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Introduction

Soil is the most basic of all resources and the
primary substrate for growing crops. It is also
non-renewable over the human timescale. This
basic fact made all scientists, agriculturists, en-
vironmentalists and policy makers anxious
about whether soil resources will remain
capable to feed, clothe and shelter the expected
8.2 billion inhabitants of the world by the year
2030 (www.unpopulation.org). The available
land resources are gradually diminishing
because, on a global scale, land resources and
population are unevenly distributed. Soils,
being most dynamic, are able to supply nu-
trients, buffer acid and base reactions, destroy
and absorb pathogens, detoxify and attenuate
xenobiotic and inorganic compounds and have
the capacity for self-restoration through soil
formation. However, soil formation is a slow
process, and a substantial amount of soil can
form only over a geologic timescale. Soil
misuses and extremes of condition can upset
these self-regulating attributes and cause a soil
to regress from a higher to a lower type of
usefulness and/or drastically diminish its
productivity (Lal et al., 1989). This un-
favourable endowment of soils has been
termed ‘soil degradation’.

Definition, Processes and Factors 
of Soil Degradation

Definition

Lal et al. (1989) defined soil degradation as
‘Diminution of soil quality (and thereby its
current and potential productivity) and/or a
reduction in its ability to be a multi-purpose
resource due to both natural and man-induced
causes.’ However, such an explanation remains
undefined since it is not related to a quantitative
value of crop yield beyond which soils can be
considered as degraded. Sodicity tolerance
ratings of crops in loamy-textured soils of the
Indo-Gangetic Plains (IGP) indicated that a 50%
reduction in relative yield was observed when
exchangeable sodium percentage (ESP) in soils
was above 50 for rice and around 40 for wheat
(Abrol and Fireman, 1977). In shrink–swell soils
(vertisols), an optimum yield of cotton can be
obtained when soils are non-sodic (ESP <5) and
have saturated hydraulic conductivity (sHC)
�20 mm/h. About 50% reduction in yield occurs
when soils are sodic (ESP >5) and exhibit sHC
<10 mm/h. However, the Ca-zeolitic sodic
haplusterts of Rajasthan and Gujarat states of
India do support rainfed crops fairly well (Pal et
al., 2006a) because of their favourable sHC
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(>10 mm/h). Therefore, fixing a lower limit of
sodicity (Pal et al., 2006a) at ESP >40 for soils of
the IGP (Abrol and Fireman, 1977), at ESP >5
but <15 for Indian vertisols (Kadu et al., 2003),
at ESP 6 for Australian soils or at ESP >15 for all
soil types (Soil Survey Staff, 1999) appears to be
irrelevant to the performance of crops in highly
sodic vertisols with soil modifiers, especially 
Ca-zeolites (Pal et al., 2006a). In view of the
pedogenetic processes that ultimately impair the
hydraulic properties of soils of dry climates medi-
ated through dispersibility, the most important
factor of soil degradation, Pal et al. (2006a)
advocated a value of sHC <10 mm/h (as
weighted mean in 0–100 cm depth of soil) to
define sodic soils instead of any ESP.

Processes

Processes that lead to soil degradation include
accelerated erosion, increasing wetness and
poor drainage, laterization, salinization, nu-
trient imbalance, decline in soil organic matter,
and reduction in activity and species activity of
soil fauna and flora (Lal et al., 1989). Processes
of soil degradation have been identified as
chemical, physical and biological actions and
interactions that would affect the capacity of a
soil for self-regulation and its productivity.

Factors

Factors causing soil degradation are both
natural and man-induced agents and catalysts
that induce the processes leading to changes in
properties of soils and the attributes for their life
support (Lal et al., 1989). Although some pedo-
genic processes, such as laterization, hard-
setting, fragipan formation and clay-pan
formation, are hitherto considered as natural
soil degradation processes as they lead to less-
desirable physical and chemical conditions,
causing degradation of soils (Hall et al., 1982;
Lal et al., 1989), the majority of the information
on soil degradation, whether at national
(Sehgal and Abrol, 1992, 1994), regional (FAO,
1994) or international level (Oldeman, 1988;
UNEP, 1992), centres around only human-
induced degradation. However, a few recent
studies in the Indian subcontinent at the

National Bureau of Soil Survey and Land Use
Planning (NBSS&LUP), Nagpur, India showed
that the development of sodicity is also a
natural process of soil degradation in arid and
semi-arid climatic conditions (Balpande et al.,
1996; Pal et al., 2000, 2001, 2003a,b,c, 2006a;
Vaidya and Pal, 2002).

Climate, Neotectonic and Soil
Degradation

In response to the global climatic event during
the Quaternary, the soils of many places of the
world witnessed climatic fluctuations, especially
in the last post-glacial period. Frequent climatic
changes occurred during the Quaternary (Ritter,
1996). Tectonic slopes/faults determine the
courses of large rivers (Singh et al., 2006) and
play a significant role in the evolution of
geomorphology and soils (Srivastava et al.,
1994; Kumar et al., 1996; Singh et al., 1998; Pal
et al., 2003c, 2006b). Crustal movements also
caused the change in climate from humid to
semi-arid, as experienced with the formation of
the Western Ghats (Brunner, 1970). In the
FAO’s (1994) endeavour to record land degra-
dation in South Asia, the potential effects of
global climatic change to cause degradation in
soils were not considered. It was, however,
envisaged that if adverse changes occur in some
areas, then these will certainly constitute a most
serious form of human-induced degradation of
natural resources. It is quite likely, however, that
the current aridic environment prevailing in
many parts of the world, including India
(Eswaran and van den Berg, 1992), may create
adverse physical and chemical environments
that may reduce the productivity of soils. Thus a
new research initiative to follow the changes in
soil properties by identifying the ‘pedogenic
threshold’ due to tectonic-induced climate
change can help us in expanding our basic
knowledge in pedology and also in creating a
relevant database. Such a database, although
not sufficient, could be of high importance in
any attempt to adapt sustainable soil manage-
ment and long-range resource management
strategies for many developing nations belong-
ing to the arid and semi-arid parts of the world.

