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Abstract:'5'oils ttttclt't'clil.lerent land use attaitt q certainvalne of soil organic carbon (SoC)
- overaperiodo.ftime. llesectrchuttamptstountlerstanclsuchraltrofntajorsoi/ typeso.f lncliaare rare' The presenl .study w'os lherefore unclertaken tofincl ottt SCC value in tf,,o ll4ollisols-

Alfisols-Vertisols cotenary sequences of Deccan basalt area iil Central (Satpura Range) anclwestern Ghats regiorts of India. The results indicate tltat the vertisols dominated by smectites,
are usuolll'under agriailture and has a SoC of -B g ks-l in the tap 30 cnt o/'soils. on theother hand the spatiallT' assctciated Mollisols and itqiott under forests a,d dominated bysmectites' maintctirt relatively high soc values of l2 to 26 g kg-t in the top 30 cnt of soils.The results shou' that soC content is mainly a fttnction oJ cicry miner.al type rather than claycot|tent' The identification of'smrctite interstratified with 0.7 nnt minet,als in these soilsdentonstrate its influence in soc accumwlation of tropical soils. Establishment of soC valuesin relation to land use, and clay mineral type privides valttable hints abottt the upper limit o/soC seque'ttration in l'ertisols of arid ani senti-arid regions of Inclia and else*,herefor rheir
sus t a i ned pr o duc t it, i 6;

The influence of topography in the
fomration of different kinds of soils is very
conspicuous in basaltic terrain of
Peninsular India. At the crest and on
pediment slopes shallow to moderately
deep red soils (Entisols/Inceptisols/
Alfisols), and in the lower piedmont plain
or valleys deep soils with vertic properties

(Vertisols and their intergrades) are quite
common in arid and semi-arid part of the
Peninsular India (Murthy et al., 19gZ).
The arid and semi-arid part cover more
than 50Yo area of the country. These soils
are in general calcareous and
impoverished in soil organic carbon
(SOC) (Srivastava et al., 2002). These
soils specially, the shrink-swell soils
require SOC accumulation to strengthen
their health because at present they have
limitations that restrict their full potential
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Fax : +91:712:2500534
E-mail addresses : tapas lll56@yahoo.com,
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to grow both rainy season ancl winter
crops (Kadu et a\.,20*3)"

By and large, tire sluink_swell soils
under agriculturai systerns in trnclia contain
a SOC vaiue of 0.5% in surface layers. In
crrder tcl increase thc ievei of SOC in these
sc"riis, it is necessar"y to understand the
capacity of these soils to sequester organic
carbon. An earlier atterulpt inelicateJ that
the SOC level of" ihese soins under
agricuitural systei:r nf serni-arid
environment may bc i"aiseci f,rom ()^44_
0.51% to 0.70-0.80,%, eonsidering the
SOC of shrink-sweil soiis (vertic
intergrade of Inceptisr.ris) unrier forest
cover o.f' sen"ri-ar:ici {rnoist) clirnate
I,Naitam and BhattacharSrya" 2{}g4}. In
necent yCIars ive hilve j.trunil ;l r.r:petitive
catenary associati*n of' h4orris*is-Ainsors-
Vertisois r-urder va.rioirs lanil uses in humid
frcipical r:trrrn;rtc {}f $'{ji *i th* Deccan
hasait area in ccnlrulI afir-{ vyssler.n jndia
(T:'igs. I and 2). I lre frrlrnati*n oi- these
soils under" llris clin:ate ilas beu:rl;rossitrle
$l€cause of tli* px.crcnce q.:i i.:a_ri*li zr:*iltes
i'Bhattar:liaryvtl t:t ;-ti.,I,i)1,)1, iFgq;: ila.i c/-ri." 2003). -['lle 

fuf*lJis*in *r;ri .,\if:sois
,.{eveiotrierJ iir i:e*t;-*i ;,iiiri i;v,*:;tet,.Ll inciiil
lulrcier nleatl ;rrilrrral r.rilr"rtnil ih/iAi.i ) uf.il00 arrri -i{J-}7 :lrl,l iiu, j i-.1{:tn J,,n,,rl
{elrrperatur* {tv,fA'l'} nf J,,*"4 iurri ;j7"{ln{_j.
re specti vc tr _V' il ;ive v crt.i r * ll ur.::.* i.cr"q " 

