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Abstract : Reviews in the past on the significance of minerals indicated that despite our best
management interventions the actual agricultural productivity does vary because factors be-
yond our control. One intrinsic factor in yield variation is soil type and clay is an important soil
constituent that controls many properties. There is ample evidence to show that the amount and
type of clay in a soil has a very important bearing on the genesis, characteristics, and physical
and chemical properties and nutrient dynamics in soil plant continuum of soils. However, infor-
mation with regard to significance that clay and other soil minerals have in major bulk proper-
ties of soils (edaphology) and in finding signatures of climate change in soils/sediments of the
past (paleopedology) has been rare. A search for links between mineralogy and soil properties
of agricultural importance and use of minerals in unravelling the climate of the past often
poses problems because descriptions of soil minerals are inadequate or incomplete. This be-
comes more difficult as soil minerals do not remain as specimen minerals in soil environment.
An endeavour made at NBSS&LUP in 2000 indicated that first hurdle lies in proper identifica-
tion, let alone quantitative estimation, of soil clays and other minerals. However, through sus-
tained efforts by the researchers at NBSS & LUP (ICAR) since then, further advances in knowl-
edge has been possible and this demands for another critical review. Thus, this review is the
synthesis of the updated knowledge, which has come out as state of the art information that will
Sfulfill the need of a hand book to facilitate their better management for optimizing their produc-
tivity in the 21* Century even amidst the climatic adversities due to climate change.

Minerals in soils are the result of both  genesis and management (Mukherjee et al.,
inheritance and authigenic formation of  1971; Raman and Ghosh, 1974; Ghosh and
both primary and secondary minerals. Kapoor, 1982; Sarma and Sidhu, 1982;
Comprehensive reviews on the soil clay  Ghosh and Bhattacharyya, 1983; Ghosh,
minerals and other minerals in the past 1997). A review in the past on this subject
indicate that there are not many attempts and related issues (Newman, 1984; Ghosh,
to show the influence of minerals in soil  1997; Wilson, 1999) pointed out that the
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increase in agricultural productivity during
the middle of the twentieth century was
due to human influence, which improved
vastly the soil fertility on all types of soil.
However, actual productivity does vary
widely and this fact shows that there are
other factors of productivity beyond our
control. One intrinsic factor in yield
variation is soil type, which is related to
the soil composition and its position in the
landscape. Clay is an important soil
constituent controlling its properties.
Despite the fact that there is ample evidence
to show that the amount of clay in a soil
has a very important bearing on the genesis,
characteristics, and physical and chemical
properties of soils, it would be more
appropriate to see what significance clay
mineral type and other soil minerals have
in soils; pedology, paleopedology,
polygenesis and edaphology in particular.
A search for links between mineralogy and
soil properties of agricultural importance
is likely to be difficult because many a time
the description of minerals actually present
in a soil is inadequate or incomplete.
Further, as soil minerals often differ from
“type” minerals, it is very much necessary
to investigate the properties of these
minerals relevant to the properties of the
soil in bulk. In this endeavour, Pal et al.
(2000a) demonstrated a good number of
examples that indicated despite soil clay
minerals being a mixture of several
components, adequate description is
possible. However, for the last decade some
more information on this important area of
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soil research including the use of clay
mineral as proxy to the climate change
phenomena in the Peninsular and extra —
Peninsular areas, has been generated at
national level, specially at the National
Bureau of Soil Survey and Land Use
Planning (NBSS&LUP)(ICAR). Through
synthesis of the present dataset on the
nature and characteristics of primary and
secondary minerals of Indian soils, this
review as a state-of-the-art information is
made, which has established a link between
minerals and selected bulk soil properties
and also climate change. It is hoped that
this review will fulfil the need of a hand
book for students and young researchers in
earth science who would intend to assess
the health and quality of soils while
developing suitable management practices
to enhance and sustain their productivity
in the 21* Century.

Characteristics and nature of clay min-
erals in adsorption and desorption of
major nutrients

Nitrogen adsorption and clay minerals

Increasing demand for nitrogen
fertilizers to produce food has always
stimulated research to gain knowledge on
the various forms of nitrogen in soils. One
of the forms of nitrogen (N) is the fixed
NH,-N. Despite many tropical soils being
endowed with large amounts of fixed
ammonium (Dalal, 1977), information on
this important form of N is rare, especially
in the semi-arid tropical (SAT) soils
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(Burford and Sahrawat, 1989). Sahrawat
(1995) determined the fixed NH,-N
distribution in two of the benchmark (BM)
Vertisols of Indian SAT, namely
Kasireddipalli soils at ICRISAT Center,
Patancheru and Barsi soils of Maharashtra
state of western India. They reported that
the amount of fixed NH,-N was 22 to 59%
in the former and 16 to 31% in the latter in
the total soil N. The 2:1 non- expanding
minerals like vermiculites can only fix NH,-
N. Despite this knowledge, illites (micas)
and smectites are considered as the minerals
to fix NH,-N (Nommik and Vahtras, 1982).
Smectites do not have any selectivity for
non-hydrated monovalent cation like K
because of their low layer charge (Brindley,
1966). The NH, ion being also a non-
hydrated monovalent cation having almost
the same ionic radii as that of K is not
expected to be fixed in the interlayers of
smectites. Similarly, it is difficult to
understand the NH, ion fixing capacity of
illites because illites do not expand when
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 (Mengel and Busch, 1982; Dhillon
and Dhillon, 1991). However, the
identification of vermiculite by XRD
analysis in different soil size fractions is
fraught with some difficulty in ubiquitous
presence of chlorite and also because of its
presence in small amounts in Vertisols and
other soil types. Its presence is resolved by
following the progressive reinforcement of
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the 1.0 nm peak of mica while heating the
K-saturated samples at 25, 110, 300 and
550°C (Fig.1) (Pal and Deshpande, 1987a;
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Fig. 1. Representative XRD diagram of fine
clay (< 0.2um) fraction of Vertisols. On
glycolation it expands to 1.7 nm indicating
the dominant presence of smectite (Sm).
With glycerol vapour treatment it expands
to about 1.8 nm, indicating that the smectite
is nearer to montmorillonite. On K-
saturation, its 1.0 nm region gets reinforced,
indicating the presence of small amount of
vermiculite which is not detected on