Maintenance of the agricultural productivity
in arid and semi-arid lands of the world would
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ever remain a great challenge, including in the
Indian subcontinent, where arid and semi-arid
environments cover more than 50% of the total
geographical area (Pal et al., 2000). There is no
dearth of literature on soil degradation due to
anthropogenic activities (Oldeman, 1988;
Sehgal and Abrol, 1992, 1994; UNEP, 1992;
FAO, 1994). This chapter, however, presents a
few case studies to indicate the severe conse-
quences of the natural degradation triggered by
tectonic and climatic events. Such information
will expand the present knowledge on soil
degradation, which is necessary to protect the
livelihood of humankind.

Natural Soil Degradation in Major Soil
Types of India

Degradation in ferruginous soils

Ferruginous soils are tropical soils. They occur in
the geographic tropics, i.e. in that region of the
earth lying between the Tropic of Cancer and 
the Tropic of Capricorn. The tropics comprise
approximately 40% of the land surface of the
earth. Thus more than one-third of the soils of the
world are tropical soils (Eswaran et al., 1992).
Ferruginous soils are the group of soils variously
termed as ‘red’, ‘brown’, ‘yellow’, ‘laterite’,
‘lateritic’, ‘ferralitic’ and ‘latosols’, because they
lack precise definition (Rengasamy et al., 1978),
and in India, these soils occupy about 70 million
ha, covering about 21% of the total geographical
area (Sehgal, 1998).

The present-day climate is too dry to have
caused the iron accumulation in ferruginous
soils of peninsular India. The laterization process
must have taken place during the earlier humid
tropical climate. Brunner (1970) reported
evidence for tectonic movements during the
Pliocene–Pleistocene transition which caused
the formation of different relief types and relief
generation. With the formation of the Western
Ghats during the Plio-Pleistocene crustral move-
ments, the humid climate of the Miocene–
Pliocene was replaced by the semi-arid con-
ditions which continue to prevail to date in the
area. The Arabian Sea currently confronts the
Western Ghats, which rise precipitously across
to an average height of 1200 m. The result is an
orographic rainfall, being heavy all along the

west coast. The lee-side towards the east
receives less than 1000 mm rainfall and is typi-
cally rain-shadowed (Rajaguru and Korisettar,
1987). Occurrence of numerous ferruginous
soils capping the detached plateau at an aver-
age elevation of about 1100 m above mean 
sea level with an annual rainfall of more 
than 5000 mm (Anonymous, 1984) along the
Western Ghats suggests that an extensive pene-
plained surface with a general southerly slope
and moderate relief existed earlier in this 
area (Sahasrabudhe and Deshmukh, 1981). In
some parts of southern India, laterite mounds
and laterite plateau remnants are scattered over
the landscape (Rengasamy et al., 1978;
Subramanian and Mani, 1981). In central 
India, thin to thick (0.25–3 m) laterite cappings
cover various rock types, ranging in the 
age from Archean to Gondwanas (Pascoe,
1965; Sahasrabudhe and Deshmukh, 1981;
Subramanian and Mani, 1981). Extensive,
massive granitic tors in gneissic terrain bear the
evidence of exhumation (Pal et al., 1989) during
an arid period following prolonged deep weath-
ering in the humid tropical climate that prevailed
from the Upper Cretaceous (Subramanian and
Mani, 1981) until the Plio-Pleistocene. The Plio-
Pleistocene was a transition period when the
climate became drier with the rising of the
Western Ghats (Brunner, 1970). As a result, the
upper layers of the ferruginous soils (alfisols)
formed in the preceding tropical humid climate
were truncated by multiple arid erosional cycles
(Rengasamy et al., 1978; Chandran et al., 2000;
Srivastava et al., 2001). Due to truncation of the
upper layers of the alfisols, the clay contents
presently show an upward increase from the C
to the B horizons (Fig. 4.1a). The clay fractions
are dominated by both kaolin and smectite (Pal
et al., 1989; Chandran et al., 2000; Srivastava
et al., 2001) and bear the evidence of trans-
formation of smectite to kaolin (Pal et al., 1989).
The present-day warm semi-arid climatic con-
ditions are not considered severe enough for
transformation of smectite to kaolin, and the
neutral to alkaline reaction of these soils does
not favour the transformation of 2:1 layer
minerals to kaolin but favours the formation of
pedogenic CaCO3 (PC) (Fig. 4.1b). The adverse
aridic climatic conditions induce the precipi-
tation of CaCO3, thereby depriving the soils of
Ca2+ ions in exchange complex, with a con-
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comitant chemical degradation in terms of
development of sodicity in the subsoils (Fig.
4.1c). The rate of formation of CaCO3 was esti-
mated to be 0.2 mg/100g soil/year in 0–100 cm
profile depth (Pal et al., 2000).