.f ,h 
ese

tr,vr; caterlary sequcllc{;ls *l s*iis prr:vlcled
trs an oppoitr-lnil.r, tt- qrlirr i;iti,..,_ ic,igt: abr:ut

their limit of OC accumulation in non-
calcareous soils with vertic characteristics
under a particular land use s],stem o\ er a
period of time. The information on rhe
limit of SOC accumulation under i.ariable
soii ciirnatic environments in FITC is r en.
rare, aithough this is of vaiue as input
parameter to develop a rnodel of
understanding on the sequestration of
organic carbon in shrink-swell soiis not
only of HTC but also of arid anci serni-
arid climates. Keeping in view of the
importance of such information the
present study was undertaken with tr,,no
catenary sequences of centrai and western
India (FiS. 2) to find out the scope of SOC
accumulation in calcareous shrink-sweli
soils especially of Vertisols of semi-arid
subtropicai climate. This is iikeiy to be
achieved from the information gained
through this study on land use, ciay
rnineral type and potcntiality of SOC
accunrulation in Mol Iisols-Al {.isols_
Vertisols t,lrlt'rrirr y tic(luL.ncc.

&,{aterials and Methods

I;igure i gives the locatioll ,.rt'the s{ur,Jy
iirea. Two soii aaiefia.ls r1,,,]iisisting ilf
l,rloliisois- 

^oltlsols-\,'crtisr:is ipi t,: I]T)
under study are desclibecl schcmatically
sliowing landuse, SOC content (0_30 *nr)"
mineral suit ancl otlier infb,rrnaticln (I,ig..)i
el,

'fhe h{oilisols (p1, p5) and Alfisois

ry

JT}
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Fig. 1"" stud'l area showing flre prcflle r.catir:ns :lr &4aailat a [rradesh ancl
h,iaharashtra" lndia.

iP2, P5) have been under thick forest
vegetation for centuries" ?'he Altisols (p3)
have been brought under cultivation fbr
the last 20--10 years. The Vertistiis (p4 anci
P7) are under agriculture for the last 50
years. In view ol'the lancl use histories of
lltt:sc soils rrrrtlr.l r(rrilv il is i::llr,.clr-:rl llrill.

uncier ri liarti*Lilar r::i:nnf.r)iltcut regime in
s*il system e :qterrdy-E{ar* in ternrs ol SG(l
content is llk*ly to bE: estabtrishecl (Swiit,
1>0CI I ;"

'1he ttrd*k-r1*ss t:f []r* rnollic epipedon
iras i:ecn itl*ncl t* i_rq:r ririlmr*r than as lair_i
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down in Soil Survey Staff (2003); more
so for Pedon 1. However judging by SOC
content, colour lntl structurc (soli when
dry) b<lth the pedorrs (Pl arrd I)5) have
been grouped into N{ollisols. fhe recent
modifications of rnollic epipedt-rn has been
proposed for soils under eroded
conditions. The eroded conditions have
been explained as a pre-requisite f,or the

-ultivated soils (Olson et a\.,2005). The
Mollisols (P1 and p5), although under
forest are prone to erosion due to slope
factor. This ma), perhaps justify the
thinner mollic epipedon even in soils
under forest.

