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Abstract: The variation in incompatible trace element contents of lower basaltic dykes and flows fevemtlgarts of

the Deccan province was assessed through modelling of partial melting of primitive mantle and fractional crystallization
of the parental melts coupled with crustal assimilation (AM@jiations in Ba/ZrRb/Y and Nb/Ycan be attributed to
different degrees of partial melting of manN&riations in Zr rare earth elements and Rb/Nb indicate fractional
crystallization and significant coupled crustal assimilation away from the Deccan plumeldeni#rvariation near the

plume center can be explained through only fractional crystallization without the involvement dfle@istodelling

of available SiNd isotope data requires very high and unreasonable amounts of crustal assimilant implying that the
parental magmas may have acquired their isotopic characteristicsAe@oecurred in crustal magma chamb@&tse
occurrence oAFC away from the plume center in the NarmadatiTrift region may be related to longer and greater
magma-wall rock interaction in shallow crustal magma chambers due to crustal extension-relgjethentasf the
magma chambers, recharwith fresh, hot magma and convective mixing.

Keywords: Deccan, Basalfrace element, Partial melting, Fractional crystallization, Crustal assimilation.

INTRODUCTION fractional melting, melt is constantly removed from the

Continental flood basalts are thought to have originatedource so that only the last drop of melt is in equilibrium
by melting of mantle plumes of primitive chemical with the residue. Partial melting usually happens in eutectic
composition (Mogan, 1972; Richards et al. 1989a,b;mineral proportions in the sourdeis type of partial melting
Campbell and Grfith, 1990; Duncan and Richards, 1991;is also known as non-modal meltingjaya Kumar (2006)
Courtillot et al. 1999). Compositions of parental magmasas recently reviewed the ftifent mechanisms of mantle
depend on the source rock compositions and the procesglting. Both equilibrium and fractional melting result in
and the extent of mantle meltinhe parental magmas, an enrichment of the incompatible elements in the initial
however rarely reach the surface. Basalts erupted on theelt fractions. In equilibrium melting, the incompatible
surface are mostly the tfentiated products of the parental element composition of the fractionated melts approaches
magmas whose compositions have been altered by crystak source composition with increasing degree of melting.
fractionation and crustal contamination through wall rockOn the other hand, fractional meltindigiently produces
assimilation during passage through cri$terefore, the depleted melts at high degrees of melting; the incompatible
chemical compositions of the parental magmas are mostélement contents of the depleted melts may be lower than
inferred through geochemical modelling. those of the source.

Concentrations of incompatible trace elements in Pressure, temperature and volatile content of the magma
parental melts may be predicted through mantle meltingnd wall rock, and dynamics in magma conduits and
models as a function of the degree of melting (Presnall, 1968hambers are important factors that control wall rock
Shaw 1970). Equilibrium batch melting and fractional assimilation. Higher magma temperature, wall rock with
melting are the two end-member models for mantle meltingower melting point and longer magma chamber residence
In equilibrium batch melting, the melt is in equilibrium with facilitate assimilatioriThese conditions are commonly found
the residual minerals until removed from the source. Iin upper crustal magma chambers. On the other hand, wall
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rock with higher melting point and shorter magma-wall rockchemical conditions of crustal contamination through an
interaction lessen assimilatiorhese conditions are likely evaluation of area-to-area variability in assimilant amounts
to occur in lower crustal magma conduits and chambers neiarthe Deccan province.
the plume center

In receqt years, g.rea'F strides have begn made in GEOLOGICAL BACKGROUND AND
understanding contamination throughNgt-Pb isotope PREV|OUS WORK
systematics in the Deccdmaps of western India, one of
the lagest and well studied flood basalt provinces in the The 68.6-63.8 Ma old Deccdlraps of western India
world (Mahoney et al. 1982, 1985, 2000; Cox andDuncan and Pyle, 1988; Courtillot et al. 1988nkatesan
Hawkesworth, 1984; Lightfoot and Hawkesworth, 1988t al. 1993, Basu et al. 1993; Baksi, 1994; Bhattacharji et
Lightfoot et al. 1990, Peng et al. 1994, 1998; Peng anal. 1996;Allegre et al. 1999; Chatterjee and Bhattacharji,
Mahoney 1995; Chandrasekharam et al. 1999; Saha et &001) is one the Igest continental flood basalt provinces
2001; Melluso et al. 2004, 2006; Bondre et al. 2006, etc.)n the world (Fig. 1)This province covers an area of more
A two-stage model of contamination, first by lower crustthan 5x16 km? with an estimated volume of 5.12x1n®
enriched upper mantle and then by upper crust, seems(ourtillot et al. 1986) and has a thickness of almost 3.5 km
explain the isotopic characteristics of most Deccan basaliis the Western Ghats region where high to low-angle rift
(Peng et al. 1994Although crustal assimilation is expected faults parallel the Panvel flexure and the western coast of
to accompany fractional crystallization because ofgyner India. The E-Wto ENE-WSW Narmada-apti mid-
constraints (assimilation-fractional crystallizationA6C  continental rift and the approximately N-S Cambay rift
model of DePaolo, 1981), a lack of positive correlatiorintersect the western nwn rift near Surat forming a
between Ba/Zr and Zr in thiestern Ghats formations led triple junction which coincides with a zone of gravity
Hooper (1994) to gue againsAFC. A decoupling of high that has been interpreted as the center of the Deccan
assimilation and fractional crystallization is also indicate@lume-head (Burke and Dewge$973; Bose, 1980;
in many parts of the Deccan by a positive correlatioiBhattacharji et al. 1996).
between diferentiation indices that decrease with  The Deccan flood basalt province presumably formed
fractional crystallization (e.g. Mg/[Mg+Fe], or Mg#) and when the Indian plate was stationed over a hot spot (mantle
contamination indices that are expected to increase wilume) and subsequently drifted northward away from the
assimilation (e.g®’SrP®Sr). Such an anomaly prompted hot spot (Mogan, 1972; Cox, 1983; Devey and Lightfoot,
Cox and Hawkesworth (1985) and Huppert andl986; Mitchell andViddowson, 1991)The hot spot was
Sparks (1985) to suggest a temperature-controlledpparently responsible for the subsequent formation of the
assimilation mechanism. Cox and Hawkesworth (1985Chagos-Laccadive ridge and is currently manifest as the
and Devey and Cox (1987)adared that contamination volcanism at Reunion Island (Myan, 1972; Duncan and
largely occurred during ascent and before gabbroi®yle, 1988).White and McKenzie (1989) suggested a
fractionation. guantitative model for continental flood basalt volcanism