glycolation. Adapted from Pal and Durge
(1989).
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Pal and Durge, 1987), and it is estimated
semi-quantitatively following the method
of Gjems (1967). Like other soil types,
Vertisols do contain vermiculite in their silt
(50-2um), coarse clay (2-0.2um) and fine
clay (<0.2um) fractions (Pal and Durge,
1987) and the content of vermiculite,
determined quantitatively (Alexiades and
Jackson, 1965) ranges from 2.0 to 3.5% in
the silt, 3.5 to 10% in the coarse clay and
5.0 to 9.5 % in the fine clay fractions (Pal
and Durge, 1987). Vermiculite is
trioctahedral in nature, and is the alteration
product of biotite in the presence of its
dioctahedral variety (muscovite) (Pal and
Durge, 1987; Pal et al., 2001a). Both the
micas are not part of the Deccan basalt and
their origin in Vertisols has been attributed
to the geomorphic history of the Deccan
basalt landscape areas (Pal and Deshpande,
1987a). Thus, it would be prudent to
attribute the observed N fixation in Vertisols
(Sahrawat, 1995) and other soil as NH4*,
to the presence of vermiculite. Such basic
understanding is essential to include fixed
NH,-N in assessing the potentiality of N
availability in Indian soils.

Phosphorous (P) adsorption and clay
minerals

Soil properties that are linked to P
adsorption by soil minerals include the
nature and amount of clay, organic matter,
and hydrous oxides of iron and aluminium
(Sanyal and De Datta, 1991). Based on
earlier findings these authors indicated a
significant correlation of P sorption
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parameters with clay content and opined
that this may be a mere reflection of the
effect of specific surface area on P
adsorption.

Clays rich in 1:1 lattice mineral may
contribute to P adsorption in highly
weathered soils of humid tropical climate,
especially at low soil pH, when the activity
of iron and aluminium is also expected to
be higher. Thus, the free hydrated oxides
of iron and aluminium ordinarily present
in ferruginous soils have considerable
phosphate fixing ability (Biddappa and
Venkat Rao, 1973). Kanwar and Grewal
(1960) also reported that about 70 per cent
of the phosphate fixing capacity of acid
soils and 30 per cent of that of calcareous
and alkali soils of Punjab were due to free
sesquioxides. In soils hydrous oxides of iron
and aluminium occur as fine coatings on
surfaces of clay minerals (Greenland et al.,
1968; Haynes, 1983). These coatings having
appreciably large specific surface area can
adsorb large amounts of added P. This
observation clearly implies that in P
adsorption crystalline aluminosilicate
minerals have a merely secondary role
(Ryden and Pratt, 1980). However,
hydroxides of iron and aluminium can
adsorb negatively charged phosphate ions
only when they remain as cations in highly
acidic medium. Such soils (Ultisols) are
highly acidic and their KCl pH values
remain close to or greater than water pH
(Bhattacharyya et al., 2000; Chandran et
al., 2005), indicating the presence of
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gibbsite and/or amorphous materials
(Smith, 1986). A negative/zero/positive
ApH indicates the presence of variable
charge minerals such as gibbsite and /or
sesquioxides (Uehera and Gillman, 1980;
Bhattacharyya et al., 1994). This indicates
that gibbsite and /or sesquioxides in acidic
soils showing a positive ApH could be a
better substrate to absorb negatively
charged phosphate ions. Therefore, reported
adsorption of added phosphate ions by soils
of the semi-arid and arid climates is difficult
to reconcile since the soils in these regions
are alkaline and sodic due to the formation
of pedogenic CaCO, (Pal et al., 2000b,
2009). In such pedo-environment layer
silicates suffer congruent dissolution (Pal,
1985). This suggests that the highest surface
area of 2:1 expanding clay minerals and/or
hydroxides of iron and aluminium with no
positive sites, have little role in the
adsorption of added negatively charged
phosphate ions in calcareous and mild to
moderately alkaline soils. This supports the
ICRISAT’s classical experimental
observations that P adsorption and
desorption is not a major problem in
Vertisols, and that all the adsorbed P is
easily exchangeable by P** and little amount
of P is adsorbed in the non-exchangeable
form (ICRISAT, 1988; Sahrawat and
Warren, 1989; Shailaja and Sahrawat, 1990,
1994; Warren and Sahrawat, 1993).

Potassium release and biotite mica

The prime K-bearing minerals in major
soils (alluvial, black and ferruginous soils)
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of India are micas that are concentrated
mainly in the silt and clay fractions. Despite
this favourable natural mineral endowment,
crop response to K fertilizers in many such
soils has been anomalous (Pal et al., 2000a,
2001a; Pal, 2003). Petrographic
examination of sand fractions of major soils
of India confirmed the presence of
muscovite and biotite in soils of the
Brahmaputra alluvium (BA) and Indo-
Gangetic alluvium (IGP) and also in black
soils. Muscovite particles were very rare in
ferruginous soils. In soils of IGP and BA,
muscovite was more common than biotite.
In black soils amounts of micas were low
as compared to the other two soils and
biotite was more common than muscovite
(Pal et al., 2001a). SEM examination of
micas by Pal et al. (2000a, 2001a) indicated
that irrespective of soil type biotite
generally occurred as thick particles with
different stages of layer separation. They
are weathered through layer separations and
bending at their edges. At the edges of these
particles, layer separation indicated the
formation of a vermiculite rim around the
particles as a result of replacement of
interlayer K of biotite. In contrast, the
replacement of interlayer K of muscovite
was not substantial as evident from a
general lack of interlayer opening. Pal et
al. (2001a) however observed weak to
moderate layer separation at the edge of
muscovite in some soils and opined that
this is due to alteration prior to pedogenesis.
Thus the release of K from fine-grained
micas of soils is expected not to be similar
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because they are far from ‘ideal’ in structure
and composition. Zones in a particle may
contain layer minerals in different stages
of expansion as demonstrated by Pal et al.
(2000a, 2001a). Therefore, many of the
proposed relationships between K release
and micas are based on results obtained
from specimen micas and not from soil
micas and thus they are speculative (Rich,
1972; Sarma, 1984; Wilson, 1999).

