable when minerals are in the
interstratified phase. The presence of Sm-K in shrink-swell soils is com-
mon in India and elsewhere (Bhattacharyya et al., 1993, 1997; Pal et al.,
1989). Peak-shift analysis (Wilson, 1987) is a useful method to deter-
mine the smectite content in Sm-K. When the smectite component in
Sm-K is highly chloritised, the swelling of smectites on glycolation is
restricted, making the peak-shift analysis ineffective. To circumvent
this problem, the chemical method of Alexiades and Jackson (1965)
has proven effective as a way to quantitatively determine the smectite
content in soil clays, thus establishing the link between bulk soil
properties and clay mineral type (Pal and Durge, 1987). Shirsath et al.
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(2000) revealed a strong relationship between marked shrink-swell
properties and smectite content in the clay fraction (<2 pm). Vertic
properties with a linear extensibility (LE) of 6 in shrink-swell soils cor-
respond to a minimum threshold value of 20% smectite, thus suggesting
that only smectitic soils should be considered shrink-swell soils in the
US Taxonomy.

Smectite species such as montmorillonite, beidellite and nontronite
are reported in vertisols. Of these three, montmorillonite and beidellite
are the most commonly reported, while reports of nontronite are rare
(Coulombe et al., 1996); however, its presence was reported in vertisols
of Upper Volta (Trauth et al., 1967). Coulombe et al. (1996), however, are
of the opinion that although the soil smectites do contain an appreciable
amount of iron, they seldom qualify as nontronite. The occurrence of
iron-rich smectite is related to the ferromagnesian richness of the parent
materials derived from basic igneous rocks. In the Indian sub-continent,
the majority of shrink-swell soils are developed in the alluvium of
weathering Deccan Basalt, which encompasses an area of 500,000 km?
(Duncan and Pyle, 1988). A review on the mineralogy of shrink-swell
soils (vertisols and vertic intergrades) of India (Ghosh and Kapoor,
1982) indicates that these soils are dominated by beidellite-nontronite
type minerals; the authors compute clay minerals based on smectite;
however, such an approach is not infallible (Sawhney and Jackson,
1958). X-ray diffraction analysis of large numbers of smectite-
dominated fine clays of shrink-swell soils in India (Pal, 2003; Pal et al.,
2000a, 2003a) indicates the presence of small to moderate amounts of
hydroxy-interlayer (HI) material in the smectite interlayers, alongside
a small amount of vermiculite. Hydroxy-interlayers are not easily
detected in the glycolation samples but are discernible during the gradual
heating from 110° to 550 °C of the K-saturated samples that occurs as a
result of the low-angle-side broadening of the 1.0-nm peak at 550 °C
(Wildman et al., 1968; Fig. 6). The presence of vermiculite is also not dis-
cernible in the glycolation samples; it is detected only when the 1.0-nm
peak of mica is reinforced on heating to 110 °C (Pal and Durge, 1987).
Even a small quantity of such impurities (HI materials and vermiculite)
affects the charge and sum relationships using smectite formulae.
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The Greene-Kelly test (Greene-Kelley, 1953; Hoffman-Klemen ef-
fect) confirmed the presence of both montmorillonite and beidellite in
the fine-clay fractions of Indian shrink-swell soils in basaltic alluvium,
and the former dominates over the latter (Bhattacharyya et al., 1993;
Kapse et al., 2010; Murthy, 1988; Pal and Deshpande, 1987a); however,
on glycerol vapour treatment (Harward et al., 1969), the clay smectites
expand to approximately 1.9 nm, indicating only the presence of mont-
morillonite (Fig. 6). In other words, fine-clay smectite is nearer to mont-
morillonite in the montmorillonite-beidellite series. Because nontronite
would behave like beidellite in these tests and because clay smectite is
unstable under HCI treatment, consequently releasing considerable
iron in solution, it was concluded that the smectite in vertisols is
nearer to the montmorillonite of the montmorillonite-nontronite series
(Pal and Deshpande, 1987a). Smectite expands beyond 1.4 nm after
glycolation of the K-saturated and heating samples (300 °C; Fig. 6),
indicating its low-layer charge density (as also evidenced by its no
K-selectivity; Pal and Durge, 1987).

It is important to determine the layer charge of smectite minerals.
Theoretically, this parameter should range between 0.3 and 0.6 elec-
trons per half unit cell in smectites. Tessier and Pedro (1987), howev-
er, reported that high-charge smectite (between 0.45 and 0.60
electrons per half unit cell), is common in soils. Several researchers
(Bardaoui and Bloom, 1990; Chen et al., 1989) also reported the pres-
ence of smectite in vertisols with a layer charge in the range of ver-
miculite (0.6-0.9 electrons per half unit cell). Clay smectite in
selected Indian vertisols also showed a high layer charge (0.28 to
0.78 mol electrons/(SiAl)4.010(OH),), and low-charge smectite con-
stitutes >70% in them (Ray et al., 2003); however, a charge >0.6
was attributed to the presence of a small quantity of vermiculite (5-
9%, Pal and Durge, 1987) and to the presence of hydroxy-
interlayering in smectite interlayers (Ray et al., 2003). The layer
charge of clay smectites in Indian vertisols by the alkyl ammonium
method (Lagaly, 1994) showed the presence of monolayer to bilayer
and bilayer to pseudotrilayer transitions, indicating heterogeneity in
the layer-charge density (Ray et al., 2003).

counts/ s
w B
7000 s & t 3054 (102-128cm); Fine clay fraction (< 0.2um); Linga
@ E E
1 E = =
=
sooo & /| " -
T8 N £ £ €
1 7\ \  E E £
) \ - =Y =
5000 " ‘\ 5, = B s
] AN { . ca
. W,
A N P CaEG_
4000 R
CaGLV
-W e, T
. T 5 LiGLV
3000 P Li26
" - e
3 ‘ \_ﬁ_, avN LI2B0 e s e
K25
2000
K110
I~ K300
“—\'\W*W‘\/\w\_%
1000 TN - K300EG o
~~~~~ ™ e ——————————— e ettt et g S " I —
EY K550
‘.““‘- s e S i - ——— . ENHCL A T2 QR ot T L 0 P ) 1 R S AT om0 s B A SR b S
0 T T T T T T T T T T
5 10 16 20 25 30
*2Theta

Fig. 6. Representative X-ray diffractograms of fine clay fractions (<0.2 pm) of the Bss horizons of vertisols of central India; Ca = Ca saturated; Ca-EG = Ca saturated plus ethylene
glycol vapour treated; CaGLV = Ca-saturated plus glycerol vapour treated; Li = Li-saturated and heated to 25 °C, 250 °C (16 h), LiGLV 30-D = Li-saturated and heated at 250 °C plus
glycerol vapour treated and scanned after 30 days;K25/110/300/550 C = K-saturated and heated to 25, 110, 300, 550 °C; K300EG = K-saturated and heated to 300 °C plus ethylene
glycol vapour treated; 6NHCI = 6 N HCl treated fine clays; Sm = smectite, B/N = beidellite/nontronite; V 4+ Ch = vermiculite plus chlorite; M = mica; Mt = montmorillonite; K =

kaolinite; F = feldspars. Adapted from Pal et al. (2003a) and Bhople (2010).
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3.2. Hydroxy-interlayering in smectites and determination of layer charge

The presence of low to moderate hydroxy-interlayering in smectites
is more common than its absence in vertisol smectites in peninsular
India (Pal, 2003; Pal and Deshpande, 1987a). Ray et al. (2002) observed
that the higher the tetrahedral charge, the greater the probability that
hydroxy-interlayers will form in fine clay smectites. Hydroxy-Al inter-
layer clays give 2:1 layer phyllosilicate great weathering resistance,
and the interlayered clays are an important component of both moder-
ately weathered and intensively weathered soils. The hydroxy-
interlayers prevent the determination of the layer charge by the
alkylammonium method (Lagaly, 1994) by obstructing the normal in-
trusion of alkylammonium ions into interlayers (Ray et al, 2006a).
Such interlayers result in the formation of relatively more paraffin-
type layers with bi-pseudotrilayer transition, which causes the over-
estimation of the layer charge of core lattice mineral. Ray et al
(2006a) used several extractants to remove the HI materials from the
fine-clay smectites of Indian vertisols to determine the layer charge of
the cleaned clays. The results were not satisfactory when extractants
other than EDTA were used. The removal of HI materials by 0.25 N
EDTA solution (pH 7.0) was almost complete. Ray et al. (2006a)
obtained the weighted-average layer charge of the pre-treated clays
from 0.40 to 0.46 mol (—)/(Si, Al)4010(OH),, and after EDTA treatment,
the charge ranged from 0.27 to 0.33 mol (—)/(Si, Al)40,0(OH),. These
authors also observed that the Ca-saturated and glycolated fine
clays showed greater intensity than their corresponding Ca-treated cur-
ves. The K-treated curves also showed marked differences when com-
pared with the original fine clays. The removal of HI materials by
EDTA is effective in determining the actual layer charge in soil-clay
smectites.

3.3. Genesis of smectites in vertisols

Smectite, either as a discrete mineral or as a mineral interstratified
with any other layer silicates, remains the most abundant and essential
phyllosilicate in vertisols worldwide. The initiation of vertic properties
at a linear extensibility (LE) of 6 in shrink-swell soils requires a mini-
mum of 20% smectite in their clay fractions (<2 um; Shirsath et al,
2000). Smectite-clay minerals are ephemeral in the HT climate, where
they are rapidly transformed to kaolin. Therefore, it is difficult to under-
stand the formation of vertisols in HT climates without the presence of
soil modifiers such as Ca-zeolites (Bhattacharyya et al., 1993; Pal et al.,
2006b) that release Ca® * ions to prevent the transformation of smectite
to kaolin. The formation and persistence of slightly acidic to acidic Typic
Haplusterts with predominant Sm-K in clay fractions in India
(Bhattacharyya et al., 1999a, 2005; Pal et al., 2009¢) and elsewhere
(Ahmad, 1983) is possible in the presence of soil modifiers that main-
tain the base saturation well above 50% (Pal et al., 2003a, 2006b).

Despite the abundance of vertisols in semi-arid regions (Eswaran et
al., 1988), large quantities of dioctahedral smectite cannot form in these
soils, as the primary minerals contribute little towards the formation of
smectites in the prevailing dry climates (Pal et al., 2009c; Srivastava et
al., 2002). XRD analysis of fine clays in Indian SHM, SHD, SAM, SAD
and AD vertisols indicates that dioctahedral smectites are fairly well
crystallised, as they yield sharp basal reflections on glycolation and
show regular higher (though short and broad) reflections. Smectites
show no sign of transformation except for the HI in the smectite inter-
layers (Pal et al., 2009c). Such interlayering was also observed in the
vermiculite in the silt and coarse-clay fractions (HIV) that resulted in
the formation of pseudo- or pedogenic chlorite (PCh; Vaidya and Pal,
2003; Fig. 7). The presence of hydroxy-interlayered dioctahedral smec-
tite (HIS) in the fine-clay fractions, as well as HIV and PCh in the silt and
coarse-clay fractions, indicates that the hydroxy-interlayering in the
vermiculite and smectite occurred when positively charged hydroxy-
interlayer materials (Barnhisel and Bertsch, 1989) entered into the
inter-layer spaces. Moderately acidic conditions are optimal for

hydroxyl-Al interlayering of vermiculite and smectite; the optimum
pH values for interlayering in smectite and vermiculite are 5.0-6.0
and 4.5-5.0, respectively (Rich, 1968), as small hydroxyl ions are most
likely to be produced at low pH (Rich, 1960). The pH of the majority
of vertisols in subhumid to arid climates all over the world is either
near to neutral or well above 8.0 throughout, suggesting that the 2:1
layer silicates suffer congruent dissolution under mildly to moderately
alkaline conditions (Pal, 1985). This finding discounts the hydroxy-
interlayering of smectites after deposition of the basaltic alluvium (Pal
et al,, 2011b). The hydroxy-interlayering in vermiculite and smectite
and the subsequent transformation of vermiculite to PCh do not, there-
fore, represent contemporary pedogenesis of vertisols in dry climates.
Indian vertisols contain both NPC (relict Fe-Mn coated carbonate nod-
ules) and PC (pedogenic CaCOs; Pal et al., 2000b, 2009¢). Based on "C
dates of carbonate nodules, Mermut and Dasog (1986) concluded that
vertisols with Fe-Mn coated CaCOs are older than those with PCs that
are formed in soils of dry climate soils (Pal et al., 2000b). Thus, NPCs
were formed in a climate that was much wetter than the present cli-
mate, ensuring adequate water for reduction and oxidation of iron
and manganese to form Fe-Mn coatings. Although the vertisols contain
muscovite and biotite mica in the silt and clay fractions (Pal, 2003),
dioctahedral smectite (DOS) cannot be formed at the expense of musco-
vite (dioctahedral mica) because the weathering of muscovite is very
sensitive to potassium levels in soil. Biotite converts to trioctahedral
vermiculite (TOV; Pal, 2003); thus, the simultaneous formation of DOS
and TOV from mica is very unlikely (Pal et al.,, 1989; Ray et al., 2006b).
Moreover, in the sub-humid and semi-arid climates that facilitate the
formation of CaCOs from plagioclase (Pal et al., 2011b), mica may not
yield as much DOS as do vertisols. Thus, the large quantity of DOS
formed under a previous, humid climate regime in the source area as
an alteration product of plagioclase (Pal et al,, 1989; Srivastava et al,,
1998). On the other hand, the formation of smectite from biotite is
quite unlikely in a humid climate (Tardy et al., 1973), but vermiculite
could have transformed to HIV, which in turn transforms to PCh
under acidic conditions. The formation of HIS did not continue in the
HT climate, as evidenced from the presence of very small quantities of
clay kaolin (Sm-K). In the event of prolonged weathering of HIS, kaolin
should become dominant (Bhattacharyya et al., 1993). Thus, the HIS in
the vertisols were formed under a previous, more humid climate regime
and its crystallinity, and also the HIV and PCh were preserved in the
non-leaching environment of the latter sub-humid to dry climates
(Pal et al., 2009c, 2011b).

4. Pedogenic processes in vertisols — recent advances

Over the past three decades, excellent reviews have been published
on the formation and pedogenesis of vertisols of the world (Ahmad,
1983, 1996; Blokhuis, 1982; Coulombe et al., 1996; Dudal and Eswaran,
1988; Eswaran et al., 1988; Mermut et al., 1996; Murthy, 1988; Murthy
et al, 1982; Smeck et al, 1983; Wilding and Tessier, 1988; Yaalon,
1983; Yaalon and Kalmar, 1978); however, during the last decade and
a half, the focus of vertisol research has changed qualitatively because
mineralogical, micro-morphological and age-control tools can be used
to measure the relatively subtle processes related to pedology, pal-
aeopedology and edaphology (El-Swaify et al., 1985; Kadu et al., 2003;
Myers and Pathak, 2001; Pal et al, 2009a, 2009b, 2009c, 2011a;
Srivastava et al., 2002; Swindale, 1989; Syers et al., 2001). Hence, a crit-
ical review is in order to place recent research results in the context of
past research; this review is needed to better understand the following
basic issues related to vertisol pedogenesis, with implications for effi-
cient use and management of vertisols for agricultural development.