Recent studies have indicated several upper crustdle to elevated geothermal gradients of hot spots in
magma chambers in the western girarift and the intra- association with continental rifting events, whilst Richards
plate Narmada-dpti rift of the Deccan province through et al. (1989b) proposed a model involving rising diapirs
two- and three-dimensional gravity modelling (Kaila et alwhich become trapped at the crust-mantle boundary thus
1985; Kaila, 1988; Kaila and Krishna, 1992; Bhattacharjfeeding the surface eruptions through crustal lineaments
et al. 2004; Chatterjee and Bhattacharji, 200hese and rifts, as shown by Bhattacharji et al. (1996) from
shallow crustal magma chambers at depths between 5 anéigld, geophysical and geochemical studies (Fig.2).
km (Bhattacharji et al. 1996) are the ideal sites for magm@/hen the Indian plate was stationary over the hot spot,
differentiation and crustal contamination before the eruptiomigorous convecting circulation induced homogenization
of the basalts. In this studye assess the relative importancein the anomalous mantle as seen in simulation model
of mantle melting, fractional crystallization and crustalexperiments (Fig.2; Bhattacharji and Koide, 1987, Plates 1
contamination through batch and fractional melting, an@nd 2, Fig. 8B). Partial melting occurred in this homogenized
assimilation-fractional crystallization calculations to explainmantle to form the parental magmas of the Deccan basalts.
the incompatible trace element variations in the erupte@hen the Indian plate moved northward and passed
basalts immediately above the shallow magma chambemver the hot spot dirent magma reservoirs formed at the
This study sheds light on the mechanism and physicalwvestern magin of India as indicated by gravity highs in the
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Fig.1. Map showing the extent of the Deccan flood basalt province on the Indian shield. Location of the studied areas, major cities and
the major faults and rifts are also showhe numbered lines indicate sample traverses and the circle in dashed line represents the
position of the plume center (from Bhattacharji et al. 1996); 1 —-$iattana-Rajula, 2 — Igatpuri and Dhanu-Nasik Anrba
Dongar 4 — Barwani-Jalgaon, 5 — Indore-Kbaon, 6 — Betul-Salbardi, 7 — Panna-Nagpur

Gujarat and Mumbai areas (Chatterjee and Bhattachargxtent of these formations in the other parts of the Deccan
2001; Bhattacharji et al. 2004). Province is uncertain. Howeyeaecent studies along the
Cox and Hawkesworth (1984), Beane et al. (1986)Narmada-apti rift have identifieddmbenali-type basalts
Subbarao and Hooper (1988) and Lightfoot et al. (199®t Jabalpur in the far east of the province (Peng et al. 1998)
presented a detailed chemical stratigraphy oestern and the Poladpur Formation possibly extends into the
Ghats section at the western continentalgimaof India. = Toranmal area (Mahoney et al. 2000).
On the basis of their chemical data, the Deccan Basalts The first convincing evidence of crustal contamination
Group is classified into three subgroups. From bottom tof the Deccan parental magmas was presented by Mahoney
top, they are the Kalsubai, Lonvala adi subgroupsThe et al. (1982), who concluded from Nd andisitope data
subgroups are further divided into formations. From bottorthat the basalts near Mahabaleshwar originated by mixing
to top, the Kalsubai subgroup consists of the Igatpurief an uncontaminateAmbenali-type parental magma
Jawhar Neral, Thakurvadi and Bhimshankar Formations,with two different contaminants: upper continental crust
the Lonvala subgroup includes the Khandala and Busk{the Ambaneli-Poladpur trend) and an enriched mantle or
Formations and thé/ai subgroup is made of the Poladpur lower crust (theAmbenali-Mahabaleshwar trend). Cox
Ambenali, Mahabaleshwar and Panhala Formatidhs. and Hawkesworth (1984) used mass balance calculations
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deep fractures (Cox and Hawkesworth, 1984), and Mahabaleskyze
. ﬂam‘j Ime?ments contamination is also present in the Panhala Formation
LT N T | T R T S CUst g jghifoot and Hawkesworth, 1988; Lightfoot et al. 1990).
Mantle However Peng et al. (1994) showed that fmbenali-
Poladpur trend is absent in Nd-Pb isotope diagrams, in which
the Poladpur and Bushe lavas plot in separate fields
seemingly unrelated tdmbenali. Peng et al. (1994) used
crustal magma chamber Sr, Nd, Pb and O-isotope data to present a two-stage
with convective magma . . .
contamination model for the Lonvala and Kalsubai subgroup
basalts, a lower crustal contamination resulting in
intermediate “common signature” (CS) basalts that further
interacted with various types of continental granulites to
generate the basalts of the lower and middle subgroup
formations. Hf-Nd isotopes from th@&/estern Ghats
(Saha et al. 2001) and-8d isotopes from the Sangamner
dike swarm, east of th&festern Ghats (Bondre et al. 2006)
are also consistent with the two-stage model. However
the CS members of the two-stage model are yet to be
recognized in theVestern Ghats.

Along the Narmada-dpti rift, lavas sampled at Rajpipla,
Toranmal, Shahada-Nandarde, Mhd@hikaladara and
Jabalpur show a contamination trend similar to the
Ambenali-Poladpur trend in a $id isotope diagram
(Mahoney et al. 1985, 2000; Peng et al. 1998;
Chandrasekharam et al. 1999). Howewd-Pb isotope
plots indicate that some Jabalpur basalts went through
only the first stage of contamination and hence possibly
represent the intermediate members so far undetected in
theWestern Ghats. On the other hand, many of the Mhow
Chikaladara andoranmal samples seem to have been
contaminated through the second stage (Peng et al. 1998;
Mahoney et al. 2000).