Degradation in vertisols

The global distribution (except in Antarctica) of
vertisols and vertic intergrades indicates that an
area of 257 million ha are confined between
45° N and 45° S latitudes, of which India occu-
pies nearly 30% area (Dudal, 1965). Vertisols
occur in wider climatic zones of the world
(Ahmad, 1996) and in India they belong to
humid tropical (HT), subhumid moist (SHM),
subhumid dry (SHD), semi-arid moist (SAM),

semi-arid dry (SAD) and arid dry (AD) climatic
environments (Fig. 4.2a) in the states of
Madhya Pradesh, Maharashtra, Chhattisgarh,
Karnataka, Andhra Pradesh, Tamil Nadu,
Gujarat, Rajasthan and West Bengal (Kalbande
et al., 1992; Srivastava et al., 2002; Kadu et al.,
2003; Pal et al., 2003a, 2006a; Bhattacharyya
et al., 2005, 2006a,b, 2007a; Ray et al., 2006).
However, the occurrence of vertisols (Fig. 4.2a)
in HT (Bhattacharyya et al., 2005), SHM, SHD,
SAM, SAD and AD climatic environments (Pal
et al., 2003a) in Deccan basalt area apparently
suggests that the basaltic material has influ-
enced soil formation in such a way that similar
soils are formed under different climatic con-
ditions (Mohr et al., 1972).

A dominance of smectitic clay minerals causes
appreciable shrink–swell phenomena, which
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Fig. 4.1. (a) Clay distribution with pedon depth of representative ferruginous soils; (b) lubinites (pedogenic
CaCO3 (PC)) as evidence of supersaturation with CaCO3 in arid climate in ferruginous soils; (c) concomitant
development of sodicity with the formation of PC in subsoils of ferruginous soils (Source: Division of Soil
Resource Studies, NBSS&LUP, Nagpur, India).



induce the formation of cracks and distinctive
structural elements in the form of sphenoids and
wedge-shaped peds with smooth or slicken-sided
surfaces (Eswaran et al., 1988). Smectites are
ephemeral in HT climate and they transform to
kaolin (Pal et al., 1989; Bhattacharyya et al.,
1993). Thus it is difficult to reconcile the for-
mation of vertisols in HT climate. However, the
presence of smectites and Ca-zeolites made the
formation of vertisols possible in a lower physio-

graphic situation, even under HT climate
(Bhattacharyya et al., 1993, 1998). It is equally
difficult to understand the formation of vertisols in
SHM, SHD, SAM, SAD and AD climates, since a
large amount of smectite clay is required for their
formation. In these climatic environments, the
weathering of primary minerals contributes very
little towards the formation of smectites, and the
formation of PC is the primary chemical reaction
responsible for the increase in pH, exchangeable
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Fig. 4.2. (a) Successive stages of pedogenic evolution of
vertisols in a climosequence (with decreasing mean
annual rainfall); HT = humid tropical, SHM = subhumid
moist; SHD = subhumid dry; SAM = semi-arid moist;
SAD = semi-arid dry; AD = arid dry; (b) representative 
X-ray diffraction patterns of fine clay smectite of vertisols
from subhumid, semi-arid and arid climates of
peninsular India: S = smectite, M = mica, K = kaolin, 
Ca = Ca-saturated; Ca-EG = Ca-saturated and glycolated;
K 25/110/300/550 °C = K-saturated and heated at 25,
110, 300 or 550 °C (Source: Division of Soil Resource
Studies, NBSS&LUP, Nagpur, India).

(a)

(b)



magnesium percentage and ESP (Pal et al.,
2003b, 2006a). Thus the formation of such verti-
sols reflects a positive entropy change (Srivastava
et al., 2002). X-ray diffraction analysis of fine
clays indicates that smectites are fairly well crystal-
lized, as evident from a regular series of higher-
order reflections, though short and broad, and do
not show any sign of transformation (Fig. 4.2b)
except for hydroxy-interlayering (Srivastava et al.,
2002; Pal et al., 2003a).

These soils have both non-pedogenic CaCO3
(NPC) and PC (Fig. 4.3). The NPCs have sharp
boundaries with the soil matrix and are coated
with Fe–Mn oxides (Fig. 4.3a). Brewer (1976)
stated that such forms are pedorelic features.
Based on 14C dates of carbonate nodules,
Mermut and Dasog (1986) concluded that verti-
sols with Fe–Mn-coated CaCO3 glaebules are
older than those with white CaCO3 glaebules,
i.e. PC. The PCs are formed in soils of dry
climates (Pal et al., 2000). This suggests that

NPCs were formed in a climate much wetter
than the present, which ensured adequate soil
water for reduction and oxidation of iron and
manganese to form Fe–Mn coats. Thus the
smectites must have formed in an earlier humid
climate, its crystallinity being preserved in the
non-leaching environment of the latter sub-
humid to dry climates (Fig. 4.2b).