So far attempts made in highlighting
the precise nature of soil mica in the silt
and clay fractions of Indian soils have been
based on the X-ray intensity ratio of peak
heights of 001 and 002 basal reflections of
mica (Kapoor, 1972). The ratio is greater
than unity in the silt and clay fractions of
major soils of India (Table 1). However, in
soils of Brahmaputra alluvium (BA) and
black soils in alluvium of weathering
Deccan basalt, this ratio is close to unity
particularly in their clay fractions. The ratio
>1 may apparently suggests the muscovitic
character of mica but in reality it indicates
the presence of both muscovite and biotite
minerals (Pal er al., 2000a). If muscovite
minerals were present alone the ratio would
have been very close to unity (Tan, 1982).
In the event of a mixture of these two micas,
both will contribute to the intensity of the
1.0 nm reflections, whereas contribution 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
(Fig.2) (Kapoor, 1972). According to this
criterion, silt fractions of alluvial soils of
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Indo-Gangetic plains (IGP) and BA,
ferruginous and black soils and also the
clay fractions of soils of IGP and
ferruginous soils contain both muscovite
and biotite. But the clay fractions of soils
of BA and black soils are more muscovitic
in character (Table 1). The enrichment of
soils with muscovite is not favourable so
far as the K release and available K status
are concerned. This is evidenced with the
reduced rate of K release from black soils
and soils of BA against much higher rate
of K release from soils of IGP and
ferruginous soils when they were subjected
to repeated batch type of Ba-K exchange
(Fig.3) (Pal et al., 2001a).

A need of a selective quantification of
biotite mica in the common situation in
soils containing mixtures of biotite and
muscovite was planned through an
experiment by Pal et al.(2006a) wherein
the contents of biotite in Vertisols and their
size fractions were estimated through a
rigorous and exhaustive Ba-K exchange
reaction. The cumulative amount of K
released at the end of final extraction when
release of K almost ceased, was considered
as released K mainly from biotite (Fig. 4).
The amount of clay, silt and sand biotites
in representative Vertisols of central India
ranged from 1.0 to 1.6, 0.2 to 0.3 and 0.2
to 0.4 %, respectively. In <2 mm fine earth
fraction, biotite quantity does not exceed
1%, which constitutes about 6-8% of total
micas. For any size fraction, the cumulative
amount of K released on biotite weight
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Table 1. X-ray intensity ratio of the peak heights of 001/002 basal reflection in the silt and clay fractions*

Benchmark Soil/Soil Series Parent material Size fractions
50-2 mm <2 mm

Holambi (AS-SA)

(Udic Ustochrept) IGP® 2.14 2.63
Hissar (AS-SA)

(Typic Ustochrept) IGP 2.05 2.57
Totpara (AS-SH)

(Aeric Fluvaquent) IGP 2.27 2.73
Kanagarh (AS-SH)

(Udic Ustochrept) IGP 1.48 1.60
Dahotia (AS-PH)

(Typic Haplaquept) BA 1.47 1.10
Akahugaon (AS-PH)

(Typic Haplaquept) BA 1.70 1.04
Aroli (BS-SH)

(Typic Chromustert) DBA 1.80 1.05
Nimone (BS-SA)

(Typic Chromustert) DBA 1.90 1.00
Kasireddipalli (BS-SA)

(Typic Pellustert) DBA 1.56 1.04
Kheri (BS-SH)

(Typic Chromustert) DBA 1.87 1.01
Sarol (BS-SH)

(Typic Chromustert) DBA 1.50 1.04
Patancheru (FS-SA)

(Udic Rhodustalf) GG 1.77 1.80
Nalgonda (FS-SA)

(Udic Rhodustalf) GG 2.00 1.87
Dyavapatna (FS-SA)

(Udic Rhodustalf) GG 2.25 2.16

"IGP=Indo-Gangetic alluvium; DBA-Deccan basalt alluvium; GG=Granite-gneiss

°AS-SA = Alluvial soil of semi-arid climate; AS-SH = Alluvial soil of sub-humid climate; AS-PH

= Alluvial soil of per-humid climate; BS-SH = Black soil of sub-humid climate; BS-SA = Black soil of
semi-arid climate; FS-SA = Ferruginous soil of semi-arid climate.

*Adapted from Pal ef al. (2006a).

basis follows: > cumulative amount of K  significant positive correlations between
released on whole mica weight basis > cumulative K release from sand, silt and
cumulative amount of K released on weight  clay and their corresponding total K
basis of size fraction (Table 2). The contents, respectively (Table 3), indicates
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Clay
(<0.002 mm)
cumulative K release

Silt
(0.05 -0.002 mm)
cumulative K release

Sand
(2 - 0.05 mm)
cumulative K release

Fine earth (<2mm)
cumulative K release

Depth
(cm)

Horizon

in 75 extractions

in 35 extractions in 60 extractions

in 10 extractions
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*SF = on the basis of size fraction; MB = on the basis of mica content; BB = on the basis of biotite content

Adapted from Pal et al. (2006a)

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 3) indicate the
predominant influence of mica to supply K
to the plants grown in Vertisols. Further,
significant positive correlations between
cumulative K release of sand, silt, clay and
soil and their respective mica contents
(Table 3) indicate that the K release from
either the soils or different size fractions,
are controlled mainly by mica. However,
better correlations than those between
cumulative K release of sand, silt, clay and
soil and their biotite contents (Table 3)
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 releasing K in the
presence of biotite (Pal et al., 2001a).