Samples from the Gujarat area also plot irAtmdenali
Fig.2. Diagrammatic representation of Deccan flood basaly,g Poladpur fields in SYd-Pb isotope diagrams, but

evolution by convective (anomalous) mantle formed OVelyatine tight arrays emanating from the fields ofthebenali

the hot spot.A) anomalous mantle melt (lower density .
melt due to melting of mantle material over the hot spot orand Reunion lavas (Peng and Mahor&5) These trends

plume) rises to the base of the crust that contains deep fauﬁ'@d some recent isotope d_ata have _b?en interpreted by
and lineaments;R) vigorously circulating mantle melt Melluso et al. (2006) as resulting from mixing of the parental

pierces crust through the preexisting deep faults anfnagmas with continental crust or mantle enriched with
lineaments; €) conical magma chamber forms and ancient subducted sediment.
lithospheric rifting begins; ) magma erupts through The upward decrease in both Mg# &f8rFeSr in the
several vents simultaneously and forms voluminous |anPOIade¥AmbenaIi part of théVestern Ghats section
flows; (E) lithosphere rifts laterally in active response 0 jhgjicate that contamination and fractional crystallization
the flood basalt eruption and forms rift valleys. were independent processes (Cox and Hawkesworth, 1985).
A rough overall negative correlation betweg)(t) and
to estimate that the Poladpur Formation basalts originatédg# in theToranmal section may also indicate a decoupling
by 6-12 wt% mixing of a granitic component witmbenali-  of fractional crystallization and contamination (Mahoney
type basalts. Isotopic evidence further indicates thagt al. 2000). Such decoupling relations, howebwave
granitic contamination is widespread in the Busheiot been recognized in the lower formations\stern
Formation, the most contaminated of the Deccan basal@hats (Beane et al. 1986).

anomalous
mantle melt
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METHODS (ajca(l_p-z)g +COoF 20
PR CLEVE: @
Our trace element models are based on chemical data " a \C _Z 0 -2
: : |72 @-F ) +CoF
on lower Deccan flows and dikes from five areas of the a-1) z

Deccan province encompassing Gujarat, the western
continental magin and the mid-plate Narmadafti rift where,C is the concentration of the trace elemeris,
(Fig. 1). The five areas are (1) Sih®nalitana-Rajula the corresponding isotope ratio (e¥§Srf°Sr ande,),
(traverse 1, west of the Cambay rift in Gujarat), (2) Igatpursubscripts, and,_ are for magma and assimilant, super
and Dhanu-Nasik (traverse\®festern Ghats areas near thescript® is for the original concentration in the magiRas
presumed plume center), (3) Barwani-Jalgaorammal the fraction of magma remainirgis the ratio of the rate of
(traverse 4), (4) Indore-Mhow-Khgeion-Betul-Salbardi- change of magma mass due to assimilation to the rate of
Chikladara (traverses 5 and 6), and (5) Panna-Jabalpwhange of magma mass due to fractional crystallization,
Seoni-Nagpur area (traverse Ayea 5 is at the northeastern andz= (a+D-1)/(a-1) with D as the bulk solid/liquid partition
edge, and areas 3 and 4 are in the middle part of the Narmadaeficient for the element under consideration.
Tapti rift (Fig. 1). The compositional data are given in  Crystal/basaltic liquid partition coB€ients for
Table 1.The data are plotted in a Si@ersus total alkali incompatible elements are from the tabulations of Bedard
discrimination diagram (Fig. 3a) and the average primitivé2001). Bulk solid/liquid partition coétients were
mantle-normalized trace element concentrations for thealculated using the experimentally determined modes of
five areas are shown in Fig. 3We have also used crystallizing phases from Sano et al. (2001). Since Sano et
geochemical and isotope data from Mahoney et al. (1983). (2001) found dferent phase proportions using the QFM
1985, 2000), Cox and Hawkesworth (1985), Beane et ahnd NNO bufers and using uncontaminated and
(1986), Lightfoot and Hawkesworth (1988), Lightfoot et al.contaminated Deccan basalts as starting material in their
(1990), Peng et al. (1994, 1998), Peng and Mahoney (199%)elting experiments, the average of the phase proportions
Chandrasekharam et al. (1999) and Sheth et al. (2004) fisom their QFM and NNO experiments were used and the
the purpose of modeling. appropriate interpolations were made for contaminations in
The non-modal batch (equilibrium) and fractionalour models, wherever necessaWe used the least
melting equations (Presnall, 1969; Sha@70) were used contaminated sample (lowest Zr and Rb/Y) as the starting
to model partial melting of primitive mantle (McDonough composition and used the most contaminated sample (highest
and Sun, 1995 hese equations are: Zr and Rb/Y) as assimilant in each area in our calculations.
In our models, crystallization was extended up to 64%, which

I1C° = O+ F(1 -
C/IC°=1/[D°+F(1-P)] (1) is close to the average 67% average crystallization range
and recorded in Sano et al{2001) experiments.
c/co = (1/D0) (1 _FP/DO)(l/P—l) (2)

RESULTS
for non-modal batch (equilibrium) and fractional melting,

respectivelyln the above equatior@ is the concentration With a few exceptions the basalts in this study are
of the trace element in the meff) the initial concentration  tholeiites as shown in a SjQrersus total alkali plot
in the sourceP? the initial bulk solid/liquid partition (Fig.3a).The primitive mantle-normalized incompatible
coeficient, P the solid/liquid partition coéitient weighted element patterns (Fig. 3b) showgerion-lithophile element
to the melting proportions of the minerals, &tie fraction  (LILE) enrichment over high-field-strength element (HFSE)
of melt. The mineral/liquid partition cofifients and the and rare earth element (REB} peak, Sr trough, Nb
melting proportion of minerals are froWijaya Kumar depletion with respectto La, and a smoothly decreasing REE
(2006). profile. The Palitana (Gujarat) samples especially show Nb-
We have used the general equations of assimilatiofa andTi troughs.The average La/Nb ratio of the Palitana
fractional crystallization (AFC) from DePaolo (1981) in oursamples (2.3) is higher than in the samples from the
modeling. For trace elements and isotope ratios, thed¢armada-apti rift (1.3) and the western continental giar
equations are: (1.2).The average NbATatio of the Palitana samples (12.1)

C._ .o a \C, | . 3) is also lower than of the Narmadapli samples (16.7,
co P+ a-1)zC? n@-F") Toranmal, Mahoney et al. 2000)he higher La/Nb and
and lower Nb/Ta ratios may reflect a slightly ffrent source
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Table 1. Chemical composition of lower Deccan flows and dykes

Dhanu-Nasik-Igatpuri

WTD-17 WTD-18 WTD-25 WTD-26 WTD-28 WTD-31 WTD-37 WTD-40 WTD-46 WTD-48 WPD-10 WTF4 WTF-11 WTF-13 WTF-16 WTF-17
dyke dyke dyke dyke dyke dyke dyke dyke dyke dykepicrite dyke flow flow flow flow flow