The 14C age of soil organic carbon (OC) of
these vertisols was estimated to be between
3390 and 10,187 years BP (Pal et al., 2003a,
2006a). This suggests that the change from
humid to drier climate occurred in peninsular
India during the late Holocene (Pal et al., 2001,
2003a, 2006a; Deotare, 2006). Vertisols of HT
climate are dominated by Ca2+ ions in their
exchange complex throughout the depth
(Bhattacharyya et al., 2005). However, in lower
horizons of vertisols of subhumid to arid
climates, the Mg2+ ions lead to dominate in the
exchange complex (Pal et al., 2003a). The soils
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Fig. 4.3. (a) Pedogenic (PC) and non-pedogenic (NPC) CaCO3 in vertisols; (b) the formation of PC at the
expense of NPC; (c) concomitant development of sodicity with the formation of PC in subsoils of vertisols
(Source: Division of Soil Resource Studies, NBSS&LUP, Nagpur, India).



of SAM, SAD and AD climates become more
calcareous and sodic (ESP 5–15 with sHC
<10 mm/h) (Pal et al., 2006a) than those of
SHM and SAM climates. The observations
confirm the polygenesis in vertisols (Pal et al.,
2001) as the climate becomes drier during the
Holocene. The formation of PC at the expense
of NPC (Fig. 4.3b) is the prime chemical reac-
tion responsible for increase in pH, the decrease
in the Ca/Mg ratio of the exchange sites with
depth and in the development of subsoil sodic-
ity (Fig. 4.3c). It is the basic and natural process
of soil degradation for the development of
calcareous sodic soils (Pal et al., 2000). The rate
of formation of PC was estimated to be 0.25
mg/100g soil/year in the 0–100 cm of the
profile depth (Pal et al., 2000).

Earlier studies (Balpande et al., 1996) on the
factors and processes of soil degradation in
vertisols of the Purna Valley of central India
indicated that the semi-arid climate character-
ized by a mean annual rainfall (MAR) of
875 mm and a tropustic moisture regime causes
the development of calcareous sodic soils.
However, recent observations (Vaidya and Pal,
2002) indicated that in the adjacent east upland
(Pedhi watershed) of the Purna Valley, vertisols
have subsoil sodicity despite the fact that the
area receives a higher MAR (975 mm) than the
Purna Valley. Vertisols of the watershed occur
on both micro-high (MH) and micro-low (ML)
positions and the distance between MH and ML
positions is approximately 6 km and the ele-
vation difference is 0.5–5 m. The soils of the
MH positions are strongly alkaline and those of
the ML positions are mildly alkaline (Fig. 4.4a).
Formation of sodic vertisols in MH positions
alongside non-sodic vertisols in ML positions is
a unique phenomenon. It develops because of
microtopographic differences which modify
distribution of water across the landscape and
facilitate greater penetration of rainwater in ML
positions. The degradation of soils in terms of
the development of sodicity due to microtopo-
graphic differences in vertisols in the higher
MAR zone of an overall semi-arid climate possi-
bly indicates the subtle role of neotectonics in
creating the MH and ML positions in the 
Purna Valley, which is an outcome of complex
interplay/interaction of tectonic, climatic and
other geological parameters (Ghatak et al.,
2005).

Degradation in soils of the Indo-Gangetic
Plains (IGP)

The IGP came into existence through collision of
the Indian and Chinese plates. The Indian plate is
still moving at the rate of 2–5 cm/year towards
the north, and forming the world’s highest moun-
tain range on its border. The north–south com-
pression generated through the plate ensures that
it is continually under stress and provides the
basic source of accumulating strain in the frac-
tured zones (Gaur, 1994). The fluvial deposits
and landforms of the IGP have been influenced
by the stresses directed towards the north and
north-east (Parkash et al., 2000). The major rivers
of the Plain have changed their courses and, at
present, are flowing in south-east and easterly
directions with convexity towards the south-west,
which is strikingly similar to the arcuate pattern of
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the major thrusts bordering the Plains (Parkash et
al., 2000). Thus, the IGP show a series of
terraces, bars and meandering scars resulting in
MH and ML areas in the apparently smooth
topography (Mohindra et al., 1992; Srivastava et
al., 1994; Kumar et al., 1996; Singh et al., 2006).
Many observations in Punjab (Sehgal et al.,
1975), Haryana (Bhumbla et al., 1973) and Uttar
Pradesh (Agarwal and Mehrotra, 1953;
Srivastava et al., 1994; Kumar et al., 1996) indi-
cate that the sodic soils occupy these ML areas,
50–100 cm lower than the MH areas, which have
less sodic soils (Fig. 4.4b). The post-glacial warm
period, in which human civilization developed
and flourished, represents a short epoch, which
began 10,000 years BP. Within the present inter-
glacial period too, thermal conditions have
continued to change. It is believed that monsoons
were much stronger in the early part of the inter-
glacial period. Around 4500–3700 years BP, the
rainfall in the Indus Valley was probably much
more than double the amount received now, and
thus both agriculture and forestry flourished
(Randhawa, 1945; Prasad and Gadgil, 1986).
The paleoclimatic record has been documented
from the north-west and south-west parts of India
(Singh et al., 1972, 1974, 1990). Climatic vari-
ations have also been inferred from Holocene
soils (Srivastava et al., 1994, 1998; Singh et al.,
2006). During pedogenesis two major regional
climatic cycles are recorded: relatively arid
climates between 10,000 and 6500 years BP and
3800 years BP and a warm and humid climate
punctuated between these aridic climates
(Srivastava et al., 1998; Pal et al., 2006b). 