Soil anolyses

The profiles \!,ere examined to
describe the morphological properties of
soils (Soii Survey Division Staff, 1995;
Soil Survey Staff, 2003). The intemational
pipette method was used to determine

-particle size distribution. Sand, silt, and
clay (coarse and fine) fractions were
separated following the procedure
described by Jackson (1979). Chemical
properties such as cation exchange
capacity, extractable bases (Ca2*, Mgrl,
Na+ and K+) and base saturation **r*
determined following standard methocis
(Jackson, 1973). Soil organic carbon
(SOC) was de:ternrined following the
prcccdure ol'Wirllilc.v arrcl Illrtck (I934).
'l'he SOC contcnt over thc soil rlepths of
0-30 cm of each soil was rneasured. 'l.he

oriented Ca and K saturated silt and clay
fractions were examined by X-ray
diffraction (XRD) using a philips
diffractometer and Ni-filtered CuKcr
radiation at a scanning speed of lo2Olmin.
The powdered sand samples were also
examined by XRD after box mounting.
Minerals were identified following
various diagnostic methods (Jackson,
1979; Brown, l9B4). The semi_
quantitative estimates of clay minerals
were carried out for coarse and fine clay
f,ractions following the method of Gjems
(1967). The peak shift analysis (Wilson,
1987) has been found to be a useful
method to determine the components ofSm/K interstratified minerals
(Bhatfacharyya et al.,l g93, 1997 ;shirsath
et a|.,2001).

Results

Morphological, physical, chemical and
mineralogical properties of soils

Mollisols of Satpura (p1) had a clay
loam texture with subangular blocky
structure and were black to dark reddish
brown in colour whereas these soils on the
Western Ghats (p5) had a clay texture,
granular to subangular blocky structure
and dark brown to dark reddish brown in
colour (Tables 1 and 2). The Alfisols of
the former (F2, F3) had a silty clay loam
to silty clay texture in the solum and a
sandy clay loam texture in the C horizons.
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These soils were dark grayish brown in
colour and had weak ,olu*ru, structures
which broke into subangular blocks
whereas the Alfisols of the ftestern Ghats
(P6) had clay texture, subangular blocky
structures and dark brown colour. ThL
Vertisols of the Satpura (p4) were clayey
and dark brown to dark.ediisf, brown incolour with coarse prismatic structure
whereas those of the Western Ghats (p7)
had clay texfure, angular blocky structures
and dark brown colour (Tables t and 2).

In general, the sand and silt contentsof the soils under study were iow
compared to clay content (Tables I and2). Total clay and fine ctay contents
ranged from 2g0 to 690 glkg, and from
160 to 510 g/kg, respectir.fy. A higher
proportion of the fine clay fraciion (TablesI and 2) indicates more available reactive
surface in these soils.

The Mollisols and Alfisols rvere moreacidic and contain more SOC than the
v-ertisols (Tabres 1 and 2). The Molrisolsof Sarpura (pl) had much higher CEC
than those of the Westem Ct uir-Oue to thepresence of smectites (Tables 1 and. 2).Extractable bases indicated a higherproportion of Ca and Mg ions in theexchange sites despite urrti" to n.urly
acidic reaction of the soils (except p4).
High base saruration (Tabies i *O 2) wasearlier explained by the presence of
zeolites (si-poor heurandit*g .o*.ntrated

in the coarser soil size fractions
(Bhatracharyya et al., lgg3; 1999a). The
higher value of OC in the Mollisols as
compared to the Alfisols thus appears to
be related to their extcnsivc vegetative
cover as wcll us clay nrincral typ. u,
discussed latcr.