Sio, 48.84 48.67 49.15 50.62 49.82 49.78 51.06 48.37 49.82 50.97  46.9 48.57 48.75 50.92 48.15 48.67
TiO, 2.37 2.42 1.72 2.06 2.08 1.82 1.25 1.97 1.45 1.35 1.18 2.65 3.04 2.11 2.66 2.75
AlLO, 12.46 13.91 13.58 1421 1311 13.17 14.16 15.57 14.86 14.03 11 13.83 13.21 14.48 13.41 13.53
FeO, 16.57 15.76 12.03 14.08 15.18 12.69 13.05 12.74 12.33 13.78 12.81 14.21 15.61 13.56 15.17 15.41
MnO 0.22 0.2 0.16 0.17 0.2 0.17 0.19 0.17 0.19 0.2 0.17 0.17 0.2 0.17 0.22 0.22
MgO 5.23 5.65 7.25 5.16 5.83 7.88 6.16 6.49 6.5 5.69 15.91 5.5 4.83 4.91 5.41 5.55
CaO 10.08 10 11.64 9.96 10.1 11.21 10.3 11.16 11.03 9.83 8.75 10.41 9.08 9.73 10.23 10.25
Na,0 2.45 25 1.92 2.29 241 1.87 2.37 24 2.2 25 1.54 2.54 2.62 2.66 241 25
K,0 0.43 0.5 0.15 0.6 0.32 0.48 0.56 0.3 0.4 0.52 0.52 0.44 0.6 0.6.3 0.26 0.29
P,O, 0.25 0.29 0.2 0.22 0.24 0.22 0.2 0.27 0.2 0.22 0.16 0.3 0.4 0.26 0.29 0.3
LOI 0.82 -0.16 1.94 0.38 0.43 0.4 0.54 0.36 0.51 0.73 0.87 11 1.39 0.38 1.57 0.85
Total 99.82 99.74 99.74 99.75 99.75 99.69 99.84 99.8 99.49 99.82 99.81 99.73 99.73 99.81 99.78 100.32
Fe,O.* 2.49 2.36 1.80 2.1 2.28 1.90 1.96 191 1.85 2.07 1.92 2.13 2.34 2.03 2.28 2.31
FeO* 12.67 12.05 9.20 10.77 11.61 9.71 9.98 9.74 9.43 10.54 9.80 10.87 11.94 10.37 11.60 11.79
Mg# 42.38 45.52 58.41 46.07 47.23 59.14 52.38 54.28 55.13 49.04 74.32 47.43 41.90 45.77 45.39 45.63
Rb 12 16 10 19 11 15 23 14 16 17 19 13 27 23 12 11
Ba 73 66 76 134 79 101 108 60 65 126 105 143 217 185 65 82
Th 5 11 9 7 6 9 5 7 7 7 24 7 8 8 9 48
Nb 9 12 9 9 8 9 8 11 8 13 23 23 21 10 11 15
Ta
Sr 198 226 285 272 206 239 130 221 154 147 154 296 242 255 237 240
Hf
Zr 144 145 101 139 130 109 93 107 82 95 84 173 230 159 152 158
Y 32.73 32.23 21.19 27.86 31.69 23.1 30.5 24.97 26.42 28.48 18.82 31.87 39.64 31.33 33.16 34.12
La 11.97 11.79 12.43 14.94 11.66 12.24 134 10.16 8.56 13.66 10.77 21.02 26.05 19.8 13.16 12.83
Ce 28.56 27.95 26.23 32.74 27.16 27.52 27.84 23.02 195 29.04 22.32 46.11 55.19 41.27 30.67 29.49
Pr
Nd 19.67 19.52 15.63 18.66 17.75 16.45 14.44 15.52 11.86 14.86 12.89 26.45 31.38 23.41 20.62 21.18
Sm 6.16 6.12 4.67 5.51 5.66 4.89 5.06 5.02 4.14 4.82 4.03 7.33 85 6.56 6.22 6.34
Eu 1.94 2.05 1.49 1.75 1.85 1.59 1.36 1.66 1.32 1.36 1.24 2.24 241 2.01 2.07 2.13
Gd 6.3 6.4 4.63 5.39 5.96 4.86 5.58 5.52 45 4.96 4.29 7.19 8.1 6.59 6.41 6.31
Tb
Dy 6.27 6.15 3.75 4.98 5.84 4.17 5.32 4.82 4.66 5.02 3.36 6 7.47 5.9 6.22 6.39
Ho
Er 2.81 2.75 1.74 231 2.75 1.93 3.28 2.48 2.36 2.98 1.63 2.84 3.33 2.68 2.83 2.82
™™
Yb 2.81 2.65 1.64 2.24 2.7 1.78 3.22 2.22 2.38 3.04 1.54 2.6 3.2 2.57 2.73 2.77
Lu 0.39 0.46 0.29 0.37 0.46 0.3 0.6 0.36 0.44 0.56 0.28 0.45 0.55 0.44 0.47 0.46
Be 1.6 1.79 1.29 1.7 1.7 15 1.2 1.6 1.38 1 11 1.79 2 1.7 1.79 1.88
Sc 36.5 34.7 36 325 37.7 345 39.9 335 36.2 38.9 28.78 34 31.78 32 35.7 36.59
Vv 475 475 329 345 396 312 339 340 319 339 339 361 388 337 456 493
Cr 45 90 372 81 104 560 136 192 224 58 2110 86 81 65 94 106
Co 45 50 48 44 43 49 44 41 44 43 177 39 40 43 47 46
Ni 50 88 141 68 72 147 69 107 106 50 774 78 71 64 82 88
Cu 188 283 165 175 240 168 177 187 165 175 7 264 358 192 276 283
Zn 115 115 84 102 107 92 88 95 82 99 83 105 124 105 119 126
Ga 16 37 24 27 23 25 20 29 26 28 120 30 33 28 31 39

Note: Oxides are in weight percent. Elements in ppmTtheata are the maximum possible values (except in Gujarat samples); Mg# = Mg/(Mg+F@)ctieulated assuming 15% of total Fe as in ferric state
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Table 1. Contd...
Amba Dongar Palitana Rajula-Sihor
WNTF-1 WNTF-2 ~ WNTF-3 WNTF-4 WNTF-5 GF-1 GF-2 GF-3 GF-4 GF-5 GF-6 GF-7  R-VI-2 CH-11 SH-4 SH-II  SH-A-1
flow  picrite flow flow flow flow flow flow flow flow flow flow flow dyke dyke dyke flow flow