4.1. Clay illuviation: proanisotropism in vertisols

Areview of previous work (Ahmad, 1983; Murthy et al., 1982) indi-
cates that the distribution of clay is uniform throughout vertisols
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Fig. 7. Representative X-ray diffractograms of coarse clay (a), and silt (b) fractions of vertisols of Peninsular India; Ca = Ca saturated; Ca-EG = Ca saturated plus ethylene glycol vapour
treated; K25/110/300/550 C = K-saturated and heated to 25, 110, 300, 550 °C; 6NHCI = 6 N HCl treated silt fraction; Sm = smectite, V + Ch = vermiculite plus chlorite; PCh = pseudo
chlorite; K = Kaolin; F = feldspars; Q = quartz. Adapted from Pal et al. (2003a) and Bhople (2010).

because haploidisation within the pedon caused considerable
pedoturbation (Mermut et al., 1996); however, earlier studies reported
that in selected cases, there is a gradual increase in clay content with
depth (Dudal, 1965). It was thought that the increase in clay content
with depth is due not to clay migration but to inheritance from parent
material (Ahmad, 1983).

Studies on vertisols by NBSS&LUP (ICAR) in Nagpur, India, over the
past decade and a half indicated that the clay content of the Bss horizons
ranges from zero to substantially enriched with clay (~20% increase
from the eluvial horizon; Pal et al., 2003a, 2009c). Morphological exam-
ination of the vertisols indicated no sign of stratification in the parent
material and showed no clay skins. However, micro-morphological

investigation of the thin sections indicates the presence of >2% impure
clay pedofeatures (Fig. 8a); these features confirm that the clay is
enriched in the Bss horizons of vertisols by clay illuviation. Therefore,
such vertisols can also have argillic horizons (Pal et al,, 2009c¢). Clay illu-
viation was also identified in clay soils with vertic properties in Canada
(Dasog et al., 1987), Uruguay (Wilding and Tessier, 1988) and Argentina
(Blokhuis, 1982). In the past, it was thought that pedoturbation would
obliterate all evidence of illuviation, except in the lower horizons
(Eswaran et al, 1988; Mermut et al, 1996). Thus, Johnson et al.
(1987) considered this process to be an example of proisotropic
pedoturbation caused by argilli-turbation, which was thought to de-
stroy horizons or soil genetic layers and to make vertisols revert to a
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Fig. 8. Representative photograph in cross polarised light. (a) Impure clay pedofeatures, (b) weakly oriented clay pedofeatures and (c) undifferentiated clay pedofeatures. Adapted

from Pal et al. (2009a).

simpler state. The clay-enrichment of Bss horizons via illuviation sug-
gests that the argilli-turbation is not a primary pedogenetic process in
vertisols (Pal et al, 2009c) and represents a proanisotropism in the
soil profile. This finding is further confirmed by a steady decrease in
soil organic carbon and by increases in CaCOs, exchangeable magne-
sium percentage (EMP), exchangeable sodium percentage (ESP),
water-dispersible clay (WDC) and carbonate clay (fine earth based)
with depth (Table 2; Pal et al., 2009c¢). Therefore, pedoturbation in ver-
tisols is a partially functional process that is not able to overshadow the
more important long-term clay illuviation process. Although argillic ho-
rizons are common in vertisols, the B, horizon does not get better than
their dominant property (slickensides) because vertisol soil order keys
out before the alfisols according to the US Soil Taxonomy. Thus, at pre-
sent, these soils would still be classed as vertisols (Pal et al., 2009c¢).

4.2. Factors of clay illuviation in vertisols

The majority of calcareous vertisols contain a considerable
amount of WDC, which increases with depth (Table 2). This finding
suggests that the dispersion of clay smectite is possible under slightly
acidic to moderately alkaline pH conditions at a very low electrolyte
concentration (ECe<1meL™"; Table 2) that ensure a pH higher
than the zero point of charge required for a full dispersion of clay
(Eswaran and Sys, 1979). Many researchers have postulated carbon-
ate removal as a pre-requisite for illuviation of clay, as Ca>* ions en-
hance the flocculation and immobilisation of colloidal material
(Bartelli and Odell, 1960); however, low quantities of soluble Ca2*
ions (<5 me L™, Table 2) are not generally sufficient to cause floc-
culation of clay particles in vertisols. Therefore, movement of def-
locculated fine clay smectite (and its subsequent accumulation in
the Bss horizons) is possible in non-calcareous as well as calcareous
vertisols (Pal et al., 2003b).

The primary source of Ca% ™ ions in the soil solution is the dissolu-
tion of NPCs (Srivastava et al., 2002). The depth distribution of EMP,
ESP, carbonate clay, and soluble Na* ions in the majority of vertisols
in India (Table 2) suggests that the precipitation of CaCOs as PC en-
hances the pH and the relative abundance of Na™ ions in soil

exchange and in solution. The Na™ ions in turn cause dispersion of
clay smectites, and the dispersed smectites translocate even in the
presence of CaCOs. The formation of PC creates a chemical environ-
ment that facilitates the deflocculation of clay particles and their sub-
sequent movement downward. This finding suggests that PC
formation and clay illuviation are two concurrent and contemporary
pedogenic events that provide examples of pedogenic thresholds in
dry climates (Pal et al., 2003b, 2009c).

4.3. Relative rapidity of clay illuviation, pedoturbation and slickenside
formation

The formation of slickensides has hitherto been considered to be a
very rapid pedogenic process (Parsons et al., 1973; White, 1967;
Yaalon, 1971), as the vertisols are formed on geomorphic surfaces
that are <200 to 550 yr old (Blokhuis, 1982; Parsons et al., 1973). A
Vertic Haplustalf <100 yr age (C age, Pal et al., 2006a) developed
in the alluvium of the central Indian Deccan basalt during the SHD cli-
mate regime, exhibits pressure faces but lacks in slickensides and clay
skins; however, it exhibits weakly oriented clay pedofeatures
(Fig. 8b), undifferentiated clay pedofeatures (Fig. 8c) and poorly sep-
arated plasma (Fig. 9a). Such Vertic Haplustalfs have > 8% more clay
in the B horizons than in the Ap horizons, and the fine clay/total
clay ratio in the B horizon is >1.2 times greater than that of the Ap
horizon. The thin sections of the soils did not show any of the
disrupted clay pedofeatures that could be expected in soils with
high COLE (>0.10, Pal et al., 2009a; Eswaran et al., 1988; Mermut et
al., 1996). Thus, the illuviation of clay in the absence of slickensides
suggests that illuviation is a faster pedogenetic process than the for-
mation of slickensides, which does not take place within a 100-year
span. The occurrence of shrink-swell soils over 500-1500 yr (TL
ages) with the illuviated clay features and slickensides of the eastern
lower Indo-Gangetic Plains (IGP) under an SHM climate regime
(Singh et al., 1998) suggests that a minimum time of 500 years is re-
quired to form slickensides in vertisols. Other evidence also supports
a longer time span for vertisol formation (Aslan and Autin, 1998). In-
tensive pedoturbation is therefore not required or important in the
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Table 2
Physical and chemical properties of Sodic Haplusterts® as representative of vertisols of Peninsular India.
(a) Physical properties
Lab. Hori- Depth Size class and particle diameter (mm) Fine clay Fine clay/total BD COLE HCP WDC
o o 3
no. zon (cm) Total (%) clay (%) Mg/m cm/h (%)
Sand (2-0.05) Silt (0.05-0.002) Clay (<0.002)
(% of <2 mm)
3114 Ap 0-14 0.9 36.7 62.4 26.7 42.8 _ 0.28 1.1 6.6
3115 Bw1 14-40 0.9 342 64.9 26.7 41.1 1.5 0.26 2.1 13.9
3116 Bw2 40-59 0.8 333 65.9 289 43.8 1.6 0.26 1.0 14.8
3117 Bss1 59-91 13 353 63.4 29.0 45.7 1.5 0.29 0.5 6.4
3118 Bss2 91-125 2.4 37.3 60.3 28.7 47.6 1.5 0.25 0.4 7.6
3119 Bss3 125-150 19 38.1 60.0 25.7 428 16 0.25 03 10.0
(b) Moisture at various tensions
Horizon Depth Moisture retention % AWC
(em) 33 kPa 100 kPa 300 kPa 500 kPa 800 kPa 1000 kPa 1500 kPa
Ap 0-14 40.1 35.1 309 28.3 25.1 22.5 20.3 19.7
Bw1 14-40 41.7 37.3 30.6 28.2 26.2 25.1 19.1 22.7
Bw2 40-59 424 40.3 322 30.0 26.9 26.8 22.2 20.2
Bss1 59-91 439 43.1 33.2 326 28.5 279 19.8 241
Bss2 91-125 435 42.7 328 326 27.8 25.7 19.5 241
Bss3 125-150 485 42.7 37.5 33.0 29.4 283 26.2 22.3
(c) Chemical properties
Depth pH water CaCOs oC Extractable bases CEC Clay CEC BS.
! 1 -1 o
(cm) (1:2) (%) (%) G Mg Na K Sum (cmol(p+)kg™ ") (cmol(p+)kg™ ") (%)
(cmol(p+)/kg™")
0-14 7.8 9.3 0.81 46.2 144 0.6 1.0 62.2 65.2 99 95
14-40 7.9 9.4 0.66 434 15.6 2.1 0.7 61.0 61.8 94 98
40-59 8.0 10.7 0.59 42.0 17.8 2.7 0.7 63.0 63.5 95 99
59-91 84 11.0 0.61 38.2 20.2 4.2 0.7 63.3 63.5 100 99
91-125 8.5 13.7 0.48 289 22.0 5.8 0.6 57.3 62.2 95 92
125-150 8.5 15.6 0.42 25.8 22.4 8.6 1.1 57.9 66.7 96 87
(d) Exch. Ca/Mg, ECP, EMP, ESP and carbonate clay in soil and on fine earth basis (feb)
Depth (cm) Exch. Ca/Mg ECP EMP ESP CO3 clay (%) COj3 clay (feb) (%)
0-14 3.2 71 22 1.0 04 0.2
14-40 2.8 70 25 2.1 0.4 0.2
40-59 23 66 28 44 1.2 0.8
59-91 19 60 32 6.6 3.2 2.0
91-125 13 46 35 9.3 1.8 1.1
125-150 1.1 38 33 129 19 1.1
(e) Saturation extract analysis
Depth Soluble cations (megq/1) Soluble anions (meq/1) RSC SAR
(cm) Sat% ECe Ca Mg Na K Sum €0, HCO, a S04 Sum
0-14 72.8 0.3 143 0.8 32 0.1 5.53 - 32 0.8 1.53 5.50 0.97 3.0
14-40 70.4 0.3 0.67 0.4 0.8 0.04 1.91 - 13 0.6 - 1.90 0.23 1.1
40-59 73.0 - 0.46 0.3 1.1 0.05 1.90 1.0 0.5 0.7 - 2.20 0.74 1.8
59-91 77.1 0.4 0.39 03 1.7 0.03 2.46 1.0 1.0 0.9 - 2.90 131 3.0
91-125 63.3 47 0.72 0.5 6.0 143 8.65 1.0 3.0 0.2 4.45 8.65 2.78 8.0
125-150 85.9 - 0.49 0.3 6.3 0.05 7.14 2.0 4.0 0.1 1.04 7.14 5.21 10.0

Adapted from Pal et al. (2003a).
2 As defined by Pal et al. (2006b).
> 9mm h~"is the HC (WM) in 0-100 cm depth of soil.

creation of typical morphogenetic characteristics in a vertisol (Yaalon
and Kalmar, 1978).

4.4. Development of microstructures and vertical cracks in vertisols as
controlled by smectite swelling

Huge quantities of smectitic clay induce both horizontal and vertical
stresses in vertisols. Lateral stresses in the upper horizons are not severe
because of low overburden pressure. In addition, cracks also prevent the
development of stress; however, in the sub-surface regions where

sphenoids and/or slickensides are formed, the difference between hor-
izontal stress and vertical stress is quite large (Knight, 1980) when soils
swell. As a result, failure occurs when the vertical stress is confined and
the lateral stress exceeds the shear strength of the soils. Failure occurs
along a grooved shear plane (theoretically 45° to the horizontal;
Wilding and Tessier, 1988). In reality, such shear failure may range
from 10 to 60° (Knight, 1980). The shear failure is manifested as the ap-
pearance of poro/parallel/reticulate/grano-striated plasmic fabric, indi-
cating a prominent surface-oriented plasma separation (Fig. 9b) or
stipple-speckled/mosaic-speckled/crystallitic plasmic fabric related to
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Fig. 9. Representative photograph of cross polarised light: poorly separated plasma in Vertic Haplustalfs (a), strong parallel plasmic fabric in Typic Haplusterts (b), and mosaic/stippled-
speckled plasmic fabric in Aridic/Sodic Haplusterts of Peninsular India. After Pal et al. (2009a, 2009c).

poor plasma separation in the Bss horizons (Fig. 9¢; Kalbande et al.,
1992; Pal et al., 2009c). The presence of sphenoids and/or slickensides
and the dominance of poro/parallel/grano/reticulate-striated plasmic
fabric in Indian vertisols in HT and SHM climates indicate that the
shrink-swell activity of smectites has been extensive. In contrast, the
dominance of stippled/mosaic-speckled plasma in SHD soils, mosaic/
crystallitic plasma in SAM soils, mosaic/stippled-speckled plasma in
SAD soils and crystallitic plasma in AD soils clearly suggests that
shrink-swell is much less significant in the soils of drier climates com-
pared to HT and SHM climates, and it manifests in poor plasma separa-
tion. Therefore, weak swelling of smectite is sufficient for the
development of sphenoids and/or slickensides, but it is not adequate
to cause strong plasma separation (Pal et al., 2001a, 2009c), despite
the fact that the soils have almost identical COLE values and comparable
amounts of expansible clays (Pal et al., 2006b, 2009c¢). In these soils,
swelling of smectites, however, has been restricted neither by the pres-
ence of CaCOs and calcite crystals, nor by the decrease in smectite inter-
layer surface area by partial hydroxy-interlayering (Pal et al., 2009c).

The saturated hydraulic conductivity (sHC) of all vertisols is not
identical but decreases rapidly with depth. The decrease is sharper in
SAD and AD soils because of their subsoil sodicity (ESP>5, Pal et al.,
2009c). The reduced sHC restricts the vertical and lateral movement
of water in the subsoils. As a result, during the very hot summer months
(April to June), there would be less water in SAD and AD subsoils. This
deficit becomes evident from the deep cracks cutting through their
Bss horizons, in contrast to higher MAR soils in which the cracks do
not extend beyond the slickensided horizon at 40-50 cm (Fig. 2). The
lack of adequate soil water during the shrink-swell cycles restricts the
swelling of smectite and results in weaker plasma separation in SAD
and AD soils (Pal et al., 2009c). Thus, the SAM, SAD and AD subsoils re-
main, in general, under less amount of water compared to those of HT,
SHM, and SHD climates during the Holocene period and are modified
in terms of subsoil sodicity, poor plasma separation, and cracks cutting
through the Bss horizons due to the accelerated formation of PC. There-
fore, Pal et al. (2001a, 2009c) designated such vertisols as polygenic
soils.

4.5. Evolutionary sequences in vertisol formation

Successive stages of pedogenic evolution in vertisols were con-
ceptualised by Blokhuis (1982), who thought that vertisols would lose
their vertic characters and subsequently convert to non-vertic soils.
Eswaran et al. (1988), however, suggested that a vertisol (pH<6.5) in
surface horizons would form an argillic horizon as leaching advanced,
and with the accumulation of translocated clay, the soils may qualify
as Vertic Haplustalfs. Both researchers assumed that the original ver-
tisols had no argillic horizon.