The fine clay content ranges from 3lto 84Yo of the total clay ana I_, general it
is more than 50o/o (Tabies I and;r. il;; .-
the most reactive part of the soil colloidi
the XRD of the fine clay fractions isdiscussed here. The fine .tuy f.u.tions
contain smectite. kaolin and insignificant
to rnoderate amounts of mica. Mollisol
(P1), Alfisol (p2) and Vertisot (pa) ofSatpura range and Vertisol (p7) of the
Western Ghats are dominated by smectite,
whereas the other Alfisols (p3 and p6)
contain r,tuch less amount of smectite but
are enriched with kaolin minerai (Fig. 3)of 0.7 nm peak- However, a slight ,i,if, eand tailing of the 0.70 nm peak onglycolation, gradual reinforcement of the
1.00 nm peak with u .o.r.rponding
decrease in the 0.7 nmpeak intensity onK-saturation alcl-rubs.qu.nt treatlng(i 10'-550oC) (Irig. 3), suggested that these
kaolins are to some extent interstratifiedwith chior.itized smectite (SmiK)
(Bhattacharyya et al., lgg3,l999a) andthus are not discrete kaolinite
(Bhattacharyya et al., 1g93, 1997). .fhe
interstratification of r:xpanding Iattice

lr
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Fig. 3. XRD dia
nni c ray il.;i'",*,I':i' ;,:ffi ;;XTffi i:i;J;in the Wcsrern Ghats (p5) (B;;i_,'u_:7 crn).Mg, Mg-saturate<l; Vf giri;. Mg-szrturateci
;rltts gl1'ce rol virl)(,r1.; K25/l tryl00/550"C1,
K-salrrr.atccl lrrril lr,".ltud l6 1,5,,(,, I I 0"C,300'Cl ancl 550,,(); (t N ltCl, r,rnrples boileclin 6 y'/ HCI lor i0 rninutcs. .S,ll!...nr..tit*;M:mica; Srn/K=srlectite_kaolin.

minerals in 0.7 nm mineral would thus
favour the SOC accumulation because of
their much larger surface area as compared
to kaolinite. The proportion of smeciit. i,
these tractions aftei peak shift analysis
(Wilson, 1987) inclicaies that the Alfisols
(P3 and P6) and Mollisol (p5) also contain
small to rnoderate amount of smectite
( Iable 3).

The relative proportion of smectite inthese Sm/K interstratiflecl minerals is
shown in tabie 3. it shows that although
the 0.7 nrn refl_ection appears to be a peak
of kaolinite (FIajet<, tqgs; yerima et al.,1985, 1gg 7), it actually inJicates thepresence of sorne smectite in it(Bhatracharyya e{ ctl., lggT). fhissmectite, along with the cliscrete ;rr.;;;;
minerals, is primarily responsible for the
:1":?g* of high anrounts of SOC in rheMollisols and Alfisols.

Discussion

Ihe land use history of the study areaindicates the enrichment ,ri OC in soils
yuq*l lbrest vegeration. l-his is reflecrecl

In Mollisol (pl) ancl Alf,";l (p2) ofSarprrra and Mollisol (p5) ,f;lr; WesrernCirats. I{owever, the extenf of SOCaccunrtilation as a fu,ctio, of cla_t, nrineralty;re (srnectite) is cvir!r.rrt ,rlien SOCcontent of N{oilisols irncl Alflsols unclerftirest of the Satpul.a and also betweenMollisols of Satpllr;r ancj tirose ol.the

17
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Western Ghats are compared (Fig. 2 and
Table 3). It is also evident when SOC
content and smectite content of Alfisols
of Satpura (P3) and that of the Western
Ghats (P6) are compared. Even under
forests, the Alfisols of the Western Ghats
(P6) had lesser amount of SOC due to
lower amount of smectite than the Alfisols
of the Satpura (P3) under agriculture. This
emphasizes a fact that the clay mineral
type instead of clay content is a more
important factor in accumulation and
sequestration of SOC (Feller and Beare,

1997; Parfitt et al ., 2002; Wattel-
Koekkoek e t a|.,2003). The correlation 

-

coefficient (for the selected horizons
within the first 30 cm depth of soils) of
the SOC and smectite content for
Mollisols and Alfisols support this
observation (Fig. 4). The Vertisols of the
two catenas although highly enriched with
smectites (Table 3) are not, however,
enriched with SOC likc Mollisols. This is r
a paradoxical situation. 'l'hc reality is that
the Vertisols not only under this study but
also occurring elsewhere do not support