Sio, 46.51 46.47 48.96 45.77 48.01 48.39 49.41 48.53 51.58 50.7 50.44 48.73 51.78 46.45 46.83 49.84 50.1
TiO, 34 1.18 1.22 1.18 2.06 1.16 1.09 1.98 1.73 1.62 1.09 2.23 1.18 2.02 1.25 151 1.17
AlLO, 13.17 10.19 14.71 13.23 13.51 16.37 16.17 15.45 14.19 144 14.98 13.22 14.63 13.61 14.45 13.85 14.32
FeO, 15.23 11.53 12.91 11.44 13.31 10.6 10.59 11.4 11.02 11.28 10.66 13.51 10.48 16.54 10.68 12.54 12.92
MnO 0.22 0.2 0.17 0.17 0.17 0.14 0.15 0.14 0.15 0.14 0.14 0.17 0.13 0.25 0.16 0.14 0.2
MgO 4.87 18.6 6.81 55 6.25 5.35 5.75 41 4.83 5.55 5.34 6.35 4.73 5.09 4.86 5.85 6.43
CaO 9.8 10.21 12.35 13.16 11.24 10.67 10.71 10.88 9.13 9.41 10.26 9.07 8.78 9.92 11.46 9.91 11.39
Na,0 2.54 1.02 1.87 1.48 1.77 2.29 2.2 1.35 2.76 2.69 2.09 2.69 2.22 3.07 0.69 2.03 2.25
K,0 0.86 0.3 0.28 0.05 0.6 0.29 0.28 0.02 1.09 0.71 0.68 0.63 1.45 0.78 0.09 0.94 0.34
P,O, 0.44 0.22 0.22 0.24 0.32 0.18 0.18 0.27 0.25 027 0.2 0.29 0.16 0.38 0.23 0.25 0.21
LOI 1.59 0.17 0.29 6.99 2.59 4.37 3.32 5.69 3.12 3.15 4 2.88 3.96 1.7 9.15 2.92 0.47
Total 98.63 100.09 99.79 99.21 99.83 99.81 99.85 99.82 99.85 99.92 99.88 99.77 995 99.81 99.85 99.78 99.81
Fe,0,* 2.28 1.73 1.94 1.72 2.00 1.59 1.59 1.71 1.65 1.69 1.60 2.03 1.57 2.48 1.60 1.88 1.94
FeO* 11.65 8.82 9.87 8.75 10.18 8.1 8.10 8.72 8.43 8.63 8.15 10.33 8.02 12.65 8.17 9.59 9.88
Mg# 42.70 78.99 55.15 52.84 52.25 54.05 55.86 45.66 50.53 53.42 53.86 52.28 51.26 41.77 51.47 52.09 53.70
Rb 22 15 11 5 21 8.68 8.87 8.45 31.8 19.6 20.9 17.2 43 29 3.91 47.96 9.62
Ba 197 101 46 27 146 164 102 17.4 226 175 206 191 309 294 25 121 100
Th 5 5 5 5 5 1 2.52 4.58 4.43 341 3.71 3.66 6 4.87 6.08 1.71
Nb 31 11 5 7 18 3.36 4.18 1.1 6.96 8.1 5.76 12.5 8 18 10.08 12.02 8.1
Ta 0.26 0.36 1.04 0.56 0.64 0.47 0.99
Sr 389 270 158 175 359 306 214 337 261 365 248 324 126 221 129 274 151
Hf 1.97 2.29 4.1 3.82 3.62 3.03 4.17
Zr 210 56 57 45 132 721 84.6 153 147 140 117 164 123 121 123 147 85
Y 36 12 22 20 28 21.1 21.3 26.9 243 22.4 25 28.1 23.475 38.76 26.4 28.6 25.4
La 26.49 11.91 7.2 7.7 17.6 7.59 10.98 18.41 18.39 20.14 15.92 19.82 19.93 16.42 51.61 62.1 31.76
Ce 63.95 35.12 24.08 22.74 45.14 16.45 23.32 39.57 39.96 43.2 32.13 43.1 141.85 59.94 40.32 48.39 24.73
Pr 221 2.92 4.97 4.97 5.41 3.86 5.54
Nd 31.38 13.11 9.98 9.67 21.83 10.36 12.72 21.56 21.15 22.53 16.47 24.82 22.36 20.08 27.62 33.4917.6
Sm 7.43 3.47 3.15 2.87 5.52 2.8 3.19 5.35 4.98 4.8 3.91 5.76 5.25 5.68 21.23 23.79 15.32
Eu 2.43 1.03 1.13 1.02 1.79 1.15 1.05 171 1.52 155 1.2 1.81 1.54 1.9 15.97 19.22 15.06
Gd 6.76 3.59 3.6 3.13 5.19 3.18 3.34 5.05 4.83 471 3.9 5.62 7.43 6.9 15.25 17.93 14.2
Tb 0.53 0.55 0.83 0.77 0.72 0.67 0.91 13.74 16.4 12.64
Dy 5.65 2.18 3.46 3.08 4.42 3.49 3.66 5.13 4.52 4.22 425 51 4.7 7.08 12.19 14.43 11.37
Ho 0.81 0.85 1.1 0.96 0.87 0.93 1.08
Er 2.86 1.14 1.98 1.98 2.46 1.99 2.04 2.54 2.14 1.98 2.24 2.49 2.8 4.46 1.2 134 1.6
™™ 0.32 0.32 0.37 0.32 0.29 0.36 0.37 10.4 12.1 12.6
Yb 2.44 0.93 1.85 1.7 2.06 21 1.97 2.3 1.9 1.84 2.23 2.3 231 3.91 9.95 11.23 14.4
Lu 0.38 0.16 0.28 0.25 0.3 0.3 0.3 0.36 0.31 0.28 0.35 0.36 0.53 0.69
Be 0.36 0.61 0.69 0.98 0.66 0.74 0.74 11 2 0.74 0.83 0.41
Sc 24.5 235 21.1 20.1 20 21.3 22 28 33.2
\% 265 244 298 302 283 255 329 250 430 269 309 131
Cr 167 121 173 118 125 104 283 134 48 46.6 25.8 120
Co 36.9 37.1 33.4 32.8 37.4 37.9 434 38 45 34 40 45.1
Ni 30 419 73 59 118 74.4 75.4 66.4 40 51.5 74.6 95.6 82 55 77 55.2 64.9
Cu 237 41 147 154 137 104 98.5 41.7 9.88 48.3 85.5 159 89 155 102 129 153
Zn 120 75 81 7 89 80.6 76.4 97.8 93.2 91.4 85.5 112 77 118 721 82.3 80.5
Ga 18.8 19.3 28.9 23.9 21.9 20.9 23.3 36 40 26.1 19.8 16.5