Sodic soils interspersed with non-sodic or
less sodic soils occur in both canal-irrigated and
unirrigated areas of the semi-arid parts of the
IGP. Therefore, the introduction of canal irri-
gation in the IGP is not the reason for develop-
ment of the sodic soils. Pal et al. (2003c)
demonstrated that the main soil-forming
processes were clay illuviation, deposition of
PC and concomitant development of subsoil
sodicity in these soils. The ML areas are re-
peatedly flooded with surface water during brief
high-intensity showers, so the soils are subject
to cycles of wetting and drying. This provides a
steady supply of alkalis by hydrolysis of
feldspar, leading to precipitation of CaCO3 at
high pH and development of subsoil sodicity.
This impairs the hydraulic conductivity of soils

and eventually leads to the development of
natrustalfs, with ESP increasing up the profile
(Fig. 4.5). The semi-arid climate and topogra-
phy interact to facilitate greater penetration
of bicarbonate-rich water in ML than MH
positions. Thin sections show deformational
pedofeatures such as cross- and reticulate-
striation of plasmic fabric, disruption of clay
pedofeatures, carbonate nodules and elonga-
tion of voids as a result of tectonic activity
during the Holocene (Pal et al., 2003c, 2006b).
There is also support from geodetic obser-
vations that an area under tectonic compression
undergoes horizontal movements and slow
changes of height. By creating ML and MH
sites, the tectonic activity may also have been
ultimately responsible for degrading soils in
terms of the formation of more and less sodic
soils (Fig. 4.4b) (Pal et al., 2003c). The rate of
formation of CaCO3 in these soils was esti-
mated to be 0.86 mg/100 g soil/year in the
0–100 cm profile (Pal et al., 2000).

Pedogenic Threshold in Dry Climates and
Loss in Soil Productivity

Pedogenic thresholds

Case studies presented here indicate that the
soils are becoming calcareous and sodic.
Formation of PC facilitates the illuviation of clay
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Fig. 4.5. Progressive development of sodicity in
soils of the Indo-Gangetic Plains in a semi-arid
environment.



particles and these two are concurrent, con-
temporary and active pedogenic processes.
Thus it provides examples of pedogenic thres-
hold in soils of semi-arid climate during the
Holocene (Pal et al., 2003b), which signifies the
natural degradation process induced by neo-
tectonic and climatic events (Fig. 4.6). An
example from benchmark vertisols with and
without soil modifiers (Ca-zeolites and gypsum)
representing a climosequence from SHM to AD
climate (Table 4.1) indicates that dry climate
during the late Holocene restricted further
leaching and as a result formation of PC was
favoured (Pal et al., 2001). The amount of PC
in soils of a representative climatic region in the
first 1 m of the profile (Table 4.1) indicates a
general progressive increase in the rate of
formation of PC (from 0.39 to 2.12 mg/100 g
soil/year) and ESP (from 1 to 28) from sub-
humid to arid climate (Table 4.1).

Loss in soil productivity

Inefficient cropping and water application in irri-
gation commands result in a rise in groundwater
and soil salinity and sodicity problems. Over the
years, these problems have been so severe that
misgivings are being raised on the sustainability
of irrigated agriculture in canal irrigation
commands (Abrol and Chaudhary, 1988).

Loss due to irrigation 

There are instances to indicate that productive
black soils under rainfed conditions have been
degraded to such an extent that they are now not
usable for agriculture. Such a problem is not only
confined to an irrigation command area but also
occurs in areas where river or well waters are
used for irrigation (Nimkar et al., 1992; Pal et al.,
2003a). This dismal scenario in non-zeolitic and
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zeolitic (Ca-rich) vertisols can be comprehended
through the following examples.

Scenario 1 – continuous use of the Purna river
water of high salinity with low sodium hazards
(C3-S1) (Richards, 1954) in non-zeolitic vertisols
of Maharashtra (central India) has hastened the
sodification process. In 7 years of irrigation, soils
have become more calcareous by formation of
371 mg of CaCO3 per 100 g of soil per year in the
first 100 cm of the profile. Values of exchange-

able sodium percentage (ESP) and sodium
adsorption ratio (SAR) show a fourfold increase
as compared with non-irrigated soils. Likewise,
ionic composition and electrical conductivity of
the saturation extract (ECe) show a two- to three-
fold increase. In addition, soils have become
highly alkaline, and the sHC has further been
impaired (Table 4.2). Such soils suffer water-
logging and salt-efflorescence appears on their
surface.
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Table 4.1. Rate of formation of PC and concomitant development of ESP in vertisols of a representative
climatic region in Indiaa.