Potassium (K) adsorption and low charge
vermiculite/high charge smectite

Major soils of India do not adsorb/fix
higher amount of K as evident from their
low to moderate values of exchangeable
potassium percentage (EPP) within 0.5 m
of the profile; EPP for majority of the IGP
soils ranges from 3 to 8 % (Pal et al., 2010),
for Vertisols (BS) it ranges from 1 to 2 %
(Pal et al., 2003a) and for ferruginous soils
(FS) it ranges from 3 to 4 % (Murthy et
al., 1982). It is quite often reported in the
literature that micas, hydrous micas and
vermiculites have high adsorption/fixation
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Fig. 2. XRD diagram showing the basal reflections of the micaceous minerals of soils.
The ratio of the 001 and 002 reflections shows much more than a unity.
Micaceous Minerals 001/ 002

1.48/1.60
2.00/1.87

CUMULATIVE K RELEASE (mg'100n)

1.90/1.00

Cumulative K release (mg/100g)

1.47/1.10
NUMBER OF EXTRACTION
Fig.3. Relation between cumulative K release of soils and number of extractions: Hissar,
representative of IGP soils of SA climate; Kanagarh, representative of IGP soils of SH climate;
Dahotia, representative of BA soils of PH climate; Nimone, representative of black soils of SA
climate; Nalgonda, representative of ferruginous soils of SA climate. (Please refer to 001/002 ratio

of peak heights of mica in table 1).
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Table 3. Coefficient of correlation among various soil characteristics.

Parameter r
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 0.917**
Cumulative K of clay mica Clay biotite 0.978%*
Cumulative K of soil mica Soil biotite 0.435%
*Significant at 0.05 level; ** Significant at 0.01 level
Adapted from Pal et al. (2006a)
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Fig. 4. 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.(2006a,).
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properties while smectites and kaolinites
have low capacities. However, if mica is
understood a mineral that does not expand
on being saturated with divalent cations, it
is difficult to understand how it can adsorb/
fix added K (Sarma, 1976). In such
reactions interlayer charge density of the
mineral is of fundamental importance.
Kaolinites are of no significance in such a
reaction while vermiculites will be
converted to mica by layer contraction due
to K. Smectites would not possess this
property as their layer charge is too low
(Brindley, 1966) and they do not adsorb K
selectively (Rich, 1968) unless the charge
density is high (Pal and Durge, 1989).
Schwertmann (1962) indicated that some
soil smectites have a greater capacity to fix
K than do many of the specimen type
smectites. Bajwa (1980) has pointed out
that beidellite soil clays are greater fixers
for added K followed by vermiculite clays,
and fixation is not appreciable in clays
consisting of montmorillonite. The content
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of smectite in BS increases with the
decrease in particle size and the fine clay
fractions contain its highest amount.
Despite this fact fine clay smectites do not
participate in adsorption/fixation of added
K as evident from their comparable amount
of adsorbed K (Table 4). The reason is
that the fine clay smectites of benchmark
Vertisols of central and western India is
nearer to montmorillonite of the
montmorillonite-nontronite series (Pal and
Deshpande, 1987a) and do not adsorb K
selectively because of their low layer charge
(Pal and Durge, 1987a). Therefore, the
observed low K adsorption in these
smectites (Table 4) is due to the presence
of vermiculite, which is generally not
detected on glycolation of Ca-saturated
samples but can be detected by a
progressive reinforcement of the 1.0 nm
peak of mica while heating the K-saturated
samples from 25 to 550°C (Fig. 1). Similar
experience had also been expressed by
Ruhlicke (1985) while reporting K

Table 4. Adsorption of K in different size fractions of Vertisols

Soil Series Adsorption of added K (mg/100g)
Silt Coarse clay Fine clay
(50-2 wm)® (2-0.2 um) (<0.2 um) ®

Aroli 35 16.0 30.0
Sarol 4.5 23.0 25.0
Kasireddipalli 3.0 10.0 25.0
Nimone 13.0 20.0 28.0
Kheri 5.0 31.0 28.0

10.25 mg K added per g of silt; 0.50 mg K added per g of coarse and fine clay, ® Fine clay smectites did
not adsorb added K in proportion to their high amount indicating their no K-selectivity.

Adapted from Pal and Durge (1987).
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adsorption of 60 mg K/100g in bentonite
(montmorillonite) deposit. The content of
vermiculite was quantified following the
method of Alexiades and Jackson (1965)
by Pal and Durge (1987) and it ranged from
5 to 9% in the fine clay of Vertisols. Pal
and Durge (1987) thus, concluded that the
observed K adsorption by the silt and clay
fractions is due to the presence of
vermiculite and not due to smectite. This
indicates that K loss due to adsorption/
fixation in the Vertisols is very less. Similar
observation was also made by Pal et al.
(1993) for K adsorption in FS (Table 5).
The fine clay fractions of FS though
contained the highest amount of smectite
did not participate in K adsorption because
the fine clay smectite was mostly low
charge dioctahedral smectite. The observed
K adsorption in the coarser fractions of FS
was attributed to vermiculite and in the
finer fractions it was trioctahedral low
Table 5. The data of K adsorption by various size

[fractions of ferruginous soils (FS) (Patancheru and
Nalgonda) of southern India

Size fractions Adsorption of added

K (mg/100g)*
Pantancheru Nalgonda
50-20 um 16 37
20-6 pm 36 44
6-2 um 60 62
2-0.6 um 128 133
0.6-0.2 um 90 108
<0.2 um 90 16

K added was 0.1 mg/g of silt fractions and 0.2 mg/
g of clay fractions
Adapted from Pal et al. (1993).
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charge vermiculite/high charge smectite.
This smectite could only be detected by
their expansion to 1.7 nm on glycolation
and by rapid contraction to 1.0 nm on K
saturation at 110°C.

In contrast to the fine clay low charge
dioctahedral smectites of Vertisols and FS,
trioctahedral smectites of some alluvial
soils do adsorb K selectively (Table 6) and
rate of K adsorption is almost proportional
to the content of smectite which increases
with the decrease of particle size (Pal and
Durge, 1989). These smectites are easily
detected that expand to 1.7nm on
glycolation but contract readily to 1.0 nm
on K saturation at 110°C indicating their
high layer charge density (Pal et al., 1989).