Note: Oxides are in weight percent. Elements in ppnilthaata are the maximum possible values (except in Gujarat samples), Mg# = Mg/(Mg+§@) cfeulated assuming 15% of total Fe as in ferric state
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Table 1. Contd...
Barwani-Jalgaon Indore-Khagaon Betul-Salbardi

6DN 8.DT 9.DTa DRKN-78 TFb 4.D1 5.Dla 12.D1b 13.D1b/FO 1.FB 2.F1 3F2 10.FO 11.FOa 14.F SAD-2 15.DTb/FO

dyke dyke dyke dyke flow dyke dyke dyke  dyke-flow flow flow flow flow flow flow dyke dyke-flow
Sio, 51.31 51.91 47.23 66.81 50.12 51.01 50.01 49.87 49.47 50.36 51.12 50.21 49.07 48.37 46.67 47.73 48.23
TiO, 2.79 0.9 3.84 0.7 2.02 2.17 2.58 2.88 2.33 2.68 3.53 3.04 241 3.44 1.26 1.83 2.25
AlLO, 12.68 15.08 12.96 9.78 13.51 13.49 12.58 12.63 13.23 13.58 13.31 14.78 13.07 14.53 14.41 14.05 13.38
FeO, 16.21 11.25 16.53 5.24 14.48 15.59 16.5 15.78 14.48 13.25 13.58 14.36 14.66 15.51 12.83 13.41 14.55
MnO 0.19 0.17 0.2 0.05 0.2 0.21 0.22 0.2 0.19 0.14 0.24 0.19 0.17 0.2 0.19 0.17 0.2
MgO 4.4 5.97 5.32 1.36 4.41 4.84 5.21 4.9 491 5.8 3.79 4.24 4.55 4.27 5.9 6.91 55
CaO 9.75 11.42 9.96 5.26  10.25 10.38 10.29 9.71 9.66 10.26 9.61 10.21 9.25 9.94 11.49 11.55 10.64
Na,0 2.14 1.59 2.42 0.13 2.45 1.9 2.1 2.47 2.25 1.85 2.35 2.58 2.15 2.7 2.16 2.04 2.29
K,0 0.97 0.63 0.51 5.48 0.36 0.45 0.38 0.5 0.91 0.84 1.45 0.86 0.64 0.53 0.14 o1 0.4
PO, 0.29 0.11 0.45 0.29 0.32 0.24 0.22 0.4 0.36 0.28 0.39 0.3 0.36 0.48 0.27 0.29 0.32
LOI 4.57
Total 100.73  99.03 99.42 99.67 99.12 100.28 100.09 99.34 97.79 99.04 99.37 100.77 96.33 99.97 97.32 98.09 97.76
FeO* 2.43 1.69 2.48 0.79 2.17 2.34 2.48 2.37 2.17 1.99 2.04 2.15 2.20 2.33 1.92 2.01 2.18
FeO* 12.40 8.60 12.64 4.01 11.07 11.92 12.62 12.07 11.07 10.13 10.39 10.98 11.21 11.86 9.81 10.26 11.13
Mg# 38.75 55.29 42.86 37.69 46.55 41.98 42.39 41.99 44.14 50.50 39.41 40.76 41.97 39.09 51.73 54.57 46.84
Rb 22 11 16 125 14 21 24 15 24 20 42 9 13 15 8 10 13
Ba 220 204 106 403 107 131 118 120 223 223 342 243 270 116 87 88 323
Th 5 5 5 5 5 5 5 5 5 5
Nb 13 7 20 5 11 10 10 16 13 21 32 23 13 22 8 9 10
Ta
Sr 273 175 246 1274 211 176 21 219 257 302 361 377 221 269 146 224 207
Hf
Zr 192 78 208 85 121 141 167 196 162 183 277 190 155 210 80 87 110
Y 35 23 41 18 32 36 38 42 35 32 43 31 33 42 30 24 30
La 29.09 20.95 18.26 16.11 14.64 22.6 16.91 20.24 19.9 20.96 43.71 27.92 19.48 17.85 124 7.77 10.55
Ce 50.36 39.25 50.23 33.38 36.65 31.69 34.25 51.68 50.18 47.1978.5 5095 44.98 47.67 28.37 24.97 34.73
Pr
Nd 29.9 312 27.08 25.44 18.51 101 27.18 24.31 8.98 42.42 28.12 22.28 27.03 13.1 13.33 18.1
Sm 7.74 8.75 7.49 3.52 5.19 6.51 6.09 7.49 6.5 4.29 9.57 6.7 5.98 7.44 3.75 4.07 5.58
Eu 1.99 2.1 2.39 1.06 1.77 1.23 1.82 2.31 2.08 1.67 2.47 1.85 1.93 2.42 1.23 1.45 2.01
Gd 6.97 3.28 5.17 7.42 6.07 5.17 7.17 4.3 4.5 6.11
Tb 1.94 1.52 0.95 1.13 0.93 1.89 0.83
Dy 6.56 3 5.12 7.03 5.73 4.95 6.32 4.65 4.06 5.35
Ho
Er 3.34 2.12 2.7 3.55 3.09 2.7 3.27 2.77 2.14 2.82
Tm
Yb 3.19 4.28 3.02 1.8 2.59 2.52 3.54 3.35 2.7 3.05 3.9 2.84 2.33 2.98 2.75 1.87 2.54
Lu 0.35 0.66 0.49 0.25 0.42 0.53 0.62 0.51 0.43 0.33 0.52 0.41 0.42 0.5 0.41 0.33 0.45
Be
Sc
\Y
Cr
Co
Ni 41 57 73 7 58 33 33 60 37 71 25 29 63 81 41 131 80
Cu 134 109 326 6 21 217 244 263 157 142 210 159 191 341 183 176 220
Zn 59 59 140 18 107 68 75 118 111 81 80 77 112 132 81 93 138
Ga

Note: Oxides are in weight percent. Elements in ppmiTtheata are the maximum possible values (except in Gujarat samples); Mg# = Mg/(Mg+E@) réfeulated assuming 15% of total Fe as in ferric state
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Table 1. Contd...
Panna-JabalptBeoni-Nagpur
CHF-1 JD-1 JSD-1 JSD-4 JSD-6 JSD-7 JSD-10 JSD-I  JSD-14 397DY8586 NSF-1 JSF-4 JSF-7 JSF-8 JSF-13 JSF-15
flow dyke dyke dyke dyke dyke dyke dyke dyke dyke flow flow flow flow flow flow