Rate of
formation sHC (mm/h) 

CaCO3 (%) of PC in the weighted 
Soil series weighted mean first 1 m of the Maximum ESP mean in the 
(soil taxonomy) in the first 1 m profile mg/100 g in the first 1 m first 1 m of
(district, state) of the profile soil/year of the profile the profile

Subhumid moist (MAR 1209 mm) 3.7 0.39 ~ 1 20
Nabibagh
(typic haplusterts)
(Bhopal, Madhya Pradesh)

Subhumid dry (MAR 1011 mm)
Linga 7.8 0.76 1 23
(typic haplusterts)
(Nagpur, Maharashtra)
Bhatumbra 10.1 0.90 4 b 6
(udic haplusterts)
(Bidar, Karnataka)

Semi-arid dry (MAR 842–583 mm)
Jhalipura 5.5 0.57 3.6c 01
(typic haplusterts)
(Kota, Rajasthan)
Teligi 9.6 0.94 17c 24
(sodic haplusterts)
(Bellary, Karnataka)
Kovilpatti 7.9 1.02 1d 33
(gypsic haplusterts)
(Thoothokudi, Tamil Nadu)
Sollapuram 17.5 1.32 18 2
(sodic haplusterts)
(Anantapur, Andhra Pradesh)
Paral 10.4 1.48 14 4
(sodic haplusterts)
(Akola, Maharashtra)

Arid dry (MAR 533 mm)
Sokhda 21.7 2.12 28b 17
(calcic haplusterts)
(Rajkot, Gujarat)

PC = pedogenic CaCO3; ESP = exchangeable sodium percentage; sHC = saturated hydraulic
conductivitiy; MAR = mean annual rainfall.
a Data from Pal et al. (2003a); b Irrigated; c Ca-zeolitic; d Gypsic.



Scenario 2 – there are Ca-zeolitic deep black
soils in the semi-arid parts of Maharashtra 
(western India) that are being cultivated for
sugarcane under canal irrigation for the last 
two decades. However, these soils lack salt-
efflorescence on their surface and are not water-
logged at present. This may apparently suggest
that these soils are not degraded. However, data
for pH, ECe, CaCO3 and ESP of unirrigated and
irrigated black soils clearly indicate the develop-
ment of soil sodicity in the latter soils (Table 4.2).
The presence of Ca-zeolites, which ensure con-
tinuous supply of soluble Ca2+ ions, has pre-
vented the decline of sHC from >10 mm/h to
<10 mm/h (Pal et al., 2006a). However, with
time these soils will also become more calcare-
ous, sodic and impermeable to water (Pal et al.,
2003a), which would impair their productivity.

Loss due to aridity

The following two examples would highlight
how the lowering in MAR causes loss of soil
productivity even in the presence of a soil
modifier like gypsum.

Scenario 1 – deep black soils (vertisols) have
limitations that constrain their full potential to
grow both rainy-season and winter crops
(NBSS&LUP–ICRISAT, 1991), as also reported
from Nagpur, Amravati and Akola districts of
Maharashtra state of central India. Either rainy-
season crops or winter crops are grown in verti-
sols of the western part of Amravati district and
adjoining Akola district, whereas they are
grown in those of Nagpur district with limited
irrigation (NBSS&LUP–ICRISAT, 1991). The
mean monthly temperature is highest in Akola
throughout the year by 0.5–1.5 °C. The MAR in
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Table 4.2. Comparative soil properties of unirrigated and irrigated deep black soils (haplusterts) of
Maharashtra, Indiaa.

pH (1:2 ECe CaCO3 sHC
Depth (cm) water) (dS/m) (<2 mm) % SAR ESP (mm/h)

Unirrigated Chendkapur soilsb

0–17 8.3 2.31 6.11 3.5 3.8 3.2
17–44 8.4 1.51 6.91 2.9 3.4 2.7
44–67 8.5 1.91 8.31 3.1 3.6 2.3
67–100 8.6 2.41 12.6 3.4 13.9 2.0

100–130 8.6 1.91 13.9 3.6 14.2 1.3
Irrigated Chendkapur soilsb

0–15 8.9 5.71 10.4 18.2 17.8 3.1
15–43 8.9 6.51 10.9 20.7 18.2 3.2
43–59 8.8 5.21 11.8 18.7 15.3 3.2
59–93 8.6 3.41 12.3 11.6 11.6 0.9
93–129 8.6 3.21 12.7 7.9 7.0 0.9

Unirrigated Vasmat soilsc

0–18 3.2 0.94 21.5 – 14.0 26
18–45 3.2 2.50 17.7 – 14.6 34
45–77 0.9 2.64 17.4 – 15.5 35
77–108 0.9 1.85 15.8 – 16.0 33

108–142 9.2 0.67 17.2 – 15.5 13
142–166 9.2 0.32 17.2 – 13.9 12
Irrigated Vasmat soilsc

0–20 9.0 0.77 16.0 – 14.2 18
20–42 9.2 1.01 17.0 – 10.4 17
42–68 9.3 0.99 17.0 – 18.8 5
68–102 9.0 1.25 15.0 – 13.7 10

102–131 9.0 1.09 25.3 – 12.1 13
131–150+ 9.0 1.02 16.1 – 8.0 12

aECe = electrical conductivity of the saturation extract; SAR = sodium adsorption ratio; ESP =
exchangeable sodium percentage; sHC = saturated hydraulic conductivity. bData from Nimkar et al.
(1992). cData from Pal et al. (2003a).



Akola, Amravati and Nagpur is 877 mm,
975 mm and 1127 mm, respectively. This indi-
cates more aridity in Akola than in Amravati or
Nagpur. Despite this fact, vertisols of these
districts indicate similar soil moisture (typic
tropustic) and temperature (hyperthermic)
regimes (Balpande et al., 1996). Under similar
soil management by farmers in 29 vertisol
areas, and also under similar soil moisture and
temperature regimes, yields of cotton were
better in soils of Nagpur than in those of
Amravati and Akola (Table 4.3). The subsoils in
the western part of Amravati and Akola districts
are becoming sodic due to accelerated rate of
formation and accumulation of PC (Kadu et al.,
2003). This impairs their sHC, and hence a
significant positive correlation between yield of
cotton and sHC has been observed (Kadu et
al., 2003).