Recent studies on the evolution of soils in HT parts of the Western
Ghats (Bhattacharyya et al, 1993, 1999a) and north-eastern
(Bhattacharyya et al, 2000), and southern India (Chandran et al,
2005) suggest that with time, vertisols in the presence of Ca-zeolites
(Typic Haplusterts) of HT remain as vertisols as long as the zeolites con-
tinue to provide bases by which to prevent the total formation of kaolin
at the expense of smectites (Fig. 10a). In the absence of zeolites, the soils
would gradually become acidic and kaolinitic and phase towards
ultisols through an intermediate stage of non-vertic alfisols (Fig. 10a).
As silica is insoluble in an acidic environment, the complete transforma-
tion of smectite to kaolinite is improbable; thus, ultisols would remain
unchanged, with Sm-K as the dominant minerals (Chandran et al.,
2005).

An extensive pedogenetic study of vertisols in an Indian
climosequence expands the basic understanding of vertisol evolution
from Typic Haplusterts to Udic/Aridic/Sodic Haplusterts and Sodic
Calciusterts (Pal et al., 2009c, Fig. 10b). These vertisols may remain in
equilibrium with their climatic environments until the climate changes
further, after which another pedogenic threshold is reached. These soils
are of Holocene origin but are the products of polygenic evolution. Due
to subsoil sodicity caused by illuviation of Na-clay smectites in vertisols
of the SAM, SAD and AD climates, the initial impairment of the per-
colative moisture regime would yield a soil system in which gains ex-
ceed losses. This self-terminating process (Yaalon, 1971) would lead
to the development of sodic soils in which ESP decreases with depth if
aridity continues (Fig. 11). The soils that exhibit regressive pedogenesis
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Fig. 10. Successive stages of pedogenic evolution in vertisols. Adapted from Pal et al. (2009a). 'Clay illuviation, a requisite for argillic horizon (indicating legacy of Alfisols), although common
does not get better than the slickensides (Vertisol's dominant property). Since Vertisol soil order keys out before Alfisol in Soil Taxonomy these soils would continue to be grouped as Vertisols.

(Johnson and Watson-Stegner, 1987) suggest that soil degradation is a
climatically induced, basic and natural process (Pal et al., 2000b).

5. Importance of pedology in the edaphology of vertisols

5.1. Impact of the close association of non-sodic and sodic shrink-swell
soils (vertisols) on crop performance

Natural soil degradation (in terms of PC formation and development
of subsoil sodicity in the vertisols of the Purna Valley of Maharashtra, cen-
tral India; total area ~0.6 M ha) is triggered by the semi-arid climate, with
an MAR of 875 mm, a tropustic moisture regime and a hyperthermic
temperature regime (Balpande et al., 1996: Pal et al.,, 2000b). Such soils

Depth (em)
S

100

Fig. 11. Progressive development of sodicity in vertisols while aridity continues with
time. Adapted from Pal et al. (2011a). ESP = exchangeable sodium percentage.

have severe drainage problems, but in the Pedhi Watershed, in the adja-
cent east upland of the Purna valley (area ~45,000 ha), vertisols also have
drainage problems. The area, however, has a higher MAR (975 mm) than
the Purna valley and has similar moisture and temperature regimes to the
Purna Valley. Vertisols are the dominant soil type in the watershed, but as
a result of micro-topographic variation (0.5-5m; Fig. 5), Sodic
Haplusterts occur on micro-high (MH) positions and at a distance of ap-
proximately 6 km, while Aridic Haplusterts occur on micro-low (ML) po-
sitions (Vaidya and Pal, 2002). Cotton performs better in Aridic
Haplusterts (ESP<5; 0.6-1.6 t/ha of seed + lint, yield obtained by the
farmers following typical managements as detailed elsewhere, Kadu et
al, 2003) than in Aridic Haplusterts (ESP>5, <15; 0.6-1.0 t/ha) and
Sodic Haplusterts (ESP>15; 0.2-0.8 t/ha yield; Table 3; Kadu et al,
2003). In view of the comparatively poor crop productivity of the Aridic
Haplusterts with the Sodic Haplusterts with an ESP>5 but <15 (having
no soil modifiers; Pal et al., 2006b), Aridic Haplusterts were classified as
Sodic Haplusterts (Balpande et al., 1996; Pal et al., 2000b) because their
resilience could be improved by appropriate management interventions
to enhance crop productivity. Such a close association of Aridic and
Sodic Haplusterts under similar topographical conditions in a relatively
small watershed may be unique from the pedological viewpoint, but
this finding poses a challenge for land resource managers in com-
prehending the differences in the chemical environment between the
Aridic Haplusterts with ESP<5 and the Aridic Haplusterts with ESP>5
but <15. Thus, for optimised use and management of the latter type of
Aridic Haplusterts, the proposed modifications in their subgroup-level
classification (as per US Soil Taxonomy) are mandatory (Pal et al., 2006b).

5.2. Linear distance of cyclic horizons in vertisols and its relevance to
agronomic practices

Vertisols develop deep, wide shrinkage cracks in the summer. These
cracks close as the soil rewets because of up-thrusting that forces one
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Table 3

Range in values of PC, ESP, sHC and yield of cotton in vertisols of Vidarbha, Central India.

District, Vidarbha Region, Maharashtra, Central India  Soil classification PC (%) ESP sHC (mm h™ ') weighted mean in  Cotton yield (tha—1')
the profile (1 m) (seed + lint)
Nagpur (MAR — 1011 mm) Typic Haplusterts/Typic Calciusterts  3-6 0.5-11 4-18 0.9-1.8
Amravati (MAR — 975 mm) (a) Aridic Haplusterts 3-7 0.8-4 2-19 0.6-1.6
(b) Sodic Haplusterts 3-13 16-24 0.6-9.0 0.2-0.8
Akola (MAR — 877 mm) (a) Aridic Haplusterts 3-4 7-14 3-4 0.6-1.0
(b) Sodic Haplusterts 3-4 19-20 1-2 0.6

PC = pedogenic CaCOs, ESP = exchangeable sodium percentage (sodicity), SHC = saturated hydraulic conductivity. Adapted from Kadu et al. (2003).

swelling clay mass to slip over another, resulting in the formation of
slickensides. The cyclic horizons repeat in the subsoil, the size of which
depends on the length of cycle. One-half of the linear distance (LD) of
the cycle is a measurement of the lateral dimension of a cyclic horizon
(Johnson, 1963). To evaluate subsoil variability and determine LD, it is
necessary to have trenches at least 10 m long with depths of 2 m or
more (Bhattacharjee et al., 1977; William et al., 1996). This fieldwork is
time consuming, laborious and expensive.

A large area of vertisols is used for pastures, and cracks developed
therein may be wide enough to cause dangerous footing for animals
(Buol et al.,, 1978). Agronomic uses of vertisols vary widely, depending
on the climate. Field moisture conditions, drainage conditions and pat-
terns of vegetation indicate that the maximum oscillation between
wet and dry conditions manifests in micro-depressions that retain
moisture for longer periods and in microknolls, which dry out faster.
Vertisols are capable of tilting large trees, and surprisingly, few if any
commercial orests are cultivated on vertisols (Buol et al,, 1978). In addi-
tion, highways, buildings, fences, pipelines, and utility lines are moved
and distorted by the shrinking and swelling of these soils. Prior knowl-
edge about the highs and lows of the cyclic pedons may help the stake-
holders plan their programmes and avoid mishaps. In view of the need
for a method to determine LD, a mathematical equation has been pro-
posed to measure the LD of the cyclic horizons, taking into account
the depth of occurrence of slickensides (Bhattacharyya et al., 1999b).
A standard parabolic equation represented by (y?=4ax) was con-
sidered, where a is the focus of the parabola. The concept of cyclic
horizons of vertisols in terms of this parabolic pattern (Fig. 12) cen-
tres around two basic assumptions. The first assumption is that the
depth of the first occurrence of slickensides (b) coincides with the focus

of the parabola. The second assumption is that b holds constant within a
cyclic horizon.

To calculate LD using the equation (LD = MN = 2KN =4[a (a + b)]'?
(Fig. 12), the values of a and b are needed. The value of b (the depth of the
first occurrence of slickensides) is obtained in the field; however, the
value of a can be obtained only by examining the profile exactly in the
centre of the cyclic horizon. This value is difficult to acquire because cy-
clic horizons in the subsurface cannot be identified from the surface, es-
pecially where microknolls and microdepressions are obliterated. When
the profile is examined away from the centre of the cyclic horizon, the
value of a cannot be obtained, and calculation of LD becomes difficult.
Thus, Bhattacharyya et al. (1999b) proposed the following equation.

LD (cm)=200/Y (2500+b Y)'2, where Y=y; +y>, —2(y1 y-)?
and y; and y, are the vertical distances (cm) from the first occurrence
of slickensides to the intersecting points of the cyclic pedon such that
y1>Yy» and b is the depth of the first occurrence of slickensides. It is al-
ways possible to find the values of y; and y;, if the profile is examined on
either side of the centre of the cyclic horizon (Fig. 12). This equation can
eliminate some of the need for fieldwork to determine the LD with the
help of three variables, namely y; (the length of the slickensided zone
on the right-hand side of the profile wall from the depth of the occur-
rence of slickensides), y- (the length of the surface and the slickensided
zone on the left-hand side of the profile wall) and b (the depth of the
occurrence of slickensides). These values can easily be obtained by soil
survey and mapping. The accuracy of the equation proposed by
Bhattacharyya et al. (1999b) is between 81 and 86% in vertisols in
arid to semi-arid climates. The equation provides a new method of locat-
ing micro-depressions and micro-knolls in an effort to better manage
vertisols for agricultural and non-agricultural purposes.

Fig. 12. The parabolic path of cyclic pedon where PL, S, UV, O, and KR are latus rectum, focus, directrix, vertex and axis of the parabola (KN = KM, OS = OR, KN = NV, KM = MU,
0J-OH=y; —y>=H]J, O]+ OH=y; + V>, O].OH=y;.y>). Adapted from Bhattacharyya et al. (1999b).
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5.3. Importance of smectite clay minerals in growing vegetation on
weathered basalt and in very shallow cracking clay soils

In general, gabbros and basalts, which are dominated by dark ferro-
magnesian minerals, are more easily weathered than granites and other
light-coloured rocks. The alluvium of the weathering Deccan basalt is
principally responsible for the formation of deep black soils in the Pen-
insular India, as the first weathering product of the Deccan basalt is low-
charge dioctahedral smectite (Pal and Deshpande, 1987a; Pal et al.,
2009c). In the Deccan basalt litho logs, boulders of different sizes adjoin
each other and exhibit spheroidal weathering (Fig. 13a). These boulders
have concentric rings similar to onions (Fig. 13b) that easily come away
under gentle pressure from fingers. The boulders also contain DOS
(Fig. 13c) similar to that of vertisols (Pal and Deshpande, 1987a). Smec-
tites are known for their excellent capacity to hold moisture and nutri-
ents; thus, they help several tree species to anchor on weathered basalt,
even on steep slopes (> 40%). The long-term preservation of tree spe-
cies under national forest management in Maharashtra and Madhya
Pradesh of western and central Peninsular India has become possible
under favourable MAR conditions in HT, SHM, SHD, and SAM climates.
In SAD and AD climates, care is needed at the initial stage of establish-
ment of tree species. The largest Deccan basalt area with the greatest
forest cover lies in the state of Madhya Pradesh, in central India; it is
followed by Maharashtra, in western India. Smectite mineral has been
enormously useful to preserve and sustain the spectacular natural forest
vegetation (Bhattacharyya et al., 2005). The mineral also helps to main-
tain and preserve the forests in lower-MAR areas; however, initial care
is needed during the establishment of tree species. Thus, the natural
abundance of smectite in the Deccan basalt areas of lower MAR can
also prove useful in establishing agri-horticultural crops even on shallow

soils (entisols; depth <50 cm) strewn with small and weathered basalt
rocks.

5.4. Role of smectite, soil modifiers and palygorskite minerals in influencing
the drainage of vertisols

The vertisols of dry climates of peninsular India have poor drainage,
but they show no salt-efflorescence on the soil surface as evidence of
the threat of soil sodicity. These soils also do not qualify as salt-affected
soils per the United States Salinity Laboratory criteria; however, the
sHC of their subsoils is adversely affected by clay dispersion caused by
exchangeable magnesium (Vaidya and Pal, 2002). This point suggests
that the saturation of vertisols, not only with Na™ ions but also with
Mg? ™ ions, blocks small pores in the soil. In other words, Mg? ™ ions
are less efficient than Ca®™ ions at flocculating soil colloids, although
the United States Salinity Laboratory (Richards, 1954) grouped Ca%*
and Mg? " together because both improve soil structure. This action is
further impaired by a low level of ESP (>5, <15), which reduces the
sHC to <5 mm/h, causing a >50% reduction in cotton yield (Table 3;
Kadu et al, 2003). This result is due to large amounts of smectite
minerals in vertisols (Typic/Aridic Haplusterts). In general, vertisols de-
veloped in the alluvium of weathering Deccan basalt contain >95%,
35-40% and 8-10% smectite in the fine-clay (<0.2 um), coarse-clay (2-
0.2 pm) and silt (50-2 um) fractions, respectively (Pal et al., 2000a),
suggesting that 100 g of vertisols from western and central Peninsular
India may contain 40-50 g of smectite. Therefore, the current lower
limit of a 15 ESP by the United States Salinity Laboratory for all soils is
arbitrary and necessitates the evaluation of a lower ESP limit. To validate
this suggestion, Pal et al. (2006b) undertook an extensive study on
vertisols with and without soil modifiers (Ca-zeolites and gypsum),
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Fig. 13. Deccan basalt litholog showing spheroidal weathering (a), onion like peeling in basalt boulders (b), thin section of basalt boulder showing concentric weathering rinds (c), and
SEM photograph of clay sized dioctahedral smectite as its first weathering product (d). Adapted from Pal et al. (2000a) and photographs (a-d), courtesy of DKP. Adapted from Pal and

Deshpande (1987a) and photographs (a-b), courtesy of DKP.
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representing a climo-sequence from an SHM to an AD climate that occurs
in major states in peninsular India. The results of this study indicate that
a precise cause-effect relationship between PC and NPC and exchange-
able Mg, Na and Ca percentages exists in Sodic/Calcic Haplusterts with
and without modifiers. However, the release of Ca® ™ ions from soil mod-
ifiers prevented the rise in pH and ESP and modified sHC (>10 mm/h) in
high ESP, which supports the performance of rain-fed crops. Therefore, a
lower limit of sodicity at an ESP>40 for IGP soils (Abrol and Fireman,
1977), at an ESP>5 but <15 for Indian vertisols (Kadu et al., 2003), at
an ESP 6 for Australian soils, or at an ESP>15 for all soil types (Soil
Survey Staff, 1999) is incompatible with the performance of crops in
highly sodic vertisols that contain soil modifiers, especially Ca-zeolites
(Pal et al., 2006b). sHC impairment in soils, mediated by dispersibility,
is the most important factor in soil degradation (Sumner, 1995). Thus,
the characterisation of sodic soils based on sHC appears to be most ap-
propriate when a 50% reduction in crop yields has been recorded. There-
fore, Pal et al. (2006b) advocated a value of sHC<10 mm h~ ! (weighted
mean in soil 1 m deep) instead of ESP or SAR. Hence, the deciding feature
of soil classification must be the native vegetation because it indicates
the nature of the land much more explicitly and authoritatively than
any other arbitrary definition or nomenclature (Hilgard, 1906).