Table 3. Semi-quantitative estimates of minerals in fine clay fractions (<0.2 pm)
of soils (o/o)

Depth (cm) Smectite (Sm)o Mica Sm/K (Sm:K) (K)B

0-6
6-20

20-37
37-74

74-106
106-150

0-10
r0-26
26-50
50-85

0-10
l0-30
30-s9
59-94

94-15 I

Pedon

(74)
(7e)
(82)
(8s)
(82)
(e3)

Pedon

(76)
(81)
(78)
(7e)

Pedon

(44)
(33)
(s0)
(78)
(84)

24 (23
t7 (33
ls (33
20 (43
23 (43
19 (6s

65
56
57
45
35

77) (18)
67) (1 1)
67) (e)
s7) (r r)
s7) (13)
35) (7)

72) (47)
: 72) (s8)
72) -(41)
3s) (16)
30) (r 1)

68
73
76
76
72
8l

72
75
7l
73

26
t7
34
49
60

Satpura Range
I : Vertic Haplustoll

8

l0
9

4

5

0

2 : Vertic Haplustalf

3 : Vertic Haplustalf

9

9

9

6

5

28 (1684) (23)
2s Qa:76) (19)
29 Qa:76) (22)
27 (24:76) (20)

(28
(28
(28
(65
(70
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Table 3.
of soils
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semi-quantitative estimates of minerals in fine clay fractions (<0.2 pm)
(%,) (contd.)

Depth (cm) Smectite (Sm)o Mica Sm/K (Sm:K) (K)B

Pedon 4 : Typic Haplustert
0-1 7

t7 -54

54-8 I
81-133

133-161

78 (80)
73 (7e)
83 (el)
66 (83)
8s (el)

8

8

5

8
1
J

14

14

15

l9
8

8
1

l4 (ls
re (31

t2 (64
26 (64

r0 (64

78

6B

69
56

49

8s) (12)
6e) (13)
36) (4)
36) (8)
36) (6)

Western Ghats
Pedon 5 : Vertic Argiustalf

0- 15

i 5r+0

10-74

7.+- 108

I 08- l,16

t4Gt75
175-le0

0-9
9-31

3l-60
60- I 07

107-155

0-15
15-35

3 5-82
82-125

12-5- 150

t2 (2e)
12 (23)
t6 (26)
r2 (33)

0 (21)
0 (7)
0 (7)

6 (22)
3 (17)
e (23)
e (i8)
e (ls)

Pedon 7

22 (48)
32 (s0)
3l (50)
44 (58)
sl (62)

Pedon 6 : Typic Haplustalf

7a Q3:77) (s7)
7a (ls:8s) (63)
s8 (1s:8s) (se)
6e (31.:69) (aB)

ez (23:77) (71)
e2 (8:92) (8s)
92 (8:e2) (8s)

68 (23:77) (s2)
60 (2s77) @6)
6t (2s:77) g7)
s9 (1s:8s) (s0)
7l (8:e2) (6s)

26
37

30

32
20

: Typic Haplustert

(33:67)
(27:73)
(2872)
(25:7 5)
(2373)

(s2)
(56)
(s0)
(42)
(36)

Effective smectite (after peak shift analysisy :l Smectite * 7o smectite from Sm/K: 68Yo + 23o/o of 24
: 68%+6%
: 74% {far 0-6 cm layer of Mollisol).