Physical properties of soils and minerals

Hydraulic properties of soils and clay and
other minerals

It is well known that the hydraulic
properties of soils are impaired when they
have dominance of Na* ion on the exchange
complex (Abrol and Fireman, 1977). In
contrast, the Vertisols of dry climates of
the Peninsular India do not have any salt-
efflorescence on the soil surface as an
evidence of soil sodicity but have poor
drainage conditions. These soils do not
qualify as salt-affected soils as per the
United States Salinity laboratory criteria.
However, the saturated hydraulic
conductivity (sHC) of their subsoils is
adversely affected due to clay dispersion
and clogging of pores caused by
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exchangeable magnesium (Balpande et al.,
1996; Vaidya and Pal, 2002). This confirms
that saturation of Vertisols with Na* and
Mg*? ions block small pores in the soil. In
other words, Mg*" ions are less efficient
than Ca®* ions in flocculating soil colloids
(Rengasamy et al., 1986), although the
United States Salinity Laboratory (Richards,
1954) grouped Ca®* and Mg** together as
both the ions improve soil structure. The
sHC is further impaired even by a low level
of exchangeable sodium percentage ( ESP)
(> 5, < 15) (Balpande et al., 1996) to < 5
mm/hr, causing > 50% reduction in cotton
yield (Kadu et al., 2003) because large
amounts of smectite minerals (100g of soil
may contain 40-50 g of smectite, Pal et al.,
2000a) in Vertisols. Thus, the current lower
limit of 15 ESP of the United States Salinity
Laboratory for all the soils is arbitrary
thereby necessitating evaluation of lower
limit of ESP. In order to validate this, Pal
et al. (2006b) undertook an extensive study
on Vertisols with and without soil modifiers
(Ca-zeolites and gypsum), representing a
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climosequence from sub-humid moist
(SHM) to arid dry (AD) climate and
occurring in major states of the Peninsular
India. The results of this study indicate that
the release of Ca®* ions from soil modifiers
prevented the rise in pH and ESP and
modified sHC (>10 mm/hr) amidst high
ESP, which supports fairly well the
performance of rain-fed crops. Therefore,
fixing a lower limit of sodicity 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) is
incompatible with fairly well performance
of crops in highly sodic Vertisols with soil
modifiers especially of Ca-zeolites (Fig.5)
(Pal et al., 2006b). The impairment of sSHC
of soils mediated by dispersibility is the
most important factor for soil degradation
(Sumner, 1995), and thus, the
characterization of sodic soils on the basis
of sHC appears to be most appropriate
parameter where 50% reduction in crop

Table 6. Asorption of K in different size fractions of alluvial IGP and BV

Size fractions

Adsorption of added K (mg/100g)*

Holambi (IGP)

Kanagarh (IGP) Dahotia (BV)

20-6 pm 6.6
6-2 um 11.8
2-0.6 um 30.4
0.6-0.2 um 455
<0.2 um 67.7

9.7 0.5°
19.1 1.0
52.9 26.4
63.7 31.0
79.3 50.0

K added 1 mg per g of silt and 2 mg per g of clay fractions *"Showing high K selectivity of smectite.

Adapted from Pal and Durge (1989).
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Fig. 5. Representative XRD diagrams of the
powdered sand fractions of shrink-swells in
semi-arid part of the Western Ghats:
H=heulandites (Ca-zeolites). Adapted from
Bhattacharyya et al. (1999).

yields has been recorded. Therefore, Pal et
al. (2006b) advocated a value of sHC < 10
mm h' (as weighted mean in 1m depth of
soil) instead of ESP or SAR as the
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important crop limiting soil factor.
Therefore, the identification of Ca-zeolites
and gypsum is very necessary. They can be
easily detected by thin section studies and
/for XRD technique. However, their
presence can be readily realised when the
summation of extractable bases are in
excess of the CEC of soils (Bhattacharyya
et al., 1993; Pal et al., 2003a, 2006b, 2011)
due to release of extra Ca ions from soil
modifiers by the exchanger solution during
the extraction of exchangeable cations of
soils.

Dispersibility of clay colloids impairing
the sHC of soils is caused by ESP or to
some extent exchangeable magnesium
percentage (EMP) in the presence or
absence of soil modifiers. However, the
sHC of zeolitic Vertisols of Marathwada
region in Maharashtra state of the semi-
arid part of western India indicated a value
<10 mm/hr, though they are non-sodic soils
(Typic Haplusterts) (Zade, 2007). Such
Vertisols have neutral to mildly alkaline pH,
ESP < 5, but have increasing trend in EMP
with depth, and in some pedons EMP is
more than ECP (exchangeable calcium
percentage) beyond 50 cm depth.
Mineralogical studies indicate the presence
of palygorskite mainly in the silt and coarse
clay fractions (Fig. 6) (Zade, 2007; Kohle
et al., 2012). This mineral is the most
magnesium rich among the common clay
minerals (Weaver and Pollard, 1973; Singer,
2002). Therefore, Vertisols with
palygorskite mineral are rich in EMP, which
causes enormous dispersion of clay colloids
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Fig. 6 .Representative X-ray diffractograms of total clay fractions of Pedon 1 (Sm=smectite, Sm/
Vm=smectite or vermiculite, Pk=palygorskite, Ca = calcium saturated;, CaEG = Ca-saturated and
ethylene glycolated; K25/K110°/K300°/K550° = K saturated and heated at 25, 110, 300 and 550°C.
K300°EG= K saturated and heated at 300° and ethylene glycolated). Adapted from Kolhe et al.

(2011).

that form a 3D mesh in the soil matrix.
This causes drainage problem when such
soils are irrigated, a predicament for crop
production. In view of their poor drainage
conditions and loss of productivity, non-
sodic Vertisols (Typic Haplusterts) with
palygorskite minerals needs to be
considered as naturally degraded soils.
Similar soils may be occurring elsewhere
in the world and thus, a new initiative to
classify them is warranted.