The dispersibility of clay colloids impairing the SHC of vertisols is gen-
erally an effect of ESP or EMP in the presence or absence of soil modifiers;
however, the sHC of zeolitic vertisols of the Marathwada region, Maha-
rashtra state, in semi-arid western India is reduced to <10 mm/h, al-
though the soils are non-sodic (Typic Haplusterts; Zade, 2007). Such
vertisols have neutral to mildly alkaline pH, ESP<5, but EMP increases
with depth. In some pedons, EMP is greater than ECP (exchangeable cal-
cium percentage) at depths below 50 cm. Mineralogical studies indicate
that palygorskite is found mainly in the silt and coarse-clay fractions
(Zade, 2007). Palygorskite minerals are present in Typic Haplusterts
and also in Sodic Haplusterts/Sodic Calciusterts in association with
Typic Haplusterts in India (Zade, 2007) and elsewhere (Heidari et al.,
2008). This mineral is the most magnesium-rich of the common clay
minerals (Singer, 2002). Neaman et al. (1999) examined the influence
of clay mineralogy on disaggregation in some palygorskite-, smectite-,
and kaolinite-containing soils (ESP<5) of the Jordan and Betshe'an valley
in Israel. Palygorskite was the most disaggregated of the clay minerals,
and its fibre did not associate into aggregates in soils and suspensions
even when the soils were saturated with Ca® ™ ions. Palygorskite parti-
cles thus move downward in the profile preferentially over smectite
and eventually clog the soil pores (Neaman and Singer, 2004). Therefore,
vertisols with palygorskite content have high EMP values, causing dis-
persion of the clay colloids that form a 3D mesh in the soil matrix. This
interaction causes drainage problems when such soils are irrigated,
presenting a predicament for crop production. In view of their poor
drainage conditions and loss of productivity, non-sodic vertisols (Typic
Haplusterts) with palygorskite minerals must be considered naturally
degraded soils. Similar soils may be found elsewhere in the world;
thus, a new initiative to classify them is warranted.

5.5. Climate change, polygenesis, impairment of soil properties and
evaluation of vertisols

Frequent climatic changes occurred during the Quaternary Period
(Ritter, 1996). As a result, soils worldwide were subjected to climatic
fluctuations, especially in the last post-glacial period. Brunner (1970)
reported evidence for tectonic movements during the Plio-Pleistocene
transition, which caused the formation of various relief types. With
the formation of the Western Ghats during the Plio-Pleistocene crustal
movements, the humid climate of the Miocene-Pliocene was replaced
by the semi-arid conditions that still prevail in central and southern
peninsular India. The Arabian Sea flanks the Western Ghats, which
rise precipitously to an average height of 1200 m, the result of a heavy
orographic rainfall all along the west coast. The lee-side towards the
coast receives less than 1000 mm of rainfall and is typically rain-

shadowed (Rajaguru and Korisetter, 1987). The current aridic environ-
ment prevailing in many parts of the world (including India; Eswaran
and van den Berg, 1992) may create adverse physical and chemical
soil environments. This is evident from the occurrence of more alkaline,
calcareous and sodic shrink-swell soils (Sodic Haplusterts/Calciusterts)
of Peninsular India due to a progressive increase in the PC content from
HT to AD climates (Pal et al., 2009¢; Fig. 10b), as aridity of the climate is
the main factor in the formation of calcareous sodic soils (Pal et al.,
2000b). The subsoils (SAM Aridic Haplusterts, SAD Sodic Haplusterts
and AD Sodic Calciusterts) remain under less water than those of
Typic Haplusterts in HT, SHM and SAM climates. As a result, the vertisols
in drier regions of India have relatively more PC and ESP, reduced sHC,
(Table 2) and poor micro-structure (Fig. 9¢c), as well as deep cracks cut-
ting through the slickensided zones (Fig. 2). Thus, these modified ver-
tisols qualify as polygenic soils (Pal et al., 2009c). Deep-rooted crops
on Aridic Haplusterts (ESP>5, <15) and Sodic Haplusterts show poor
productivity (Table 3). Recently, Kadu et al. (2003) attempted to identi-
fy bio-physical factors that limit the yield of deep-rooted crops (cotton)
in 29 basaltic-alluvium vertisols of the Nagpur, Amravati and Akola dis-
tricts in the Vidarbha region in central India. Under rain-fed conditions,
the yield of deep-rooted crops on vertisols depends primarily on the
amount of rain stored at depth in the soil profile and the extent to
which this soil water is released during crop growth. Both the retention
and release of soil water are governed by the nature and content of clay
minerals, as well as by the nature of the exchangeable cations. The AWC
(available water content), calculated based on moisture content, varied
between 33 and 1500 kPa (Table 4), indicating that not only the Typic/
Aridic Haplusterts but also the Sodic Calciusterts can hold sufficient
water; however, a non-significant negative correlation between cotton
yield and AWC (Table 4) indicates that this water is not released during
the growth of crops. The prevalence of Na™ ions on exchange sites of
Aridic Haplusterts and Sodic Haplusterts/Calciusterts with ESP>5
thus amounts to overestimation (Gardner et al., 1984). In fact, moisture
remains at 100 kPa for Typic Haplusterts and Aridic Haplusterts
(ESP<5) after the cessation of rains during June to September, while it
is held at 300 kPa for Sodic Haplusterts (Kadu, 1997) as the movement
of water is governed by sHC, which decreases rapidly with depth, and
the decrease is sharper in Aridic/Sodic Haplusterts (ESP> 5, Pal et al.,
2009c). This conclusion is supported by a significant positive relation-
ship between ESP and AWC, and a significant negative correlation be-
tween yield and ESP (Table 4). A significant positive correlation
between yield and exchangeable Ca/Mg (Table 4) indicates that a

Table 4

Co-efficient of correlation among various soil attributes and yield of cotton®.
No. Parameter Y Parameter X r
Based on 165 soil horizons samples of 29 vertisols
1 SHC (mmh™1) Exch. Ca/Mg 051"
2 SHC (mmh~1) ESP P —0.56"
3 ESP AWC (%) 0.40"
4 ESP Exch. Ca/Mg —040"
Based on 29 vertisols
5 Yield of cotton (q ha—1!) AWC (%) WM ¢© —0.10
6 Yield of cotton (q ha™ 1) ESP max ? —0.74"
7 Yield of cotton (q ha™1) sHC WM P 0.76"
8 Yield of cotton (q ha—1) carbonate clay! —064"
10 Yield of cotton (q ha—1) Exch. Ca/Mg WM* 0.50"
11 ESP max 2 AWC (%) WME® 0.30"
12 ESP max ? Exch. Ca/Mg WM® —0.55"
13 ESP max?® carbonate clay? 0.83"

AWC, available water content; ESP, exchangeable sodium percentage; sHC, saturated
hydraulic conductivity.
¢ Adapted from Kadu et al., 2003.
> Maximum in pedon.
Weighted mean.
Fine earth basis.

c
d
* Significant at 1% level.
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dominance of Ca* ions in the exchange sites of vertisols is required to
improve the hydraulic properties for a favourable growth and final yield
of crops. The development of subsoil sodicity (ESP>5) replaces Ca® ™"
ions in the exchange complex, causing a reduction in the yield of cotton
in Aridic/Sodic Haplusterts (ESP>5). A significant negative correlation
between ESP and exchangeable Ca/Mg (Table 4) indicates an impover-
ishment of soils with Ca® T ions during sodification by the illuviation of
Na-rich clays. This pedogenic process depletes Ca®> " ions from the soil
solution in the form of CaCOs5, with the concomitant increase of ESP
with pedon depth. Thus, these soils contain PC (Pal et al., 2000b), and
carbonate clay, which, on a fine earth basis, increases with depth
(Table 2). This chemical process is evident from the positive correlation
between ESP and carbonate clay (Table 4). A significant positive
correlation between the yield of cotton and carbonate clay (Table 4)
indicates that, like ESP, PC formation also reduces yield and is a more
important soil parameter than total soil CaCO3; (NBSS&LUP, 1994;
Sys et al., 1993). An accelerated rate of PC formation in dry climates
impairs the hydraulic properties of vertisols, and a significant negative
correlation exists between ESP and sHC (Table 4). The processes
operating in the soils of dry climates also influence the sHC of the
vertisols. A significant positive correlation exists between the yield of
cotton and sHC. In view of the pedogenic relationship among SAT
environments, PC formation, exchangeable Ca/Mg, ESP and sHC, all of
which ultimately impair the drainage of vertisols, the evaluation of
vertisols for deep-rooted crops based on sHC alone may help in plan-
ning and management of soils, not only of vertisols in the Indian SAT
areas, but also of vertisols under similar climatic conditions elsewhere
(Kadu et al., 2003).

5.6. Nature and layer charge of smectite and other minerals in adsorption
and desorption of major nutrients

5.6.1. Nitrogen

One of the forms of mineral nitrogen (N) is fixed NH4-N, and several
reports indicate that many tropical soils are endowed with large
amounts of fixed ammonium (Dalal, 1977); however, information on
this important form of N is scarce, especially in the SAT soils (Burford
and Sahrawat, 1989). Thus, realising its overall importance in the N
economy of soils, Sahrawat (1995) determined the fixed NH4-N distri-
bution in two of the BM vertisols of Indian SAT, namely from
Kasireddipalli at ICRISAT Center and Patancheru and Barsi in Maharash-
tra state, western India. The amount of fixed NH4-N was reported to
have a share of 22 to 59% in the former and 16 to 31% in the latter in
the total soil N, and its percentage was higher in the subsoils. Vermicu-
lites are known to fix NH4-N; however, illites and smectites are often
considered able to fix NHs-N (Nommik and Vahtras, 1982). Smectites
have no selectivity for non-hydrated monovalent cations such as K+
because of their low-level charge (Brindley, 1966). NH;, also a non-
hydrated monovalent cation with almost the same ionic radius as K, is
not expected to be fixed in the interlayers of smectites. It is equally dif-
ficult to understand the NH, ion-fixing capacity of illites because illites
do not expand on being saturated with divalent cations (Sarma, 1976).
Vertisols developed in the basaltic alluvium of the Deccan basalt of
Peninsular India, are not devoid of vermiculite as reported (Dhillon
and Dhillon, 1991; Mengel and Busch, 1982). Vertisols contain vermic-
ulite in their silt (50-2 pum), coarse-clay (2-0.2 um) and fine-clay
(<0.2 um) fractions (Pal and Durge, 1987), including the Kasireddipalli
soils (Pal and Deshpande, 1987b). Vermiculite, determined quantita-
tively (Alexiades and Jackson, 1965), constitutes 2.0 to 3.5% of the silt,
3.5 to 10% of the coarse-clay and 5.0 to 9.5% of the fine-clay fractions
(Pal and Durge, 1987). Moreover, the XRD analysis of the total clay frac-
tion (<2 pm) of the Kasireddipalli soils indicates that smectite (a low-
charge dioctahedral in nature) is the dominant clay mineral (>50%,
<70%) and is associated with vermiculite (10-15%; Pal and Deshpande,
1987a). Vermiculite is trioctahedral in nature and is an alteration product
of biotite in the presence of its dioctahedral variety (muscovite; Pal and

Durge, 1987; Pal et al., 2001b). Both the micas are not part of the Deccan
Basalt, and their presence in vertisols is attributed to erosional and depo-
sitional episodes in the Deccan Basalt areas (Pal and Deshpande, 1987a).
The identification of vermiculite by XRD analysis in different soil size
fractions is fraught with some difficulty in the ubiquitous presence of
chlorite. Its presence is resolved by following the progressive reinforce-
ment of the 1.0 nm peak of mica while heating the K-saturated samples
at 25, 110, 300 and 550 °C (Pal and Deshpande, 1987a; Pal and Durge,
1987), and its quantity is estimated semi-quantitatively following the
method of Gjems (1967). Thus, it would be prudent to attribute the ob-
served NHy4-N fixation in vertisols by Sahrawat (1995) to the presence of
vermiculite only. Both Kasireddipalli and Barsi vertisols have an almost
uniform distribution of sand, indicating any lack of lithological disconti-
nuity in the profile, and amidst this, the clay increases >8% in the sub-
soils than in the surface layer (Sahrawat, 1995). Thus the clay-enriched
subsoils have been the result of clay illuviation (Pal et al., 2009c). During
this pedogenetic process, the fine clay fractions containing not only the
Na-saturated smectite but also vermiculite could translocate downward
in the profile. The translocation of clay-vermiculite might have enriched
the subsoils with vermiculite that may possibly explain the observed
increasing fixation of NH4-N with soil depth (Sahrawat, 1995). Such a
basic understanding is essential to include fixed NH4-N in assessing the
potentiality of N available in tropical soils in general and the vertisols
in particular.

5.6.2. Phosphorus

Among the soil properties that influence phosphorus (P) adsorp-
tion by soil minerals are the nature and amount of soil components
such as clay, organic matter, and hydrous oxides of iron and alumin-
ium (Sanyal and DeDatta, 1991). These authors critically analysed
the findings of several researchers, which indicated a significant cor-
relation of P sorption parameters with clay content, and they pro-
posed that this is a mere reflection of the effect of specific surface
area on P adsorption. In soils, hydrous oxides of iron and aluminium
occur as fine coatings on the surfaces of clay minerals (Haynes,
1983), and these coatings have large specific surface areas that can
adsorb large amounts of added P. This characteristic suggests that
crystalline aluminosilicate minerals merely play a secondary role in
P adsorption (Ryden and Pratt, 1980). Fine clay smectites of vertisols
of HT, SHM, SHD, SAM, SAD, and AD of Peninsular India are partially
hydroxy interlayered (Pal et al., 2009c). The hydroxy interlayering
in smectite interlayers is the not a contemporary pedogenic process
because in the prevailing mild to moderately alkaline pH conditions,
the hydroxides of iron and aluminium cannot remain as positively
charged cations to enter the negative environment of the interlayers
of smectites (Pal et al., 2011b). The presence of HIS in the fine clay
fractions indicates that the hydroxy-interlayering in the smectite in-
terlayers did occur when positively charged hydroxy interlayer mate-
rials entered into the interlayer spaces at a pH far below 8.3 (Jackson,
1964). Moderately acidic conditions are optimal for the hydroxy-Al
interlayering of smectite, and the optimum pH for interlayering in
smectite is 5.0-6.0 (Rich, 1968). The pH of the vertisols is mildly to
moderately alkaline. Under such a chemical environment, 2:1 layer
silicates suffer congruent dissolution (Pal, 1985). This scenario
discounts the hydroxy-interlayering of smectites during the forma-
tion of vertisols in the Holocene period (Pal et al., 2011b) and the cre-
ation of any positively charged hydroxides that can fix added P, as in
highly weathered acidic soils. Therefore, the highest surface area of
smectite and/or hydroxides of iron and aluminium with no positive
sites plays a small role in the adsorption of added negatively charged
phosphate ions in vertisols. This supports the ICRISAT's classical ex-
perimental observations on P adsorption and desorption on vertisols
(Kasireddipalli soils), which clearly indicate that P adsorption is
not a major problem in the vertisols and that all the adsorbed P is
easily exchangeable by P32 and a small amount of P is adsorbed in
the non-exchangeable form (Sahrawat and Warren, 1989; Shailaja
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and Sahrawat, 1994; Warren and Sahrawat, 1993). ICRISAT (1988)
envisaged that CaCO3 could adsorb P because the effective sorption
by CaCOs is not well understood, and P adsorption is not always relat-
ed to CaCOs content (Goswami and Sahrawat, 1982); perhaps the
critical factor here is the quality of the CaCOs. The vertisols of Penin-
sular India under a SAT environment contain CaCOs; of both non-
pedogenic (NPC) and pedogenic (PC) origin, and both of them effer-
vesce with HCl and cannot be distinguished without examining the
soil thin sections under a microscope (Pal et al., 2000b). During the
formation of vertisols in the SAT environment, NPCs (pedorelict) dis-
solve, and the soluble Ca? ™ ions released from NPCs become precipi-
tated as PC at a pH of approximately 8.2 and may also react with
phosphate ions to form Ca-P. Both PC and Ca-P may have the least sol-
ubility in the prevailing mild to moderately alkaline pH conditions of
vertisols. This may be the reason why Ca-P in the vertisols of SAT has
a dominant share among the other soil P compounds, such as Fe-P
and Al-P, causing a very low level of soluble extractable P
(<5 mg kg~ 'soil) by Olsen's method (ICRISAT, 1988). It is interesting
to note that grain sorghum grown on vertisols responds little to ap-
plied P unless the level of Olsen's P was <2.5 mg kg~ ' soil (ICRISAT,
1988). Additionally, some leguminous crops such as chickpea and
pigeonpea are less responsive to fertiliser P than sorghum and pearl
millet (ICRISAT, 1981). The root systems of chickpea exude organic
acids (malic or citric) (ICRISAT, 1988) and those of pigeon pea produce
piscidic acid (Ae et al., 1990), which can dissolve Ca-P and Fe-P, making
more P available to the plants. The root exudates containing such organ-
ic acids and the rootlets in the soil through which rainwater passes, or
other sources of CO,, can cause an increase in the solubility of PC and
Ca-P. The improved management (including pigeonpea) in the long-
term heritage watershed experiment at the ICRISAT Center, Patancheru,
under rain-fed conditions (Wani et al., 2003, 2007) indicates that dur-
ing the last 24 years, the rate of dissolution of CaCOs; was 21 mg yr ™!
in the first 100 cm of the Kasireddipalli soils, which caused a slight in-
crease in exchangeable Ca/Mg and a decrease in pH (Pal et al,, 2011a).