Sio, 47.89 48.03 47.21 50.15 50.17 48.4 50.77 49.09 47.9 47.28 48.27 49.53 47.42 48.9 47.84 47.65
TiO, 2.49 1.33 1.37 1.1 2.25 1.82 1.37 2.29 2.02 0.93 2.58 3.29 3.12 1.81 291 291
AlLO, 3.1 15.69 14.38 13.61 14.32 15.08 13.98 13.53 13.38 15.58 13.0112.25 13.33 13.81 13.01 12.64
FeO, 15.89 13.73 12.16 13.98 14.23 13.08 13.38 14.81 14.03 13.76 15.67 15.92 15.01 13.33 15.96 16.39
MnO 0.2 0.19 0.17 0.22 0.17 0.17 0.19 0.2 0.2 0.39 0.22 0.22 0.2 0.17 0.2 0.2
MgO 5.59 7.2 6.64 6.04 491 6.75 5.82 5.58 5.84 7.9 5.17 4.34 5.44 6.3 5.33 5.41
CaO 10.48 10.21 12.64 10.78 9.91 11.38 10.55 10.33 10.8 12.03 10.21 9.08 10.58 11.28 10.08 10.19
Na,0 2.38 2.34 2.1 2.2 2.22 2.31 2.29 2.52 2.22 1.75 241 2.52 2.49 2.25 2.32 2.25
K,0 0.24 0.78 0.15 0.25 0.65 0.25 0.63 0.43 0.14 0.15 0.29 0.72 0.17 0.11 0.19 0.17
PO, 0.34 0.3 0.15 0.17 0.25 0.19 0.17 0.25 0.32 0.2 0.38 0.39 0.38 0.2 0.34 0.43
LOI 2.79 1.3 0.67 0.36 0.68 0.77 0.73 1.48 1.57 1.63 1.58
Total 98.61 99.8 99.77 99.8 99.75 99.79 99.83 99.8 96.85 99.97 98.94 99.74 99.71 99.79 99.76 98.24
FeO* 2.38 2.06 1.82 2.10 2.13 1.96 2.01 2.22 2.10 2.06 2.35 2.39 2.25 2.00 2.39 2.46
FeO* 12.15 10.50 9.30 10.69 10.88 10.00 10.23 11.33 10.73 10.52 11.99 12.18 11.48 10.20 12.21 12.54
Mog# 45.05 55.00 56.00 50.17 44.57 54.60 50.34 46.76 49.24 57.23 4347 38.85 45.79 52.42 43.77 43.48
Rb 15 21 8 18 19 10 22 17 8 5 13 17 12 9 6 8
Ba 57 230 55 103 188 62 144 93 52 8 77 21 91 56 121 90
Th 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
Nb 13 6 8 8 9 8 9 11 11 5 13 20 21 9 14 17
Ta
Sr 205 216 193 101 250 205 129 200 197 111 231 217 237 208 216 213
Hf
Zr 131 66 82 79 167 104 112 146 115 29 148 250 188 111 181 171
Y 35 23 22.51 30.16 31.65 24.64 33.1 31.43 30 22 35 45.17 36.15 26.72 36.74 36
La 12.41 12.27 8.33 9.61 20.88 9.32 14.07 13.39 12.11 14.26 26.04 18.59 10.72 17.53 16.8
Ce 35.86 30.41 17.49 20.12 44.14 20.8 28.18 29.06 31.02 34.68 55.03 41.61 24.26 38.91 47.38
Pr
Nd 19.17 13.87 11.23 9.68 26.12 14.3 15.1 19.73 16.64 19.66 34.57 27.17 1591 25.6 23.63
Sm 5.76 3.69 3.68 3.32 7.27 4.25 4.75 6.04 4.64 5.85 9.88 7.53 4.59 7.33 6.49
Eu 1.95 1.28 1.22 0.96 2.24 1.45 1.36 1.87 1.6 1.97 2.71 2.37 154 2.24 2.09
Gd 5.95 3.75 4.14 3.95 7.14 3.98 52 5.94 4.95 6.01 9.62 7.78 5.03 7.47 6.43
Tb 0
Dy 5.54 3.53 4.05 4.78 6.53 4.49 5.81 5.99 4.67 55 8.97 7.23 4.83 7.18 6.09
Ho
Er 3.04 2.1 1.89 2.78 2.82 1.87 3.06 2.66 2.48 2.84 4.09 2.89 2.14 3.22 3.26
Tm
Yb 2.79 2.01 1.88 3.21 2.74 2.17 3.19 2.8 241 2.6 3.79 3.12 2.3 3.33 3.04
Lu 0.47 0.37 0.25 0.47 0.38 0.27 0.45 0.39 0.41 0.48 0.53 0.44 0.33 0.48 0.44
Be 1.29 1.29 1.6 1.2 1.29 1.6 1.79 1.7 1.2 1.7
Sc 36.4 4.7 317 33.9 39.4 36.2 31.1 33.7 36.2 36.5
\% 348 376 352 346 369 408 462 476 378 445
Cr 269 166 88 242 118 98 63 236 173 112
Co 43 44 40 44 42 43 37 41 47 43
Ni 84 94 102 72 68 99 66 30 78 132 75 58 112 92 75 65
Cu 270 59 117 143 144 152 167 183 216 40 255 232 248 144 233 308
Zn 113 96 85 107 105 91 89 111 102 170 116 129 124 97 122 124
Ga 15 14 18 16 16 17 23 24 19 20

Note: Oxides are in weight percent. Elements in ppniTtheata are the maximum possible values (except in Gujarat samples); Mg# = Mg/(Mg+E@) réfeulated assuming 15% of total Fe as in ferric state
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Fig.3. (a) SiO, wt % plotted against total alkali, Na+K,O wt %.The alkali basalt-tholeiite boundary is from Macdonald and Katsura
(1964) and the other compositional boundaries are from Le Bas et al. (1)&8)n{itive mantle-normalized (McDonough and
Sun, 1995) incompatible element abundances of average basalts from the five areas of the Deccan province in this study compared
with the abundances in oceanic island basalts (OIB) and upper and lower continental crust (UCC and LCC). In both diagrams,
data for thelToranmal basalts (Mahoney et al. 2000) are included.