Scenario 2 – under a rainfed situation, con-
tinuous efforts to grow deep-rooted crops like
cotton, pigeonpea and sorghum in gypsum-
containing vertisols of the semi-arid dry part of
southern India indicates no development of
sodicity in the profile. The soils have sHC
>30 mm/h despite the rapid formation of PC
(Table 4.4), unlike in zeolitic vertisols of the
semi-arid climate. This may be attributed to
much higher solubility of gypsum (30 me/l) than
Ca-zeolites (<0.1 me/l) in distilled water (Pal et

al., 2006a). The gypsum in such soils acts as
antagonistic to the formation of more soluble
salts in the soil because it prevents clay disper-
sion. This favourable natural endowment has
helped in making subsurface drainage in some
such soils successful in removing the excess solu-
ble salts (Danfors et al., 1988) for sustaining
crop production. The sustainability of crop
productivity in these soils would, however,
depend on the amount of gypsum in the soils. In
its absence, these soils would become sodic and
impermeable to both air and water. At present,
despite having adequate sHC, these soils
produce ~2 t/ha of cotton owing to erratically
distributed MAR of 660 mm. These are the soils
of the arid climates wherein irrigation may be of
great help for some time in enhancing the crop
productivity.

Management Interventions for Naturally
Degraded Soils

The presence of CaCO3 in sodic soils has
generally been considered of doubtful signifi-
cance in replacing exchangeable Na+ ions by
Ca2+ ions of CaCO3 at a pH of around 8.4.
However, it is greatly affected by other factors
(Gupta and Abrol, 1990) such as application of
gypsum followed by cropping in highly sodic
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Table 4.3. Range in values of PC, ESP, sHC and yield of cotton in vertisols of Vidarbha, Maharashtra,
central Indiaa.

sHC (mm/h)
weighted mean Cotton 

in the profile yield (t/ha)
District Soil classification PC (%) ESP (first 1 m) (seed + lint)

Nagpur Typic haplusterts/typic 3–6 0.5–11 4–18 1.0–1.8
(MAR – 1011 mm) calciusterts

(7/1 pedons)
Amravati Aridic haplusterts 3–72 0.8–14 22–19 0.6–1.7

(MAR – 975 mm) (11 pedons)
Sodic haplusterts 3–13 16–24 0.6–9.0 0.3–0.8

(8 pedons)
Akola Aridic haplusterts 3–42 16–44 3–4 1.02   22

(MAR – 877 mm) (1 pedon)
Sodic haplusterts 3–42 19–20 1–2 0.62  22

(1 pedon)

a Data from Division of Soil Resource Studies, NBSS&LUP, Nagpur, India. PC = pedogenic CaCO3;
ESP = exchangeable sodium percentage; sHC = saturated hydraulic conductivity.



soils (natrustalfs) of the IGP, and the application
of gypsum increased the urease and dehydro-
genase activity, the measures of biological activ-
ity, by about threefold (Rao and Ghai, 1985).
Growing trees for more than a decade re-
claimed the soil and improved the biological
activity (Rao and Ghai, 1985). The reclamation
was effected through more CO2 production and
mobilization of CaCO3. The CaCO3 content
during the corresponding 12-year period
decreased by 1%, 1.5% and nearly 2% with
cereal cropping, grasses and agroforestry,
respectively (Gupta and Abrol, 1990).

Changes in chemical properties were also
observed in natrustalfs of the IGP where
gypsum and rice cropping were followed for the
reclamation of these soils (Sharma and
Bhargava, 1981). After 30 months, there was
an increase in exchangeable Ca2+ and Mg2+, a
decrease in ESP, pH, SAR, ECe, and soluble
carbonates and bicarbonates, and also in native
CaCO3 to a considerable depth (Table 4.5).
After 30 months of cultural practice, the dissolu-
tion of CaCO3 (<2 mm) was 254 mg/100 g soil
in the top 100 cm of the profile. Such reclama-
tion technology also enhanced the OC content
by about 64% as compared with original sodic
soils. In addition, plantation of forest species
not only improves the physical conditions of
sodic soils but also helps in increasing OC
content considerably (Swarup et al., 2000).

Under rainfed conditions, the yield of deep-
rooted crops in vertisols depends primarily on
the amount of rain stored in the profile, and the
extent to which this soil water is released during
crop growth. In the semi-arid part of central