The rate of dissolution of Ca-P under the present improved manage-
ment system is sufficient, as it does not warrant the application of a
high dose of added P fertiliser to produce an incremental grain yield
of 82 kgha~!yr~!. However, predicting a time scale when soils will
be devoid of Ca-P is difficult unless a new research initiative in this di-
rection is taken up.

5.6.3. Potassium

Vertisols are stated to be adequately supplied with potassium (K),
and therefore, responses to applied K are generally not obtained
(Finck and Venkateswarlu, 1982). Extensive research on K behaviour
in Indian vertisols for the last two-and-a-half decades may be a good
example for understanding the basic issues of K adsorption and de-
sorption (Pal, 2003). As the Deccan basalt does not contain micas
(Pal and Deshpande, 1987a), the vertisols derived from its alluvium
are not expected to be micaceous. The small amounts of micas in ver-
tisols are concentrated mainly in their silt and coarse clay fractions
(Pal and Durge, 1987; Pal et al., 2001b), and their parental legacy is
ascribed to erosional and depositional episodes experienced by the
Deccan basalt areas during the post-Plio-Pleistocene transition period
(Pal and Deshpande, 1987a). Petrographic and scanning electron mi-
croscope (SEM) examinations of the muscovites and biotites of the
vertisols of Peninsular India indicate little or no alteration (Fig. 1a,b)
(Pal et al., 2001b; Srivastava et al., 2002). Therefore, highly available
K status of vertisols appears to be related to the retention of elemen-
tary layers of the micas, which favours the release of K™ even though
its content is low. The precise nature of soil mica in the silt and clay
fractions was determined on the basis of the X-ray intensity ratio of
peak heights of 001 and 002 basal reflections of mica (Pal et al.,
2001b). The ratio is generally greater than unity in the silt but is
close to unity in the clay fraction (Fig. 1c). The ratio>1 suggests the
presence of muscovite and biotite minerals. If muscovite minerals

were present alone, the ratio would have been close to unity (Tan,
1982). In the event of a mixture of these two micas, both will contrib-
ute to the intensity of the 1.0 nm reflections, whereas the contribu-
tion of biotite to the 0.5 nm reflection would be nil or negligible,
thus giving a higher value to the intensity ratio of these reflections
(Kapoor, 1972). Thus, the silt fractions of the soils contain both mus-
covite and biotite, whereas the clay fractions are more muscovitic in
character (Fig. 1c). The enrichment of soils with muscovite is not
favourable so far as the K release is concerned. This is evidenced by
the reduced rate of K release in the vertisols compared with the
much higher rate of K release from the biotite-enriched soils of the
IGP (Pal et al., 2001b) when they were subjected to repeated batch-
type Ba-K exchange under identical experimental conditions (Pal
and Durge, 1989). Muscovite and biotite micas co-exist in soil envi-
ronments. The weathering of muscovite in the presence of biotite is
improbable. Therefore, the quantity of muscovite cannot be used as
an index of K reserve in soils (Pal et al., 2001b). For this reason, Pal
et al. (2001b) felt it was necessary to provide a selective quantifica-
tion of biotite mica in the common situation in which soils contain
mixtures of biotite and muscovite. The contents of biotite in vertisols
and their size fractions were estimated through a rigorous and ex-
haustive Ba-K exchange reaction. The cumulative amount of K re-
leased at the end of final extraction by the soil's size fractions when
the release of K nearly ceased was considered as mainly coming
from biotite (Pal et al., 2006¢) (Fig. 14). The amount of clay biotite,
silt biotite and sand biotite in the representative vertisols of central
India ranged from 1.0 to 1.6, 0.2 to 0.3 and 0.2 to 0.4%, respectively,
constituting 7-19, 2-3 and 2-5% of the total mica in the respective
size fractions. In the <2 mm fine earth fraction, the biotite quantity
does not exceed 1%, which constitutes approximately 6-8% of the
total mica. For any size fraction, the cumulative amount of K released
on a biotite weight basis follows the order > cumulative amount of K
released on the entire mica weight basis >cumulative amount of K re-
leased on the weight basis of the size fraction (Table 5). The signifi-
cant positive correlation between the cumulative K release of soils
and their size fractions is mainly from biotite and is established
from the statistical analysis of bivariate data sets of several parame-
ters that directly or indirectly influence K release. The significant pos-
itive correlations between cumulative K release from sand, silt and
clay and their corresponding total K contents, respectively (Table 6),
indicate that the K release is a function of total K content in micas
and feldspars. However, the positive correlations between total K
contents in sand, silt, clay and soil and their mica contents (Table 6)
indicate the predominant influence of mica to supply K to the plants
grown in vertisols. Furthermore, significant positive correlations be-
tween the cumulative K release of sand, silt, clay and soil and their re-
spective mica contents (Table 6) indicate that the K release from
either the soils or different size fractions are controlled mainly by
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Fig. 14. Relationship between numbers of extractions and cumulative K release
(mg/100 g~ ! mica) of micas in various size fractions of a vertisol. Adapted from
Pal et al. (2006c¢).
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Table 5
Cumulative K release from a representative Vertisol and its size fractions.

Horizon depth (cm) Fine earth (<2 mm)
cumulative K release in

75 extractions 10 extractions

Sand (2-0.05 mm)
cumulative K release in

Silt (0.05-0.002 mm)
cumulative K release in
35 extractions

Clay (<0.002 mm) cumulative
K release in 60 extractions

SF? MB BB SF MB BB SF MB BB SF MB BB

mg K 100g !
Ap 0-15 69 429 6059 20 272 7000 16 191 7004 114 561 6990
Bw1 15-41 41 277 4230 12 162 7006 15 195 7009 92 509 6998
Bw2 41-70 39 267 4097 23 297 6997 13 184 7011 88 502 6999
Bss1 70-95 45 261 4638 15 191 6986 14 161 6990 91 433 7000
Bss2 95-135 49 286 4793 24 334 6991 15 162 6991 92 462 6999
Bss3 135-155 37 235 3849 13 147 6907 16 184 7008 94 471 6984

Adapted from Pal et al. (2006c).

2 SF = on the basis of size fraction; MB = on the basis of mica content; BB = on the basis of biotite content.

mica. However, better correlations than those between the cumula-
tive K release of sand, silt, clay and soil and their biotite contents
(Table 6) provide incontrovertible evidence that the K release in
soils is primarily controlled by biotite mica. This further supports
the earlier observations on the inertness of muscovite mica in the re-
lease of K in the presence of biotite (Pal et al., 2001b). The released
amount of K from sand-, silt- and clay-sized biotite (Table 6) is in con-
trast to the relationships observed between cumulative K release and
particles of specimen biotite by earlier researchers (Pal, 1985; Pal et
al., 2001b; Reichenbach, 1972). This indicates that large-sized biotite
particles have a lower K selectivity than finer particles. Comparable
cumulative amounts of K released from sand and silt biotite
(Table 6) indicate that not only the sand-sized but also some portion
of silt-sized biotite of the vertisols have a greater number of elemen-
tary layers along with little weathered biotite. It is observed that dur-
ing the formation of vertisols since the Holocene (Pal et al., 2006b),
there has been no substantial weathering of biotite under the SAT en-
vironments. This validates the earlier hypothesis (Srivastava et al.,
2002) that the formation of vertisols reflects a positive entropy
change due to a lack of any substantial weathering of primary min-
erals. The relevance of the almost-unaltered biotites (Fig. 1b) is that
both sand and silt biotites have highly favourable K release potential,
which is reflected in the medium to highly available K status of the
vertisols of India and elsewhere (Finck and Venkateswarlu, 1982).
Agronomic experiments on the vertisols of central India have indicat-
ed crop response to K fertilisers after two years of cropping with hy-
brid cotton (Pal and Durge, 1987). Therefore, the present available K

Table 6

Co-efficient of correlation among various soil characteristics.
Parameter T
Cumulative K of sand Total K in sand 0.635™*
Cumulative K of silt Total K in silt 0.771°*
Cumulative K of clay Total K in clay 0.822°*
Total K in sand Sand mica 0.933™*
Total K in silt Silt mica 0.766™*
Total K in clay Clay mica 0.981°*
Total K in soil Soil mica 0.979™*
Cumulative K of sand Sand mica 0.524"
Cumulative K of silt Silt mica 0.694™*
Cumulative K of clay Clay mica 0.851™"
Cumulative K of soil Soil mica 0.429*
Cumulative K of sand mica Sand biotite 0.894™*
Cumulative K of silt mica Silt biotite 0917
Cumulative K of clay mica Clay biotite 0.978™"
Cumulative K of soil mica Soil biotite 0.435"

Adapted from Pal et al. (2006c).
* Significant at 0.05 level.
** Significant at 0.01 level.

status may not be sustainable over a longer term because the contents
of sand and silt biotites are low. This information helps dispel the
myth that the vertisols are rich in available K and that they may not
warrant the application of K fertilisers.

Potassium adsorption/fixation in vertisols does not appear to be suf-
ficiently severe to conclude that K becomes completely unavailable to
plants (Finck and Venkateswarlu, 1982). Bajwa (1980) reported that
soil clay beidellites can fix more K than vermiculite, being nearly 80%
against added K, whereas clay montmorillonites can fix only approxi-
mately 18%, much less than by the vermiculite clays. The study by Pal
and Durge (1987) on K adsorption by the vertisols of Peninsular India
indicates that fine clay smectites adsorbed 50-60% of added K,
amounting 25-30 mg K/100 g clay. This apparently suggests that the
fine clay smectites of Indian vertisols are close to beidellite (Bajwa,
1980). Through a series of diagnostic methods to characterise the fine
clay smectites, Pal and Deshpande (1987a) confirmed that they are
nearer to the montmorillonite of the montmorillonite-nontronite se-
ries. Because smectites can have no K selectivity (Brindley, 1966), fur-
ther characterisation of fine clay smectites (Pal and Durge, 1987a)
indicated the presence of vermiculites, which are generally not detected
on the glycolation of Ca-saturated samples but can be detected by a pro-
gressive reinforcement of the 1.0 nm peak of mica while heating the K-
saturated samples from 25 to 550 °C (Fig. 6). Similar results were
reported by Ruhlicke (1985) while reporting a K adsorption of
60 mg K/100 g in bentonite (montmorillonite) deposits. The content
of vermiculite was quantified following the method of Alexiades and
Jackson (1965) by Pal and Durge (1987), and the vermiculite content
ranged from 5 to 9% in the fine clay of vertisols. Pal and Durge (1987)
concluded that the observed K adsorption by the silt and clay fractions
is due to the presence of vermiculite and not to smectite. The smectites
of vertisol clays belong to the low-charge dioctahedral type, and thus,
they expand beyond 1.0 to 1.4 nm with the glycolation of K- saturation
and heating the samples at 300 °C (Fig. 6). These smectites, when treat-
ed according to the alkylammonium method (Lagaly, 1994), showed
the presence of both monolayer to bilayer and bilayer to pseudotrilayer
transitions. The layer charge of the half-unit cell of smectite ranges from
0.28 to 0.78 mol (—)/(SiAl)4019(OH),, and the low-charge smectite
constitutes >70% in them (Ray et al., 2003). The position of the higher
charge with 0.78 units or lower appears to be due to the presence of
small amounts of vermiculite as determined quantitatively by Pal and
Durge (1987). The limited leaching in vertisols and small amount of ver-
miculite would lessen the rate of added K-fertilisers when required. If K-
fertilisers are added as a basal dose, the K™ ions would be fixed in the
interlayer of vermiculite, which would make the NH, ions from N-
fertilisers more labile for ready assimilation by growing plants if not
added as a basal dose. In addition, ammonium retention by low charge
smectites is expected to be low, and thus, the addition of K may not
cause a reduction in crop yield, as experienced elsewhere with high-
charge smectite (Chen et al., 1989).
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5.7. Role of soil modifiers (zeolites, gypsum and CaCO3) in making
vertisols productive in adverse climatic environments

5.7.1. Ca-zeolites

During the last 3 decades, zeolite minerals have been recognised with
increasing regularity as common constituents of Cenozoic volcanogenic
sedimentary rocks and altered pyroclastic rocks (Ming and Mumpton,
1989). Zeolites have also been reported as secondary minerals in the
Deccan flood basalt of the Western Ghats in the state of Maharashtra,
India (Jeffery et al., 1988; Sabale and Vishwakarma, 1996). Among the
commonly occurring species of zeolites, heulandites have a wide occur-
rence both in time and space (Sabale and Vishwakarma, 1996). Zeolites
have the ability to hydrate and dehydrate reversibly and to exchange
some of their constituent cations. Consequently, they can influence the
pedochemical environment during the formation of soils. The signifi-
cance of zeolites has recently been realised in the formation and persis-
tence of slightly acidic to acidic vertisols (Typic Haplusterts) in HT
climatic environments, not only in central and western India
(Bhattacharyya et al., 2005), but elsewhere (Ahmad, 1983). Zeolites
can indeed provide sufficient bases to prevent the transformation of
smectite to kaolinite, thus making the formation and persistence of ver-
tisols possible even in a humid tropical climate (Bhattacharyya et al.,
2005), as zeolites can maintain the base saturation of soils well above
50% (Bhattacharyya et al., 1993; Pal et al., 2006b). The formation and per-
sistence of vertisols in the Western Ghats over millions of years
(Bhattacharyya et al., 1993; Pal et al., 2009¢) has provided a unique ex-
ample that in an open system such as soil, the existence of a steady
state appears to be a more meaningful concept than equilibrium, in a rig-
orous thermodynamic sense (Smeck et al., 1983). The knowledge gained
on the role of zeolites in the persistence of vertisols not only provides a
deductive check on inductive reasoning regarding the formation of soil
in the humid tropical climate (Chesworth, 1973, 1980), but it also throws
light on the role of these minerals in preventing the loss of soil productiv-
ity even in an intense leaching environment. This indeed may be the rea-
son why crops do not show a response to liming in the acid soils of the
tropical Western Ghats (Kadrekar, 1979).