Climate change and minerals

Mineral formation in soils and sediments
as signatures of climate change

Paleopedological research unravels the
signatures of climate change that generally
remain stored in soils and sediments of the
past (Pal et al., 2000a) and such soils are
known as paleosols, formed on a landscape
of the past (Valentine and Dalrymple,
1976). Studies on paleosols have caught
the attention of the pedologists,
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sedimentologists and soil mineralogists in
India and abroad (Singer, 1980; Beckmann,
1984; Jenkins, 1985; Fenwick, 1985;
Wright, 1986; Pal et al., 1989, Srivastava
et al., 1998; 2007, 2009, 2010, Pal et al.,
2001b, 2009, 2011).

Identification of paleoclimatic
signatures in paleosols forms the major
challenge to soil scientists. Yaalon (1971)
points to the fact that the products of the
self-terminating, irreversible reactions such
as calcareous or siliceous incrustations are
among the most permanent and best
indicators of paleo-environmental
conditions. Whenever reliable paleoclimatic
indicators, such as paleontological remains,
pollen or isotope chemistry were absent or
have failed, paleoclimatologists have turned
to paleosols for clues as to the nature of
climates of the past (Singer, 1980). The
clay minerals of these paleosols are
potential promising materials for
documenting and resolving a wide spectrum
of different genetic environments and
reactions (Keller, 1970). The use of clay
minerals in paleosols and saprolites
(weathering profiles) for the purpose of
paleoclimatic interpretation has been
explained in detail by Singer (1980). It is
often difficult to determine as to which
minerals are diagnostic of different climatic
zones. However, those clay minerals which
occur most frequently can be considered to
have climatic significance (Tardy et al.,
1973). For example, minerals such as
kaolinite often remain unaltered through
subsequent changes in climate, and
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therefore, may preserve a paleoclimatic
record. Singer (1980) indicated that other
layered silicates at a less advanced stage of
weathering may adjust to subsequent
environmental changes and thus may lose
their interpretative value for paleoclimatic
signatures. However, several Indian
researchers have considered minerals of
intermediate weathering stage as potential
indicators of paleoclimatic changes in parts
of central India and Gangetic Plains (Pal et
al., 1989; Srivastava et al., 1998; Pal et
al., 2009, 2011). They have demonstrated
how secondary minerals like di- and
trioctahedral smectites (DSm and TSm),
smectite-kaolin interstratified minerals (Sm/
K), hydroxy-interlayered smectite (HIS),
hydroxy-interlayered vermiculite (HIV),
pseudo-chlorite (PCh) of intermediate
weathering stage, and CaCO, of pedogenic
(PC) and non-pedogenic (NPC) origin can
be regarded as potential indicators of
paleoclimatic changes in major soil types
of India and also in paleosols of the alluvial
sediments of the Himalayan river systems
and Cratonic source from Peninsular India.

Di- and trioctahedral smectite as evidence
Jor paleoclimatic changes

Well crystallized dioctahedral smectites
as the first weathering product of Peninsular
Gneiss partly transformed to kaolin in
ferruginous soils (Alfisols) formed in a pre-
Pliocene tropical humid climate (Pal et al.,
1989). Such kaolin (KI) is not a discrete
kaolinite as XRD diagrams of its Ca-
saturated and glycolated sample indicates
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the broad base of 0.72 nm peak and tails
towards the low angle. On heating the K-
saturated sample at 550°C, the 0.72 nm
peak disappears, confirming the presence
of kaolin and simultaneously reinforces the
1.0 nm region at much higher degree even
in presence of 1.4 nm minerals, indicating
the presence of KI-HIV/HIS (kaolin
interstratified with either hydroxy-
interlayered vermiculite, HIV or smectite,
HIS) (Fig. 7). Later with the termination of
humid climate, both these clay minerals
were preserved to the present. Therefore,
the ferruginous Alfisols overlying the
saprolites dominated either by dioctahedral

counisis
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smectite or kaolin are relict paleosols (Pal
et al., 1989; Chandran et al., 2000), which
have been affected by the climatic change
from humid to drier conditions during the
Plio-Pleistocene transition period. It is
evidenced by the formation of trioctahedral
smectite in the present dry climate from
the sand and silt size biotite (Fig.8a), which
survived weathering during the earlier
humid climate. This smectite is high charge
smectite or low charge vermiculite that
expands to 1.7 nm on glycolation of Ca-
saturated sample but contracts readily to
1.0 nm on K-saturation and heating to 110°
C. The present day warm semi-aridic
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Fig.7. XRD diagram of fine clay of acid FS: Ca, Ca-saturated; Ca-EG, calcium-saturated and
ethylene glycolated-solvated; K25,K110,K300,K550, K-saturated and heated to 25°,110°,300° and
550° C, respectively; HCI, treated with 6N HCI for 30 min at 90° C. HIV, hydroxy-interlayered
vermiculite; K, kaolin; G, gibbsite. Adapted from Chandran et al. (2005).
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(b)

Fig. 8. Representative SEM photograph of the formation of vermiculite around biotite particles of
ferruginous soils (Alfisols) (a), of PC (lubinites) in ferruginous soils (Alfisols) of semi-arid southern

India (b). Adapted from Pal et al. (2000a,).

climatic conditions also favoured the
formation of pedogenic calcium carbonate
(PC)(Fig.8b) by inducing the precipitation
of CaCO, with a concomitant development
of subsoil sodicity (Pal et al., 2000b; 2011).
These relict paleosol qualify to be
polygenetic soils with strong paleoclimatic
potential (Pal et al., 1989).