India, rainfed cotton is grown under suboptimal
conditions, with soil depth and moisture avail-
ability as the main limitations. Field experiments
conducted in Yavatmal district of Maharashtra
(central India) (Venugopalan et al., 2004) on the
comparison of soil properties of vertisols under
organic and non-organic (conventional) cotton
production systems indicate that the yields of
cotton and component crops grown under the
organic production system were higher than
those of the non-organic production system and
in general the productivity was higher than the
average productivity of the district. Despite a
hot, semi-arid tropical climate, higher values of
OC (>0.6%) in the organic production system
have been due to sequestration of carbon (Table
4.6) as compared with conventional system.
Owing to improvement of OC and the subse-
quent dissolution of CaCO3, the pH of soils
under the organic production system remained
below 8.1 (Table 4.6). In addition, the organic
production system improved the availability of
zinc (Table 4.6). It appears that adoption of the
organic production system offers a viable alter-
native land use plan that not only enhances the
OC content but also improves physical and
chemical properties, arresting the formation of
PC. The realization of the beneficial effects of
modifiers like Ca-zeolites and gypsum in verti-
sols of dry climates in terms of improvement of
their hydraulic properties (Pal et al., 2006a)
strongly suggests that application of such modi-
fiers at the soil surface can restore the productiv-
ity of naturally degraded soils. There is evidence
to this effect in the literature (Gupta and Abrol,
1990; Pal et al., 2000).
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Table 4.4. Physical and chemical properties of vertisols modified by the presence of gypsum in semi-arid
dry parts of Tamil Nadu, Indiaa.

CaCO3
Depth (cm) pH (1:2 water) ECe (dS/m) (<2 mm) (%) ESP sHC (mm/h)

0–6 8.0 0.2 5.4 0.5 19
6–20 8.0 0.3 4.3 0.9 22

20–41 8.0 0.5 5.3 0.6 44
41–74 8.0 0.4 7.9 0.9 30
74–104 7.9 0.2 12.5 1.1 37

104–128 7.9 0.6 12.8 1.4 34
128–140 7.4 2.7 15.6 1.8 32

140+ 7.5 – 17.4 0.3 48

aData from Pal et al. (2003a). ECe = electrical conductivity of the saturation extract; ESP = exchangeable
sodium percentage; sHC = saturated hydraulic conductivity.



The above examples are a few specific
management interventions in vogue in India to
restore the productivity of degraded soils. Soil
carbon dynamics as a robust parameter offers a
unique opportunity in assessing the sustainabil-
ity of the various cropping systems that are
followed in India. The NBSS&LUP (ICAR),
through organized research initiatives, spon-
sored by national and international organiza-
tions, developed a data set of soil OC and soil
inorganic carbon for two important crop
production zones, namely the IGP and the black
soil region in the semi-arid tropics (SAT). The
soil carbon data sets generated during
1980–2005 indicate that the agricultural prac-
tices in the IGP and black soil regions of SAT did
not reduce SOC (soil organic carbon) content.
The inorganic soil carbon estimated through the
CaCO3 deposition in these soils, however,

increased over the 25-year period and thus fore-
warns of soil degradation (Bhattacharyya et al.,
2006a, 2007b,c).

Perspective

Amidst neotectonics and the global warming
phenomenon, rising temperature and shrinking
annual rainfall with erratic distribution pose
perpetual threats for soils not only for the Indian
subcontinent but also for soils of similar climatic
and geologic conditions elsewhere. The rate of
formation of CaCO3 and concomitant develop-
ment of subsoil sodicity in the soils of India
provides a very realistic scenario as to how the
semi-arid climatic conditions pose a threat to
agriculture in a country with an unfavourable
natural endowment, as it demands extra
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Table 4.5. Chemical properties of untreated and gypsum-treated sodic soilsa.

CaCO3
Depth (cm) pH (1:2 water) ECe (dS/m) (<2 mm) (%) SAR ESP

Untreated soils
0–13 10.3 8.3 1.0 90 79

13–29 10.4 8.9 2.1 93 97
29–59 10.0 4.8 1.8 88 45
59–89 9.6 2.5 1.0 93 32
89–116 9.6 2.5 1.2 74 15

116–160 9.6 – 4.6 8 13
Gypsum-treated soils

0–14 8.6 1.2 0.8 12 6
14–31 9.1 1.4 1.2 31 16
31–62 9.4 2.0 1.0 55 8
62–88 9.4 2.0 0.9 61 17
88–121 9.5 2.0 2.7 75 14

121–165 9.6 2.3 6.9 56 14

a Data from Sharma and Bhargava (1981). ECe = electrical conductivity of the saturation extract; 
SAR =  sodium adsorption ratio; ESP = exchangeable sodium percentage.

Table 4.6. Comparison of chemical properties of surface soils (0–20 cm) under organic and conventional
production systems (based on 55 soil samples)a.

Conventional Organic

Properties Range Mean Range Mean

pH (1:2 water) 7.7–8.4 8.0 7.1–8.1 7.7
Organic carbon (%) 0.20–0.801 0.54 0.30–1.70 0.76
CaCO3 (%) 2.4–12.2 6.2 1.1–12.5 5.3
Zn (mg/kg) 0.38–1.1 0.66 0.39–3.14 0.90
Soluble HCO3 (me/l) 1.25–3.75 2.35 0.50–7.5 1.85

a Data from Venugopalan et al. (2004).
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through its impact on agricultural productivity,
livelihood and environment, could lead to polit-
ical and social instability. In addition, agricul-
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may create havoc in shrink–swell soils (vertisols
and vertic intergrades) because of the huge
amount of smectite clays. Perception of the
natural degradation process may continue to be
deceptive in shrink–swell and ferruginous soils
as they lack evidence of salt-efflorescence on
their surface (Pal et al., 2000). However, the

degradation process is proceeding at a much
faster rate in soils of the IGP as compared with
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increase and stabilize yields in these soils, espe-
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Fig. 4.7. A projected view of the progressive
development of soil sodicity from wet to dry climates
with time – a threat to Indian rainfed agriculture.
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