Many productive vertisols under rain-fed conditions have been ren-
dered unproductive for agriculture under irrigated conditions in the
longer-term. However, some zeolitic vertisols of the SAD parts of west-
ern India have been irrigated through canals for the last twenty years to
produce sugarcane. These soils lack salt-efflorescence on the surface
and are not waterlogged at present, suggesting that these soils are not
degraded due to their better drainage. However, these soils are now
Sodic Haplusterts in view of their pH, ECe and ESP values, but they
have sHC>10 mm hr~! (weighted mean in the 0-100 cm, Pal et al,
2011). A constant supply of Ca®> ™ ions from Ca-zeolites in these soils
most likely helps maintain a better drainage system. Because of such
natural endowment with a soil modifier, no ill effects of high ESP
(>15) in crop production in the vertisols of Gezira in Sudan (El
Abedine et al., 1969; Robinson, 1971) and in Tanzania (Ahmad, 1996)
were observed. In addition, some vertisols of the AD climate of western
India produce deeply rooted crops such as cotton under rain fed condi-
tions comparable to those of the Typic Haplusterts of the SAM climate of
central India. The sHC (weighted mean, 0-100 cm) of these soils is
>15mm hr~ !, despite being Sodic Calciusterts (Pal et al., 2009c). How-
ever, the sustainability of crop productivity in the dry climate depends
on the solubility and supply of Ca* ions from zeolites such that it is suf-
ficient to overcome the ill effects of the pedogenic threshold of dry cli-
mates (Pal et al., 2003b, 2009c). Such situations are unique in nature
and pose a great challenge to soil mappers to classify them as per the
US Soil Taxonomy when they have good productive potential despite
being sodic in nature.

5.7.2. Gypsum
Arid and semi-arid environments trigger natural soil degradation
processes in terms of the precipitation of CaCOs; and the concomitant

development of sodicity (Pal et al., 2000b). Despite this possibility, se-
lected vertisols of the SAD climate in southern India are non-sodic and
support the growth of crops such as cotton, pigeonpea and sorghum.
The development of sodicity has been prevented by the presence of
gypsum in these soils, but the soils are calcareous in nature. The soils
have an sHC>30 mm hr~! despite the rapid formation of PC, unlike
in the zeolitic vertisols of the SAD climate (Pal et al., 2009c). This can
be attributed to the greater solubility of gypsum (30 me/L) than that
of Ca-zeolites (<0.1 me/L) in distilled water (Pal et al., 2006b). The gyp-
sum in such soils is antagonistic to the formation of more soluble salts in
soils, as it prevents clay dispersion. Although the sustainability of crop
productivity in these soils depends on the gypsum stock, the present
poor productivity of cotton (approximately 2 t ha~ ') may be enhanced
by irrigation because the gypsum present would prevent water logging
because of better drainage (Pal et al., 2009b).

5.7.3. CaCO3

The subsoil sodicity impairs the hydraulic properties of the vertisols
of SAT environments, and this leads to the formation of sodic soils with
ESP decreasing with depth. These soils are impoverished in organic car-
bon but have become enriched with CaCOs; with poor sHC (Pal et al.,
2009c¢). However, such soils show enough resilience under the im-
proved management (IM) (catchment management followed by
adopting legume-based crop rotation, improved nutrient management
and without any chemical amendments) system of ICRISAT,
implemented in Patancheru, India. Through the implementation of
such practices, a substantial increase in soil organic carbon (SOC)
stock was observed (Wani et al., 2003). The resilience of such soils has
been maintained by implementing IM practices in vertisols. The in-
crease in SOC is, however, related to chemical changes after the speci-
fied management interventions. In vertisols (Sodic Haplusterts, Pal et
al.,, 2011a) after 30 years of IM, the weighted mean (WM) of sHC in
the first 100 cm of the profile increased by almost 2.5 times due to the
reduction of ESP through the dissolution of CaCOs;, making the soils
more permeable to air and water. In the last 24 years (since 1977),
the rate of dissolution of CaCO; has been 21 mgyr~! in the first
100 cm of the profile. Dissolved Ca? " ions improve the Ca/Mg ratio on
the exchange complex of soils under IM compared with those under
traditional management (Pal et al., 2011a).

The changes in soil properties, as stated above, suggest that CaCOs3 is
dissolved through the cations of acidic root exudates and carbonic acid
that formed due to evolved CO, from the root respiration in an aqueous
solution, resulting in the formation of Ca (HCOs),. The soluble Ca
(HCO3),, therefore, helps restore both the soluble and exchangeable Ca
ions in the soils. The ESP decreases and the soil structure improves; as
a result, the hydraulic properties of soils are improved. This improve-
ment in soil properties highlights the role of CaCOs3;, which remains
chemically inert (Pal et al., 2000b) during its sequestration (Sahrawat,
2003) but acts as a soil modifier during the amelioration of degraded
soils. The improvements in soil properties are also reflected in the classi-
fication of vertisols. The original Kasireddipalli soils (Sodic Haplusterts)
now qualify as Typic Haplusterts (Pal et al., 2011a).

6. Concluding remarks

Vertisols are used for the production of various agricultural crops
under both irrigation and rain-fed conditions. Agronomic practices for
growing crops under irrigation do not cause soil degradation in HT, and
crops grow well in SAD and AD climates due to the presence of soil mod-
ifiers. Without soil modifiers, however, the soils degrade under irrigation
in SAT environments and lose their productivity. Non-sodic vertisols
(Typic Haplusterts) with minerals such as palygorskite have severe
drainage problems, like the non-zeolitic Aridic Haplusterts, even with
an ESP>5 but<15. Zeolitic Sodic Haplusterts have no drainage problem
and are productive like Typic Haplusterts at present. These agricultural
land uses clearly highlight that even though vertisols make up a
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relatively homogeneous major soil group, they show a considerable var-
iability in their land use and crop productivity. It is therefore important
to understand the factors that cause the variability in their properties.
A synthesis of recent developments in the pedology of vertisols achieved
through the use of high resolution micro-morphology, mineralogy, and
age control data along with their geomorphologic and climatic history,
has helped us better understand the effects of pedogenetic processes
due to changes in climate during the Holocene in modifying the soil
properties in the presence or absence of soil modifiers (Ca-zeolites and
gypsum), CaCO3 and palygorskite minerals. The state-of-the-art informa-
tion developed through this review has helped establish an organic link
between pedogenetic processes and bulk soil properties and has provid-
ed a better understanding of many pedological and edaphological issues
related to vertisols. It is hoped that this review will serve as a handbook
to assess the health and quality of vertisols while developing suitable
management practices to enhance and sustain their productivity. How-
ever, much of the success of the management interventions still depends
on the proper classification of vertisols at the subgroup level, identifying
the impairment of drainage in Aridic Haplusterts (ESP>5, <15), Typic
Haplusterts (with palygorskite) and the improvement of drainage in
Sodic Haplusterts/Sodic Calciusterts with soil modifiers. At present, the
vertisols of the SAT environments are less intensively cultivated because
of their inherent limitations, despite that they represent a productive re-
source under improved management. Therefore, areas dominated by
vertisols require immediate national attention so that they can be used
judiciously to produce more food required for the populous Indian sub-
continent and other countries in the developing world.

References

Abrol, LP., Fireman, M., 1977. Alkali and Saline Soils, Identification and Improvement for
Crop Production. Bull. No. 4. Central Soil Salinity Research Institute, Karnal, India.

Ae, N., Arihara, ]., Okade, K., Yoshihara, T.C.,, Johansen, C., 1990. Phosphorus uptake by
pigeonpea and its role in cropping systems of the Indian subcontinent. Science
248, 477-480.

Ahmad, N., 1983. Vertisols. Pedogenesis and Soil Taxonomy. : In: Wilding, L.P., Smeck,
N.E., Hall, G.F. (Eds.), The Soil Orders, vol. II. Elsevier, Amsterdam, pp. 91-123.
Ahmad, N., 1996. Occurrence and distribution of vertisols. In: Ahmad, N., Mermut, A.
(Eds.), Vertisols and Technologies for Their Management. Elsevier, Amsterdam,

pp. 1-41.

Alexiades, C.A., Jackson, M.L., 1965. Quantitative determination of vermiculite in soils.
Soil Science Society of America Proceedings 29, 522-527.

Aslan, A., Autin, W.J., 1998. Holocene flood plain soil formation in the southern lower
Mississippi Valley: implications for interpreting alluvial paleosols. Geological Soci-
ety of America Bulletin 110, 433-449.

Bajwa, 1., 1980. Soil clay mineralogies in relation to fertility management: effect of soil
clay mineral compositions on potassium fixation under conditions of wetland rice
culture. Communications in Soil Science and Plant Analysis 11, 1019-1027.

Balpande, S.S., Deshpande, S.B., Pal, D.K., 1996. Factors and processes of soil degrada-
tion in vertisols of the Purna valley, Maharashtra, India. Land Degradation & Devel-
opment 7, 313-324.

Bardaoui, M., Bloom, P.R., 1990. Iron-rich high-charge beidellite in vertisols and
mollisols of the High Chaouia region of Morocco. Soil Science Society of America
Journal 54, 267-274.

Barnhisel, R.I., Bertsch, P.M., 1989. Chlorites and hydroxy-interlayered vermiculites and
smectite, Minerals in Soil Environments, Second edition. : In: Dixon, ].B., Weed, ].B.
(Eds.), Soil Science Society of America Book Series (Number 1): Wisconsin, USA,
pp. 729-788. Wisconsin, USA.

Bartelli, LJ., Odell, R.T., 1960. Laboratory studies and genesis of a clay-enriched horizon
in the lowest part of the solum of some brunizem and gray-brown podzolic soils in
[llinois. Soil Science Society of America Proceedings 24, 390-395.

Beckman, G.G., Thompson, C.H., Hubble, G.D., 1974. Genesis of red and black soils on
basalt on the Darling Downs, Queensland, Australia. Journal of Soil Science 25,
215-280.

Bhattacharjee, J.C., Landey, R]., Kalbande, A.R,, 1977. A new approach in the study of
vertisol morphology. Journal of the Indian Society of Soil Science 25, 221-232.
Bhattacharyya, T., Pal, D.K., Deshpande, S.B., 1993. Genesis and transformation of min-
erals in the formation of red (alfisols) and black (inceptisols and vertisols) soils on

Deccan Basalt in the Western Ghats, India. Journal of Soil Science 44, 159-171.

Bhattacharyya, T., Pal, D.K,, Deshpande, S.B., 1997. On kaolinitic and mixed mineralogy
classes of shrink-swell soils. Australian Journal of Soil Research 35, 1245-1252.

Bhattacharyya, T., Pal, D.K,, Srivastava, P., 1999a. Role of zeolites in persistence of high
altitude ferruginous alfisols of the humid tropical Western Ghats, India. Geoderma
90, 263-276.

Bhattacharyya, T., Pal, D.K,, Velayutham, M., 1999b. A mathematical equation to calculate
linear distance of cyclic horizons in vertisols. Soil Survey Horizons 40, 109-134.

Bhattacharyya, T., Pal, D.K, Srivastava, P., 2000. Formation of gibbsite in presence of 2:1
minerals: an example from ultisols of northeast India. Clay Minerals 35, 827-840.

Bhattacharyya, T., Pal, D.K., Chandran, P., Ray, S.K,, 2005. Land-use, clay mineral type and
organic carbon content in two mollisols-alfisols-vertisols catenary —- sequences of
tropical India. Clay Research 24, 105-122.

Bhattacharyya, T., Chandran, P., Ray, S.K, Pal, D.K.,, Venugopalan, M.V., Mandal, C,
Wani, S.P., 2007. Changes in levels of carbon in soils over years of two important
food production zones of India. Current Science 93, 1854-1863.

Bhattacharyya, T., Sarkar, D., Sehgal, ].L., Velayutham, M., Gajbhiye, K.S., Nagar, A.P.,
Nimkhedkar, S.S., 2009. Soil Taxonomic Database of India and the States
(1:250,000 scale), NBSSLUP, Publication 143(266 pp.).

Bhople, B.S., 2010. Layer Charge Characteristics of Some Vertisol Clays of Maharashtra and
its Relationship with Soil Properties and Management. Ph. D Thesis, Dr. P D KV, Akola,
Maharashtra, India.

Blokhuis, A.A., 1982. Morphology and genesis of vertisols. Vertisols and Rice Soils in the Tro-
pics: Transactions 12th International Congress of Soil Science, New Delhi, pp. 23-47.

Borchardt, G., 1989. Smectites. In: Dixon, J.B., Weed, S.B. (Eds.), Minerals in Soil Envi-
ronments. Soil Science Society of America, Madison, Wisconsin, pp. 675-727.

Brindley, G.W., 1966. Ethylene glycol and glycerol complexes of smectites and vermic-
ulites. Clay Minerals 6, 237-259.

Brunner, H., 1970. Pleistozane Klimaschwankungen im Bereich den ostlichen Mysore-
Plateaus (Sudindien). Geologie 19, 72-82.

Buol, S.W., Hole, F.D., McCracken, R.J., 1978. Soil Genesis and Classification. Oxford and
IBH Publ. Co., New Delhi, India.

Burford, J.R., Sahrawat, K.L., 1989. Nitrogen availability in SAT soils: environment ef-
fects on soil processes. Soil Fertility and Fertility Management in Semi-Arid Tropi-
cal India. In: Christianson, C.B. (Ed.), Proc. Collog. held at ICRISAT Centre,
Patancheru, India, October 10-11, 1988. International Fertilizer Development Cen-
tre, Muscle Shoals, AL, pp. 53-60.

Chandran, P., Ray, S.K., Bhattacharyya, T., Srivastava, P., Krishnan, P., Pal, D.K., 2005. Lat-
eritic soils of Kerala, India: their mineralogy, genesis and taxonomy. Australian
Journal of Soil Research 43, 839-852.

Chen, C.C,, Turner, F.T., Dixon, J.B., 1989. Ammonium fixation by high charge smectite in
selected Texas Gulf Coast soils. Soil Science Society of America Journal 53, 1035-1040.

Chesworth, W., 1973. The parent rock effect in the genesis of soil. Geoderma 10,
215-225.

Chesworth, W., 1980. The haplosoil system. American Journal of Science 280, 969-985.

Coulombe, C.E., Wilding, L.P., Dixon, ].B., 1996. Overview of vertisols: characteristics
and impacts on society. In: Sparks, D.L. (Ed.), Advances in Agronomy, vol. 57. Aca-
demic Press, New York, pp. 289-375.

Dalal, R.C,, 1977. Fixed ammonium and carbon-nitrogen ratios of Trinidad soils. Soil
Science 124, 323-327.

Dasog, G.S., Acton, D.F., Mermut, A.R., 1987. Genesis and classification of clay soils with
vertic properties in Saskatchewan. Soil Science Society of America Journal 51,
1243-1250.

Dhillon, S.K., Dhillon, K.S., 1991. Characterization of potassium in red (alfisols), black
(vertisols) and alluvial (inceptisols and entisols) soils of India using electro-ultra
filtration. Geoderma 50, 185-196.

Dudal, R., 1965. Dark Clay Soils of Tropical and Subtropical Regions. FAO Agric. Dev.
Paper, 83. FAO, Rome. 161 pp.