Red and black soils in semi-arid climatic
environments

Occurrence of spatially associated red
ferruginous (Alfisols) and black (Vertisols)
soils on gneiss under similar topographical
conditions are very common in semi-arid
region of southern Peninsular India (Pal and
Deshpande 1987b). Ferruginous soil clays
consist chiefly of kaolin and smectite
whereas black soil clays are dominated by
low charge dioctahedral smectite. The
inverse relation between kaolin and
smectite with pedon depth of ferruginous

soil clays (Pal et al., 1989) indicated the
transformation of smectite to kaolin even
though prevailing semi-arid climate can not
favour the formation of kaolin at the
expense of smectite in slightly acid to
moderately alkaline reaction. Similarly, the
arid climate cannot yield the huge amount
of smectite required for the formation of
Vertisols. Earlier studies in southern
Peninsular India (Murali et al., 1978;
Rengasamy et al., 1978) suggested that
kaolinite was formed in an earlier
geological period with more rainfall and
great fluctuations in temperature, as
evidenced by the presence of granitic tors
all around such area (Pal and Deshpande
1987b). Therefore, the smectite of Vertisols
formed in the earlier humid climate. This
was detached from the weathering gneissic
rock and transported downstream and
deposited in low-lying areas following the
landscape reduction process and the typical
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Vertisols were developed in the
microdepressions (Fig. 9). After the
peneplanation, red ferruginous soils on
stable surface continued to weather to form
kaolin mineral as the stability of the
smectite was ephemeral in tropical humid
climate (Bhattacharyya et al., 1993). But
due to termination of the humid climate
during the Plio-Pleistocene transition,
smectite and kaolin could be preserved to
the present day (Pal et al., 2000a).

Clay minerals in soils of the Indo-Gangetic
Plains (IGP)

Transformation of clay minerals in a
soil chrono-association comprising 5 fluvial

surfaces (QGH1 to QGHS5) of the IGP
between Ramganga and Rapti rivers,

Initial
Stage

Intermediate

Stage \

N

Red Soil (Alfisols)

Present
Stage

+
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demonstrated that pedogenic smectite-
kaolin (Sm/K) can be considered as a
potential indicator for Holocene climatic
changes from arid to humid conditions
(Srivastava et al., 1998). The ages of
QGHI1 to QGHS5 are <500 yr BP, >500 yr
BP, >2500 yr BP, 8000 Cal yr BP and
13,500 Cal yr BP, respectively. During soil
formation, two major regional climatic
cycles are recorded. Relatively arid to semi-
arid cycles between 10,000-6,500 year BP
and 4,000 year BP till present was
punctuated by a warm and humid climate.
Biotite weathered to trioctahedral
vermiculite and smectite in the soils during
arid conditions that was unstable and
transformed to Sm/K during the following
warm and humid climate phase (7400-4150

H Black Soil (Vertisols)

10 Km >

Fig. 9. 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).
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Cal year BP). When the humid climate
terminated, vermiculite, smectite and Sm/
K were preserved to the present. During
the hot semi-arid climate that followed the
humid climate, transformation of biotite
into its weathering products like
trioctahedral vermiculite and smectite did
continue. Initiated by the formation of PC,
fine clay vermiculite and smectite
translocated downward in the profile as Na-
clay, to make soils calcareous and sodic
(Pal et al., 1994, 2003b). This pedogenetic
process with time become an example of
self -terminating process (Yaalon, 1971)
exhibiting their polygenetic features.

Vertisols, carbonate minerals and climate
change

Smectitic Vertisols occur 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 Deccan
basalt area (Pal er al., 2009). It is well
known that smectites are ephemeral in HT
climate as they readily transform to kaolin
(Pal et al., 1989; Bhattacharyya et al.,
1993). The formation of Vertisols in HT
climate has been possible because smectite
of Sm/K and Ca-zeolites created
conducive chemical environment necessary
for the formation and persistence of
Vertisols in lower topographic situation
(Bhattacharyya et al., 1993, 1999). It is
equally difficult to understand the formation
of Vertisols in SHM, SHD, SAM, SAD and
AD climates, since a large amount of
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smectite clay is required for their formation.
However, in these climatic environments,
the weathering of primary minerals
contributes very little towards the formation
of smectites. XRD analysis of fine clays
(Fig. 10) indicates that smectites of
Vertisols from sub-humid to arid climates
are fairly well crystallized as evident from
a regular series of higher order reflections
and do not show any sign of transformation
except for hydroxy-interlayering (HI) in the
smectite interlayers (Pal et al., 2000a;
Srivastava et al., 2002). Such interlayering
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Fig. 10. Representative X-ray diffractograms of
fairly well crystalline fine clay smectite of
Vertisols despite having partial hydroxy-
interlayering. Adapted from Pal (2003).
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was also noticed in vermiculite of the silt
and coarse clay fractions (Fig. 11) that
resulted finally in the formation of pseudo-
chlorite (PCh). HI in smectite interlayers
is identified from the broadening of the low
angle side of the collapsed 1.0 nm peak of
K-saturated smectite heated to 550°C (Fig.
10). PCh is not a true chlorite as it shows a
broad peak around 1.4 nm when K-
saturated sample is heated to 550°C (Fig.
11). Thus the presence of hydroxy-
interlayered dioctahedral smectite (HIS),
hydroxy-interlayered vermiculite (HIV as
an alteration product of biotite mica) and
PCh (as a transformation product of HIV)
is common in size fractions of Vertisols
(Pillai et al., 1996; Pacharne et al., 1996;
Vaidya and Pal, 2003). The hydroxy-
interlayering in the vermiculite and smectite
occurs when positively charged hydroxy-
interlayer materials such as [Fe3(OH)6]3+,
[Al (OH).]**, [Mg,Al(OH)]*, and
[AL(OH),J>* (Barnhisel and Bertsch, 1989)
enter into the inter-layer spaces at pH much
below 8.3 (Jackson, 1964). Moderately
acidic conditions are optimal for hydroxyl
interlayering of vermiculite and smectite
and the optimum pH for interlayering in
smectite and vermiculite is 5.0-6.0 and 4.5-
5.0, respectively (Rich, 1968). The pH of
the majority of Vertisols of subhumid to
arid climates is either near to neutral or
well above 8.0 throughout the profile. This
suggests that in mildly to moderately
alkaline conditions of soils, 2:1 layer
silicates suffer congruent dissolution (Pal,
1985). Thus, it discounts the hydroxy-
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interlayering of smectites and vermiculites
during the post depositional period of the
basaltic alluvium (Pal er al., 2011), likewise
the subsequent transformation of vermi-
culite to PCh. Therefore, the formation of
HIS, HIV and PCh does not represent
contemporary pedogenesis of Vertisols in
the prevailing dry climatic conditions (Pal
et al., 2011). Vertisols of subhumid to arid
climates have both NPC (relict Fe-Mn
coated carbonate nodules) and PC
(pedogenic CaCO,) (Pal et al., 2000b,
2009). Based on '“C dates of carbonate
nodules, Mermut and Dasog (1986)
concluded that Vertisols with Fe-Mn coated
CaCO, are older soils than those with PCs
that are formed in soils of dry climate (Pal
et al., 2000b). Thus, NPCs were formed in
a climate much wetter than the present,
which ensured adequate soil water for
reduction and oxidation of iron and man-
ganese to form Fe-Mn coatings. The first
weathering product of plagioclase-rich
Deccan basalt is a low charge di-octahedral
smectite (DSm) in aridic to humid climates
(Pal and Deshpande, 1987b). Thus, the large
amount of DSm formed in an earlier humid
climate in the source area as an alteration
product of plagioclase in tropical humid
climates (Pal ef al., 1989; Srivastava et al.,
1998) and during this weathering vermi-
culite transformed to HIV, which may have
transformed to PCh because HI in vermi-
culite would occur in acidic soil conditions.
However, the formation of HIS in humid
tropical climate did not continue as
evidenced from the presence of very small
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Fig. 11. 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; 6 NHCI = 6N HCI 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).
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amount of kaolin (Sm/K) in the fine clay
fractions. In the event of prolonged
formation of HIS, the content of kaolin
should have been dominant (Bhattacharyya
et al., 1993). Thus, the smectite of Vertisols
formed in an earlier and more humid
climate. Its crystallinity, and also the PCh
were preserved in the non-leaching
environment of the latter dry climates (Pal
et al., 2009, 2011). The ™C age of soil
organic carbon of Vertisols was estimated
to be between 3390 to 10,187 yr BP (Pal et
al., 2006b). This suggests that the change
from humid to drier climate occurred in
Peninsular India during the late Holocene
(Pal et al., 2001, 2003b, 2006b; Deotare
2006). In SAM, SAD and AD climates
Vertisols became more calcareous and sodic
(Pal et al., 2006b) than those of SHM and
SHD climates. Therefore, they qualify to
be polygenetic (Pal et al., 2001).