[As an example say for 0-6 crr layer of
Mollisol effective smectite]

Effective kaolin (K) content
(after peak shift analysis) = 77% of 24 = 18% (for 0-6 cm layer of Mollisol).
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Mollisols
soc g/kg vs Smectite %
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forest plant 
T-::"j with fast growing deep

root_system (!oil Survey Stuffl f qZS; guol
et al., 1978; Bh$yh eryya et al., rbqgb)
because ,.nr::lr.(with a depth >100 cm)
are capable of tilting trees. fhi, ,ugg.rt,that the Vertisois are capable ofsequestering OC but can not bicause ofnonestablishment of forest vegetation inthem. Conversely, the Vertisols of theworld have high potential of agricultural
productivity and thus they are primarily
used for agriculture. for any particular
soil system under a particutar tand use, asteady-state is reached in terms of SOCcontent (Swift,2001, Batjes,200l). In thepresent study under forest and agriculture,
Mollisols-Alfi sols_Vertisols are tenOing toattain a stabilized value under theprevailing climate and landuse (Fig. 4. ftis understood that the ,"ii,"rironments
of Mollisols provide the best conditions
for the sequestration of OC- ffo*ever, inany agriculture dominated country undersemi-arid subtropical to frr*iO tropicalclimates, agriculture is ti.- Oo*inant
Ianduse in Vertisols and ,oifr with vertic
intergrades. The SOC uutu.jfof Vertisots
under agricultural system ul*uy, remainIess than those of the Mollisols andAlfisols.

It is known that agricultural systems
have an in-built exhaujiur*.-"fr*ism by
yhich soil organ^i1 carbo" g.rr^O.plered
(Fenton et at., tggg). n..*ii iudies on

Vertisols from the semi_arid tropics inIndia indicate thar adoption of agrd;il;;
system under

Y".:d * *fffi:lil"lffi [t1',T] 13:of SOC to 0.4% (Naitam . and
f lattach aryy a, 2004), irOicating that the
QE value is reduced in the ,._i-*iA tractwith the rise in temperature. By contrast,
the present study indicates ttrat SOC
content could be much higher in subhumid 5
ecosystems. It is often advocated that OCcould be sequestered in soils throughgreen manuring and application offarmyard manure (Frasad'and G;;;;t1992). Continuous upfii.ution offarmyard manure for 45;;u;. in blacksoils with cotton-sorghum croppi.ng

system increased SOC fro* 0.6 dt e;to 1.1 per cent (Swarup et a1.,2000). Thissuggests that due to the presence ofsmectite, the Vertisols of the semi_aridtropics could be enriched from theirpresent state of impoverished SOC b; \yimproving their physical pr"p.ni.s such
as Iow hydraulic conductivitytfaAu et al.,2003) and soil compaction (ni., ik et al.,20az) through appropriate iehabilitation
programme (pal et a1.,2000, 2003) andcropping systems (Goswam i et a|.,2000;
Naitam and Bhanacharyya , ZiO+)and also
,OJ, 

.**Tul appticatr:; ;f org*i. inputs(Rhattach aryya 
:r^1t., ZOOOI]ifris studythus provides a SOC value 

", *.,limit.The SOC of the smectitic and calcareous
Vertisols of arid and semJ;il regions
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could be raised from their impoverished
status (-0.5%) to a much higher level
(-1%) through agricultural management
interventions that are likely to reduce the
calcareousness and subsoil sodicity of
soils (Pal et a1.,2000;Swarup et al.,ZOOO;
Srivastava et al., Z0O2). This possibility
may improve the health of shrink_sweil
soils and also raise the SOC stock of soils
in semi-arid part of India to 10.5 pg in first

q, 30 cm depth soils which could be more
than 3 times of the existing SOC stock
(Bhattach aryy a et al., 2000).

Conclusions,

Information on the limits of SOC
content of the typical soil association of
smectitic and non-calcareous Mollisols-
Alfisols-Vertisols of tropical Inclia under
various Lund uses indicates that the clay
mineral type of soils could be one of the
important factors influencing the building
up of the SOC. The study also suggests

-that the impoverished status of SOC of
shrink-swell soils of arid and semi_arid
climates could be raised to a level of at
least *l% (10 g kg-,) by making them
more resilient through appropriate
agricultural management interventions.
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