Dudal, R, Eswaran, E., 1988. Distribution, properties and classification of Vertisols. In:
Wilding, L.P., Puentes, R. (Eds.), Vertisols: Their Distribution, Properties, Classifica-
tion and Management. Texas A&M University Printing Centre, College Station,
Texas, pp. 1-22.

Duncan, R.A., Pyle, D.G., 1988. Rapid eruption of the Deccan flood basalt, western India.
Deccan Flood Basalts. : In: Subbarao, K.V. (Ed.), Geological Society of India Memoir,
No.10. Geological Society of India, Bangalore, pp. 1-19.

El Abedine, A.Z., Robinson, G.H., Tyego, V., 1969. A study of certain physical properties
of a vertisol in a Gezira area, Republic of Sudan. Soil Science 108, 358-366.

El-Swaify, S.A., Pathak, P., Rego, TJ., Singh, S., 1985. Soil management for optimized
productivity under rain-fed conditions in the semi-arid tropics. Advances in Soil
Science 1, 1-63.

Eswaran, H., Sys, C., 1979. Argillic horizon in LAC soils formation and significance to
classification. Pedologie 29, 175-190.

Eswaran, H., van den Berg, E., 1992. Impact of building of atmospheric CO, on length of
growing season in the Indian sub-continent. Pedologie 42, 289-296.

Eswaran, H., Kimble, J., Cook, T., 1988. Properties, genesis and classification of vertisols.
Classification, Management and Use Potential of Swell-Shrink Soils. : In: Hirekerur,
LR, Pal, D.K, Sehgal, ].L., Deshpande, S.B. (Eds.), INWOSS, October 24-28, 1988.
National Bureau of Soil Survey and Land Use Planning, Nagpur, pp. 1-22.

Finck, A., Venkateswarluy, ., 1982. Chemical properties and fertility management of ver-
tisols. Transactions 12th International Congress Soil Science Symposium Paper, 2,
pp. 61-79.

Gardner, E.A., Shaw, RJ., Smith, G.D., Coughlan, K.G., 1984. Plant available water capac-
ity: concept, measurement, prediction. In: McGarity, J.W., Hoult, E.H., Co, H.B.
(Eds.), Properties, and Utilization of Cracking Clay Soils. University of New
England, Armidale, pp. 164-175.

Ghosh, S.K., Kapoor, B.S., 1982. Clay minerals in Indian soils, in: Review of Soil Research
in India. Transactions. 12th International Congress. Soil Science 2, 703-710.

Gjems, 0., 1967. Studies on clay minerals and clay mineral formation of soil profiles in
Scandinavia. Meddeleser fra det Norske Skogforsoksvesen 21, 303-415.

Goswami, N.N., Sahrawat, K.L., 1982. Nutrient transformations in soils: macronutrients.
Transactions of the 12th International Congress of Soil Science, Feb 1982, New
Delhi, India: Review of Soil Research in India, vol.1, pp. 8-16.

Greene-Kelley, R., 1953. The identification of montmorillonoids in clays. Journal of Soil
Science 4, 233-237.



48 D.K. Pal et al. / Geoderma 189-190 (2012) 28-49

Hajek, B.F., 1985. Mineralogy of aridisols and vertisols. Proceedings 5th International
Soil Classification. Soil Survey Administration, Khartoum, Sudan, pp. 221-230.
Harward, M.E., Carstea, D.D., Sayegh, A.H., 1969. Properties of vermiculites and smec-
tites: expansion and collapse. Clays and Clay Minerals 16, 437-447.

Haynes, RJ., 1983. Effect of lime and phosphate applications on the adsorption of phos-
phate, sulphate, and molybdate by a spodosol. Soil Science 135, 221-226.

Heidari, A., Mahmoodi., Sh., Roozitalab, M.H., Mermut, A.R., 2008. Diversity of clay min-
erals in the vertisols of three different climatic regions in western Iran. Journal of
Agricultural Science and Technology 10, 269-284.

Hilgard, E.W., 1906. Soils: Their Formation, Properties, Composition and Relation to Cli-
mate and Plant Growth in the Humid and Arid Region. Macmillan, New York. 593

pp.

ICRISAT, 1988. Phosphorus in Indian vertisols. Summary Proceedings of a Workshop,
August 1988, ICRISAT Center, Patancheru, A.P. 502324, India, pp. 23-26.

ICRISAT (International Crops Research Institute for Semi-Arid Tropics), 1981. Farming sys-
tems. Annual Report 1979/80Patancheru, A.P. 502324, ICRISAT, India, pp. 182-185.

Jackson, M.L., 1964. Chemical composition of soils. In: Bear, F.E. (Ed.), Chemistry of the
Soil. Oxford and IBH Publishing Co., Calcutta, pp. 71-141.

Jeffery, K.L., Henderson, P., Subbarao, K.V., Walsch, J.N., 1988. The zeolites of Deccan
Basalts: a study of their distribution. In: Subbarao, K.V. (Ed.), Deccan Flood Basalts.
Geological Society of India, Bangalore, pp. 151-162.

Johnson, W.M., 1963. The pedon and polypedon. Soil Science Society of America Pro-
ceedings 27, 212-215.

Johnson, D.L., Watson-Stegner, D., 1987. Evolution model of pedogenesis. Soil Science
143, 349-366.

Johnson, D.L., Watson-Stegner, D., Johnson, D.N., Schaetzl, RJ., 1987. Proisotropic and
proanisotropic processes of pedoturbation. Soil Science 143, 278-292.

Kadrekar, S.B., 1979. Utility of basic slag and liming material in lateritic soils of Konkan.
Indian Journal of Agronomy 25, 102-104.

Kadu, P.R., 1997. Soils of Adasa Watershed: Their Geomorphology, Formation, Charac-
terization and Land Evaluation for Rational Land Use. Ph.D. Thesis, Dr. P D K V,
Akola, Maharashtra, India.

Kadu, P.R,, Vaidya, P.H., Balpande, S.S., Satyavathi, P.L.A., Pal, D.K., 2003. Use of hydrau-
lic conductivity to evaluate the suitability of vertisols for deep-rooted crops in
semi-arid parts of central India. Soil Use & Management 19, 208-216.

Kalbande, A.R,, Pal, D.K., Deshpande, S.B., 1992. b-fabric of some benchmark vertisols of
India in relation to their mineralogy. Journal of Soil Science 43, 375-385.

Kapoor, B.S., 1972. Weathering of micaceous clays in some Norwegian podzols. Clay
Minerals 9, 383-394.

Kapse, V.K, Ray, S.K.,, Chandran, P., Bhattacharyya, T., Pal, D.K., 2010. Calculating charge
density of clays: an improvised method. Clay Research 29, 1-13.

Knight, M., 1980. Structural analysis and mechanical origins of gilgai at Boorook, Victoria,
Australia. Geoderma 23, 245-283.

Lagaly, G., 1994. Layer charge determination by alkylammonium ions. Layer Charge
Characteristics of 2:1 Silicate Clay Minerals. : In: Mermut, A.R. (Ed.), CMS Work-
shop Lectures, vol. 6. The Clay Minerals Society, Boulder, USA, pp. 1-46.

Mengel, K., Busch, R., 1982. The importance of the potassium buffer power on the crit-
ical potassium level in soils. Soil Science 133, 27-32.

Mermut, A.R., Dasog, G.S., 1986. Nature and micromorphology of carbonate glaebules
in some vertisols of India. Soil Science Society of America Journal 50, 382-391.
Mermut, AR, Padmanabham, E., Eswaran, H., Dasog, G.S., 1996. Pedogenesis. In:
Ahmad, N., Mermut, A.R. (Eds.), Vertisols and Technologies for Their Management.

Elsevier, Amsterdam, pp. 43-61.

Ming, D.W., Mumpton, F.A., 1989. Zeolites in soils. In: Dixon, J.B., Weed, S.B., Dinauer,
R.C. (Eds.), Minerals in Soil Environments. Soil Science Society of America,
Madison, pp. 873-911.

Mohr, E.CJ., Van Baren, F.A., Van Schuylenborgh, J., 1972. Tropical Soils — A Compre-
hensive Study of Their Genesis. Mouton-Ichtiarbaru-Van Hoeve, The Hague. 142
pp.

Murthy, A.S.P., 1988. Distribution, properties and management of vertisols of India. Ad-
vances in Soil Science 8, 151-214.

Murthy, R.S., Bhattacharjee, J.C., Landey, RJ., Pofali, R.M., 1982. Distribution, character-
istics and classification of vertisols. Vertisols and Rice Soils of the Tropics, Symposia
Paper II, 12th International Congress of Soil Science, New Delhi. Indian Society of
Soil Science, pp. 3-22.

Myers, RJ.K,, Pathak, P., 2001. Indian vertisols: ICRISAT's research impact — past, pre-
sent and future. In: Syers, J.K,, Penning de Vries, F.T., Nyamudeza, P. (Eds.), The
Sustainable Management of Vertisols. CAB International Publishing, Wallingford,
pp. 203-219.

NBSS&LUP, 1994. Proceedings of National Meeting on Soil-Site Suitability Criteria for
Different Crops. Feb 7-8, Nagpur India, p. 20.

NBSS&LUP, 2002. Soils of India, NBSS Pub. 94. NBSS and LUP, Nagpur, India.

Neaman, A., Singer, A., 2004. The effects of palygorskite on chemical and physico-
chemical properties of soils: a review. Geoderma 123, 297-303.

Neaman, A., Singer, A., Stahr, K., 1999. Clay mineralogy as affecting disaggregation in
some palygorskite-containing soils of the Jordan and Bet-She'an Valleys.
Australian Journal of Soil Research 37, 913-928.

Nommik, H., Vahtras, K., 1982. Retention and fixation of ammonium and ammonia in
soils. In: Stevensen, F.J. (Ed.), Nitrogen in Agricultural SoilsAgronomy 22, 123-171.

Pal, D.K,, 1985. Potassium release from muscovite and biotite under alkaline conditions.
Pedologie (Ghent) 35, 133-146.

Pal, D.K., 1988. On the formation of red and black soils in southern India. In: Hirekerur,
LR, Pal, D.K, Sehgal, ].L., Deshpande, S.B. (Eds.), Transactions International Work-
shop Swell-Shrink Soils. Oxford and IBH, New Delhi, pp. 81-82.

Pal, D.K., 2003. Significance of clays, clay and other minerals in the formation and man-
agement of Indian soils. Journal of the Indian Society of Soil Science 51, 338-364.

Pal, D.K., 2008. Soils and their mineral formation as tools in paleopedological and geo-
morphological studies. Journal of the Indian Society of Soil Science 56, 378-387.

Pal, D.K., Deshpande, S.B., 1987a. Characteristics and genesis of minerals in some
benchmark vertisols of India. Pedologie (Ghent) 37, 259-275.

Pal, D.K., Deshpande, S.B., 1987b. Genesis of clay minerals in a red and black complex
soils of southern India. Clay Research 6, 6-13.

Pal, D.K,, Durge, S.L., 1987. Potassium release and fixation reactions in some benchmark
vertisols of India in relation to their mineralogy. Pedologie (Ghent) 37, 103-116.

Pal, D.K,, Durge, S.L., 1989. Release and adsorption of potassium in some benchmark al-
luvial soils of India in relation to their mineralogy. Pedologie (Ghent) 39, 235-248.

Pal, D.K,, Deshpande, S.B., Venugopal, K.R., Kalbande, A.R., 1989. Formation of di- and
trioctahedral smectite as an evidence for paleoclimatic changes in southern and
central Peninsular India. Geoderma 45, 175-184.

Pal, D.K,, Dasog, G.S., Vadivelu, S., Ahuja, R.L.,, Bhattacharyya, T., 2000a. Secondary calci-
um carbonate in soils of arid and semi-arid regions of India. In: Lal, R., Kimble, ].M.,
Eswaran, H., Stewart, B.A. (Eds.), Global Climate Change and Pedogenic Carbonates.
Lewis Publishers, Boca Raton, Florida, pp. 149-185.

, D.K,, Bhattacharyya, T., Deshpande, S.B., Sarma, V.A.K., Velayutham, M., 2000Db. Sig-

nificance of minerals in soil environment of India. NBSS Review Series, 1.

NBSS&LUP, Nagpur. 68 pp.

D.K., Balpande, S.S., Srivastava, P., 2001a. Polygenetic vertisols of the Purna Valley

of Central India. Catena 43, 231-249.

D.K,, Srivastava, P., Durge, S.L., Bhattacharyya, T., 2001b. Role of weathering of fine-

grained micas in potassium management of Indian soils. Applied Clay Science 20,

39-52.

, D.K,, Srivastava, P., Bhattacharyya, T., 2003a. Clay illuviation in calcareous soils of
the semi-arid part of the Indo-Gangetic Plains, India. Geoderma 115, 177-192.

, D.K, Bhattacharyya, T., Ray, S.K., Bhuse, S.R., 2003b. Developing a model on the for-

mation and resilience of naturally degraded black soils of the peninsular India as a

decision support system for better land use planning. NRDMS, Department of Sci-

ence and Technology (Govt. of India) Project Report, NBSSLUP (ICAR), Nagpur. .

144 pp.

D.K,, Bhattacharyya, T., Ray, S.K,, Chandran, P., Srivastava, P., Durge, S.L., Bhuse, S.R.,

2006a. Significance of soil modifiers (Ca-zeolites and gypsum) in naturally degrad-

ed vertisols of the peninsular India in redefining the sodic soils. Geoderma 136,

210-228.

, D.K, Bhattacharyya, T., Chandran, P., Ray, S.K,, Satyavathi, P.L.A., Raja, P., Maurya,
UK, Paranjape, M.V., 2006b. Pedogenetic processes in a shrink-swell soil of central
India. Agropedology 16, 12-20.

Pal, D.K., Nimkar, A.M., Ray, S.K., Bhattacharyya, T., Chandran, P., 2006¢. Characterisa-

tion and quantification of micas and smectites in potassium management of

shrink-swell soils in Deccan basalt area. In: Benbi, D.K., Brar, M.S., Bansal, S.K.

(Eds.), Balanced Fertilization for Sustaining Crop Productivity. Proceedings of the

International Symposium held at PAU, Ludhiana, India, 22-25 Nov' 2006 IPI,

Switzerland, pp. 81-93.

D.K,, Bhattacharyya, T., Chandran, P., Ray, S.K., 2009a. Tectonics-climate-linked nat-

ural soil degradation and its impact in rainfed agriculture: Indian experience. In:

Wani, S.P., Rockstrom, J., Oweis, T. (Eds.), Rainfed Agriculture: Unlocking the Po-

tential. CABI International, Oxfordshire, U.K, pp. 54-72.

D.K, Dasog, G., Bhattacharyya, T., 2009b. Pedogenetic processes in cracking clay

soils (vertisols) in tropical environments of India: a critique. Journal of the Indian

Society of Soil Science 57, 422-432.

D.K,, Bhattacharyya, T., Chandran, P., Ray, S.K., Satyavathi, P.L.A., Durge, S.L., Raja, P.,

Maurya, U.K,, 2009c. Vertisols (cracking clay soils) in a climosequence of Peninsu-

lar India: evidence for Holocene climate changes. Quaternary International 209,

6-21.