Clay minerals record from drill cores of the
Ganga Plains

Climate change over the last 100 ka
has been manifested in clay mineralogy of
paleosols and sediments from two cores
(~50 m deep) in the Ganga—Yamuna
interfluve in the Himalayan Foreland Basin,
India (Pal er al., 2011). Core sediments
from the northern part of the interfluve
(IITK core) are micaceous and dominated
by hydroxy-interlayered dioctahedral low-
charge smectite (LCS) in fine clay fraction
but by trioctahedral high-charge smectite
(HCS) in silt and coarse clay fractions. In
contrast, core sediments from the southern
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part of the interfluves (Bhognipur core) are
poor in mica and both LCS and HCS are
present in the upper 28 m of the core and
the lower part is dominantly LCS in all
size fractions. Paleosols are formed in the
two cores in the sub-humid to semi-arid
climatic conditions and this has resulted
clay minerals such as 1.0-1.4 nm minerals,
vermiculite, HCS and also preserved the
LCS, hydroxy-interlayered vermiculite
(HIV) and pseudo-chlorite (PCh), and
kaolin that formed earlier in a humid
climate. The preservation of LCS, HIV,
kaolin and PCh bears the signature of
climate shift from humid to semi-arid
conditions in the Ganga Plains as their
formation does not represent contemporary
pedogenesis in the present alkaline
chemical environment induced by the semi-
arid climate. The abundance of LCS
sediments in both the cores suggests the
role of plagioclase weathering in the
formation of LCS. The climatic records
inferred from the typical clay mineral
assemblages of the two interfluve cores are
consistent with the Marine Isotope Stages
(MIS) over the last 100 ka. Typical clay
mineral assemblage in humid interglacial
stages (e.g. MIS 5, 3 and 1) is marked by
HIV, LCS and PCh formed under acidic
soil conditions. In a drier climate (MIS 4
and 2), formation of trioctahedral HCS from
biotite weathering and precipitation of
pedogenic CaCO, were the dominant
processes that created conducive environ-
ment for illuviation of clays forming argillic
(Bt) horizon in the paleosols of the
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interfluve.

Conclusions

A thorough knowledge and appreciation
of minerals in soils is critical to our
understanding and use of soil. Despite our
general understanding on the role of
minerals in soils it is necessary to
investigate the properties of the minerals,
especially clay minerals, their mixtures and
surface modifications in the form that they
occur in the soil. From the few examples
under different agro-climatic situations cited
here it is evident that unless the
mineralogical description is accurate
enough for the purpose intended, it would
not be prudent to look for their significance
in soils. With the use of high resolution
micro-morphology, mineralogy, and age
control data alongside their geomorphologic
and climatic history, we can identify and
explain many enigmatic situations in soils.
Therefore, the future research endeavours
should provide adequate knowledge that
would explain discretely many of the pedo-
edaphological aspects and also the impacts
of climate change in soils in terms of
minerals in general and clay minerals in
particular and their significance for soil as
a sustainable medium for plant growth. The
mineralogical research work undertaken
over the last several decades on important
soil/paleosol types and the sediments
demonstrates that the pedogenic clay
minerals of intermediate weathering stages
like HIS, Sm/K, HIV, PCh and pedogenic
carbonates can be very useful paleoclimatic
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indicators. This basic knowledge on soil
clay minerals can serve as an important
tool for the paleoclimatologists to infer
climate change not only of India but
elsewhere of the world. The state-of-the-
art-information developed through this
review has helped to establish a link
between minerals and major soil properties
and climate change phenomenon in
geological time scale. It is hoped that this
review serves as a hand book to assess the
health and quality of soils while developing
suitable management practices to enhance
and sustain their productivity.
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