, D.K,, Lal, Sohan, Bhattacharyya, T., Chandran, P., Ray, S.K,, Satyavathi, P.L.A., Raja, P.,
Maurya, UK, Durge, S.L., Kamble, G.K., 2010. Pedogenic thresholds in benchmark
soils under rice-wheat cropping system in a climosequence of the Indo-Gangetic
alluvial plains. Final Project Report, Division of Soil Resource Studies, NBSS&LUP
(ICAR), Nagpur. 193 pp.

, D.K,, Bhattacharyya, T., Wani, S.P., 2011a. Formation and management of cracking
clay soils (vertisols) to enhance crop productivity: Indian experience. In: Lal, R.,
Stewart, B.A. (Eds.), World Soil Resources and Food Security. CRC Press, Francis
and Taylor, Boca Raton, Fl, pp. 317-343.

, D.K,, Bhattacharyya, T., Sinha, R., Srivastava, P., Dasgupta, A.S., Chandran, P., Ray,
S.K., Nimje, A.,, 2011b. Clay minerals record from Late Quaternary drill cores of
the Ganga Plains and their implications for provenance and climate change in
the Himalayan Foreland. Palaeogeography, Palaeoclimatology, Palaeoecology,
http://dx.doi.org/10.1016/j.pale0.2011.05.009.

Parsons, R.B., Moncharoan, L., Knox, E.G., 1973. Geomorphic occurrence of pelloxererts,
Wilamette Valley, Oregon. Soil Science Society of America Proceedings 37,
924-927.

Pillai, M., Pal, D.K., Deshpande, S.B., 1996. Distribution of clay minerals and their gene-
sis in ferruginous and black soils occurring in close proximity on Deccan basalt pla-
teau of Nagpur district, Maharashtra. Journal of the Indian Society of Soil Science
44, 500-507.

Probert, M.E., Fergus, LF., Bridge, B.J., McGarry, D., Thompson, C.H., Russel, ].S., 1987.
The Properties and Management of Vertisols. CAB International, Wallingford,
Oxon, UK.

Puentes, R., Harris, B.L., Victoria, C., 1988. Management of vertisols in temperate re-
gions. In: Wilding, L.P., Puentes, P. (Eds.), Vertisols: Their Distribution, Properties,
Classification and Management. Texas A & M University Printing Center, College
Station, Texas, pp. 129-145.

Rajaguru, S.N., Korisetter, R., 1987. Quaternary geomorphic environment and culture
succession in western India. Indian Journal of Earth Sciences 14, 349-361.

Pal

Pal,

Pal

Pal

Pa

Pal

Pal

Pal,

Pa

Pal

Pal

Pal

Pal



D.K. Pal et al. / Geoderma 189-190 (2012) 28-49 49

Ray, SK., Chandran, P., Bhattacharyya, T., Durge, S.L, 2002. Modification of vertisol
properties in relation to charge characteristics of smectites. Abstract, National
Seminar, Indian Society of Soil Science and 67th Annual Convention, Jabalpur,
M.P., India, pp. 227-228.

Ray, S.K,, Chandran, P., Bhattacharyya, T., Durge, S.L., Pal, D.K,, 2003. Layer charge of two
benchmark vertisol clays by alkylammonium method. Clay Research 22, 13-27.

Ray, S.K., Bhattacharyya, T., Chandran, P., Sahoo, AK., Sarkar, D., Durge, S.L, Raja, P.,
Maurya, U.K,, Pal, D.K,, 2006a. On the formation of cracking clay soils (vertisols)
in West Bengal. Clay Research 25, 141-152.

Ray, SK., Chandran, P., Bhattacharyya, T., Pal, D.K, 2006b. Determination of layer
charge of soil smectites by alkylammonium method: effect of removal of
hydroxy-interlayering. Abstract, 15th Annual Convention and National Symposium
on “Clay Research in Relation to Agriculture, Environment and Industry” of the Clay
Minerals Society of India. BCKVV, Mohanpur, West Bengal, p. 3.

Reichenbach, H.G.V., 1972. Factors of mica transformation. Proceedings 9th Colloquium
International Potash Institute, pp. 33-42.

Rich, C.I, 1960. Aluminum in interlayers of vermiculite. Soil Science Society of America
Proceedings 24, 26-32.

Rich, CI,, 1968. Hydroxy-interlayering in expansible layer silicates. Clays and Clay Minerals
16, 15-30.

Diagnosis and improvement of saline and alkali soils. : Richards, L.A. (Ed.), 1954. USDA
Agricultural Handbook, vol. 60. US Government Printing Office, Washington, DC.

Ritter, D.F., 1996. Is Quaternary geology ready for the future? Geomorphology 16, 273-276.

Robinson, G.H., 1971. Exchangeable sodium and yields of cotton on certain clay soils of
Sudan. Journal of Soil Science 22, 328-335.

Ruhlicke, G., 1985. Layer charge of clay minerals in K fixing sedimentary soils. Potash
Review Sub. 4, 1-8.

Ryden, ].C., Pratt, P.F., 1980. Phosphorus removal from wastewater applied to land.
Hilgardia 48, 1-36.

Sabale, A.B., Vishwakarma, L.L., 1996. Zeolites and associated secondary minerals in Deccan
volcanics: study of their distribution, genesis and economic importance. National Sym-
posium on Deccan Flood Basalts, India, Gondwana. Geological Magazine 2, 511-518.

Sahrawat, K.L.,, 1995. Fixed ammonium and carbon-nitrogen ratios of some semi-arid
tropical Indian soils. Geoderma 68, 219-224.

Sahrawat, K.L., 2003. Importance of inorganic carbon in sequestering carbon in soils of
dry regions. Current Science 84, 864-865.

Sahrawat, K.L., Warren, G.P., 1989. Sorption of labeled phosphate by a vertisol and an
alfisol of the semi-arid zone of India. Fertilizer Research 20, 17-25.

Sanyal, S.K., DeDatta, S.K., 1991. Chemistry of phosphorus transformations in soil. In:
Stewart, B.A. (Ed.), Advances in Soil Science. Springer-Verlag, New York, pp. 1-120.

Sarma, V.AK., 1976. Mineralogy of soil potassium. Bulletin of the Indian Society of Soil
Science 10, 66-77.

Sawhney, B.L., Jackson, M.L., 1958. Soil montmorillonite formulas. Soil Science Society
of America Proceedings 22, 115-118.

Shailaja, S., Sahrawat, K.L., 1994. Phosphate buffering capacity and supply parameters
affecting phosphorus availability in vertisols. Journal of the Indian Society of Soil
Science 42, 329-330.

Shirsath, S.K., Bhattacharyya, T., Pal, D.K., 2000. Minimum threshold value of smectite
for vertic properties. Australian Journal of Soil Research 38, 189-201.

Singer, A., 2002. Palygorskite and sepiolite. Soil Mineralogy with Environmental Appli-
cations. : In: Dixon, ].B., Schulze, D.G. (Eds.), SSSA Book Series, vol. 7. Soil Science
Society of America, Madison, WI, pp. 555-583.

Singh, L.P., Parkash, B., Singhvi, A.K., 1998. Evolution of the lower Gangetic Plain land-
forms and soils in West Bengal, India. Catena 33, 75-104.

Smeck, N.E., Runge, E.C.A., Mactintosh, E.E., 1983. Dynamics and genetic modeling of
soil system. In: Wilding, L.P., Smeck, N.E., Hall, G.F. (Eds.), Pedogenesis and Soil
Taxonomy: I. Concepts and Interactions. Elsevier, New York, pp. 51-81.

Soil Survey Staff, 1994. Keys to soil taxonomy, sixth ed. SMSS Technical Monograph,
No. 19. SMSS, Blacksburg, Virginia.

Soil Survey Staff, 1998. Keys to Soil Taxonomy, eight ed. USDA, NRCS, Washington, DC.

Soil Survey Staff, 1999. Soil taxonomy: a basic system of soil classification for making
and interpreting soil surveys, USDA-SCS Agricultural Handbook No 436second ed.
U.S. Govt. Printing Office, Washington, DC.

Soil Survey Staff, 2003. Keys to Soil Taxonomy, ninth ed. United States Department of
Agriculture, Natural Resources Conservation Service, Washington, DC.

Srivastava, P., Parkash, B., Pal, D.K., 1998. Clay minerals in soils as evidence of Holocene
climatic change, central Indo-Gangetic Plains, north-central India. Quaternary Re-
search 50, 230-239.

Srivastava, P., Bhattacharyya, T., Pal, D.K., 2002. Significance of the formation of calcium
carbonate minerals in the pedogenesis and management of cracking clay soils
(vertisols) of India. Clays and Clay Minerals 50, 111-126.

Sumner, M.E., 1995. Sodic soils: new perspectives. In: Naidu, R., Sumner, M.E.,
Rengasamy, R. (Eds.), Australian Sodic Soils: Distribution, Properties and Manage-
ment. CSIRO Publications, East Melbourne, Victoria, Australia, pp. 1-34.

Soil Survey Staff, 1975. Soil taxonomy: a basic system of soil classification for making
and interpreting soil surveys. Agriculture Handbook, vol. 436. Soil Conservation
Service, US Dept. of Agriculture, Washington, DC.

Swindale, L.D., 1989. Approaches to agrotechnology transfer, particularly among vertisols.
Management of Vertisols for Improved Agricultural Production: Proceedings of an
IBSRAM Inaugural workshop, 18-22 Feb. 1985. ICRISAT Centre, Patancheru, India.

Syers, J.K., Penning de Vries, F.T., Nyamudeza, P. (Eds.), 2001. The Sustainable Manage-
ment of Vertisols. CAB International Publishing, Wallingford.

Sys, C., van Ranst, E., Debaeveye, Ir]., Beernaert, F., 1993. Land Evaluation, Part 3: Crop
Requirements. International Training Centre for Post Graduate Soil Scientists,
University of Ghent, Belgium.

Tan, K.H., 1982. Principles of Soil Chemistry. Marcel Dekker Inc., New York. 122 pp.
Tardy, Y., Bocquier, G., Paquet, H., Millot, G., 1973. Formation of clay from granite and
its distribution in relation to climate and topography. Geoderma 10, 271-284.
Tessier, D., Pedro, G., 1987. Mineralogical characterization of 2:1 clays in soils: impor-
tance of the clay texture. In: Schultz, L.G., van Olphen, H., Mumpton, F.A. (Eds.),
Proceedings International Clay Conference. Denver. The Clay Minerals Society,

Bloomington, IN, pp. 78-84.

Trauth, N., Paquet, H., Lucas, J., Millot, G., 1967. Les montmorillonites des vertisols
lithomorphes sont ferriferes: consequences ghchimiques et sdimentologiques.
C.R. Acad. Sci., Ser. D 264, 1577-1579.

USDA-SCS, 1994. State Soil Geographic Data Base (STATSGO) Data User Guide. United
States Department of Agriculture Soil Conservation Service, National Soil Survey
Center, Lincoln, Nebraska.

Vaidya, P.H,, Pal, D.K., 2002. Microtopography as a factor in the degradation of vertisols
in central India. Land Degradation and Development 13, 429-445.

Vaidya, P.H., Pal, D.K,, 2003. Mineralogy of vertisols of the Pedhi watershed of Maharashtra.
Clay Research 22, 43-58.

Wani, S.P., Pathak, P., Jangawad, L.S., Eswaran, H., Singh, P., 2003. Improved manage-
ment of vertisols in the semi-arid tropics for increased productivity and soil carbon
sequestration. Soil Use and Management 19, 217-222.

Wani, S.P., Sahrawat, K.L., Sreedevi, T.K,, Bhattacharyya, T., Srinivas, Rao, 2007. Carbon
sequestration in the semi-arid tropics for improving livelihoods. International
Journal of Environmental Studies 64, 719-727.

Warren, G.P., Sahrawat, K.L., 1993. Assessment of fertilizer P residues in a calcareous
vertisol. Fertilizer Research 34, 45-53.

White, E.M., 1967. Soil age and texture factors in subsoil structure genesis. Soil Science
103, 288-298.

Wilding, L.P., Coulombe, C.E., 1996. Expansive soils: distribution, morphology and gen-
esis. In: Baveye, P., McBride, M.B. (Eds.), Proceedings NATO-ARW on Clay Swelling
and Expansive Soils. Kluwer Academic, Dordrecht, The Netherlands.

Wilding, L.P., Tessier, D., 1988. Genesis of vertisols: shrink-swell phenomenon. In:
Wilding, L.P., Puentes, R. (Eds.), Vertisols: Their Distribution, Properties, Classifica-
tion and Management. Texas A&M University Printing Centre, College Station,
Texas, pp. 55-79.

Wilding, L.P., Williams, D., Miller, W., Cook, T., Eswaran, H., 1991. Close interval spatial
variability of vertisols: a case study in Texas. Characterization, Classification and
Utilization of Cold Aridisols and Vertisols. : In: Kimble, J.M. (Ed.), Proceedings of
the Sixth International Soil Correlation Meet. (VI ISCOM), USDA-SCS. National
Soil Survey Center, Lincoln, NE, pp. 232-247.

Wildman, W.E., Whittig, L.D., Jackson, M.L., 1968. Serpentine stability in relation to for-
mation of iron-rich montmorillonite in some California soils. American Mineralo-
gist 56, 587-602.

William, D.W., Cook, T., Lynn, W., Eswaran, H., 1996. Evaluating the field morphology of
vertisols. Soil Survey Horizons 37, 123-131.

Wilson, M., 1987. X-ray powder diffraction methods. In: Wilson, MJ. (Ed.), A Hand-
book of Determinative Methods in Clay Mineralogy. Chapman and Hall, New
York, pp. 26-98.

Yaalon, D.H., 1971. Soil forming processes in time and space. In: Yaalon, D.H. (Ed.),
Paleopedology. Israel University Press, Jerusalem.

Yaalon, D.H., 1983. Climate, time and soil development. In: Wilding, L.P., Smeck, N.E.,
Gall, G.H. (Eds.), Pedogenesis and Soil Taxonomy, 1. Concepts and Interaction.
Elsevier, Amsterdam, pp. 233-251.

Yaalon, D.H., Kalmar, D., 1978. Dynamics of cracking and swelling clay soils: displace-
ment of skeletal grains, optimum depth of slickensides and rate of intra-pedonic
turbation. Earth Surface and Processes 3, 31-42.

Yerima, B.P.K., 1986. Soil Genesis, Phosphorus, Micronutrients of Selected Vertisols and
Associated Alfisols of Northern Cameroon. Ph. D Thesis, Texas A&M University, Col-
lege Station, TX 77843, 323pp. (Diss. Abstr. No. 8625484).

Yerima, B.P.K,, Calhoun, F.G., Senkayi, A.L, Dixon, ].B., 1985. Occurrence of inter-
stratified kaolinite-smectite in El Salvador vertisols. Soil Science Society of Amer-
ica Journal 49, 462-466.

Yerima, B.P.K., Wilding, L.P., Calhoun, F.G., Hallmark, C.T., 1987. Volcanic ash-influenced
vertisols and associated mollisols of El Salvador: physical, chemical and morpho-
logical properties. Soil Science Society of America Journal 51, 699-708.

Yousif, A.A., Mohamed, H.H.A., Ericson, T., 1988. Clay and iron minerals in soils of the
clay plains of central Sudan. Journal of Soil Science 39, 539-548.

Zade, S.P., 2007. Pedogenic Studies of Some Deep Shrink-Swell Soils of Marathwada Re-
gion of Maharashtra to Develop a Viable Land Use Plan. Ph.D Thesis, Dr. PD K'V,
Akola, Maharashtra, India.