composition for the Palitana lavas. Howeyvéhne The results of trace element modeling are plotted in
incompatible element signatures all the Deccan samplesigs. 4, 5 and 6The trace element contents of mantle
this study difer significantly from oceanic island basalts partial melts for dfierent fractions of melting are shown in
and show similarities with continental crust (Fig. 3b), whichFigs. 4a and 5alhe melting models indicate that the Zr
shows Nb-& andTi troughs, high La/Nb ratios (1.2-1.8, content and Rb/Nb (i.e., approximately equal increase in
Taylor and McLennan, 1995) and low Nb/fatios (~12- Rb/Y and Nb/Y) are somewhat constant during low to
13, Barth et al. 2000; Pfander et al. 200he incompatible moderate partial melting (1-20%) of mantle. However
element signatures of the Deccan tholeiites thus sho®a/Zr, Rb/Y and Nb/Yvalues are high for low degrees of
evidences of crustal contamination. melting. Figs. 4 and 5 show that much of the variation in
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Fig.4. Modeled trends of 64% assimilation-fractional crystallization (AFC)
using Zr concentration and Ba/Zr ratio. Non-modal equilibrium batch melting
(solid line) and fractional melting (dotted line) curves afedént percentage

of partial melting of primitive mantle (McDonough and Sun, 1995) are also
shown in (a). In general, Zr increases and Ba/Zr decreaseAr@thvhereas,

Ba/Zr decreases with increasing degrees of partial meFmgsymbols and

data sources are: solid squares and triangles: Bhattacharji et al. (1996) and
Chatterjee and Bhattacharji (2001); B86: Beane et al. (1986); KC77:
Krishnamurty and Cox (1977); M0OO: Mahoney et al. (2000); P94: Peng et al.
(1994); P98: Peng et al. (1998); PM95: Peng and Mahoney (1995) and SO4:
Sheth et al. (2004Y.he data are from the following areas: (a) SiRatitana-
Guijarat, (b) Dhanu-Nasik-lgatpuri-Jawhée) Barwani-Jalgaonéranmal-
Bijasan Ghat (includingsmba Dongar), (d) Indore-Mhow-Khgaon-Betul-
Salbardi-Chikladara, and (e) Panna-Jabafeoni-NagpurAlso shown are

data forAmet gneiss (Kataria, 1998), granite xenolith (Lightfoot, 1985) and
Tirodi gneiss (Subba Rao et al. 199R)e parameter “a” is the ratio of rate of
change of magma mass due assimilation to the rate of change of magma mass
due to fractional crystallization. In (8AG: Amet gneiss plots to the right of

the diagram at Zr = 422 ppm.
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Fig.5. Modeled trends of 64% assimilation-fractional

crystallization (AFC) using Rb/Y and Nb/Y ratios. Non-
modal equilibrium batch melting (solid line) and fractional
melting (dotted line) curves at tBfent percentage of
partial melting of primitive mantle (McDonough and Sun,
1995) are also shown in (a). In general, Rb/Y increases
more than Nb/YduringAFC, whereas, Nb/Yhcreases
more than Rb/Y with decreasing degrees of partial melting.
The symbols and data sources are the same as in Fig. 4.
In (b), G: Granite (Lightfoot, 1985) plots to the right of
the diagram at Rb/Y = 2.58.
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fractionated (64%) compositions. In each area, the variation in thesRBEEsponds tAFC fractionation of parental basalt
roughly between 0 and 64%.
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these ratios in the Deccan basalts can be attributed to lowand Hawkesworth, 1985) in shallow upper crustal magma
moderate degrees of mantle meltifige Gujarat picrites chambers. Positive correlation between contamination and
and basalts (Krishnamurthy and Cox, 1977; Peng anfdactionation indices in some upper Deccan formations was
Mahoney 1995) are especially products of low degrees oéxplained by a “temperature controlled assimilation”
partial melting of mantle (Figs. 4a and 5a). mechanism that involves insulation of the walls of magma
The variations in Zr (Fig. 4) and Rb/Y (Fig. 5) can bechambers and conduits with solidified basalt after the initial
explained by basaltic dérentiation. In these calculations, magma pulse preventing interaction of thdedéntiated
the parental magmas may be considered as averagesntgma and later magma batches with the wall rocks (Cox
different parental magmas generated bfedkht degrees and Hawkesworth, 1984, 1985; Devey and Cox, 1987;
of partial melting of the mantle source. In general, fractionallahoney 1988). Our calculations suggest that thgdat
crystallization alone is sfi€ient to explain the range of Zr changes in the isotopic ratios occur during the initial stages
concentrations in the Gujarat and Igatpuri-Dhanu-Nasikf 4-12% fractionation (Fig. 7J-hus, even small interactions
areas (Figs. 4a,b). Fractional crystallization with moderateith the wall rock might have altered the isotopic ratios of
amounts of crustal assimilatioa £ 0.15-0.2) are required the parental magmas significantly
to explain the range of Zr in the basalts from the Narmada- Evidence ofAFC-related crustal contamination was
Tapti rift (Fig. 4c,d,e)To explain the Rb/Yatios, however previously demonstrated in isolated parts of the Deccan
high amounts of crustal assimilation (Fig. 5) are requiredorovince where silicic lavas were erupted (Sheth and Ray
Nevertheless, crustal assimilation seems to be higher in t2802; Chatterjee and Bhattacharji, 2001) and where basaltic
Narmada-apti rift area & = 0.72-0.77) than in the Dhanu- magma interacted with Maastrichtian Lameta beds and shale
Nasik-lgatpuri & = 0.65) and Gujarat(= 0.70) areashe  (Salil etal. 1997; Chandrasekharam et al. 2000). In this,study
AFC modeling results for REE are compared with the RERAFC modeling with Zr and REE indicate low to moderate
abundances in each of the five areas in Fighé.'a” values  amounts of crustal assimilation in the Gujarat and the western
required to explain the REE variations are higher than thosmntinental magin (Figs. 4, 6)The Rb/¥ and REE-based
required in the Zbased models but lower than in the Rb/Y models require significant amounts of assimilant in the
based models. Howevethe pattern of high crustal Narmada-&pti area (Figs. 5, 6). Presence of multiple
assimilation in the Narmadaapti rift area§=0.5) and low parental magmas may havdeafted these calculations.
crustal assimilation the Dhanu-Nasik-lgatpuri and Gujaratowever the high assimilant requirements in Ritvased
areas4=0.15) is also discernable in the REE-based modelsnodels may also be due to the relatively high compatibility
In contrast, fractional crystallization with very high of Rb in plagioclase. Lge amounts of crust are required to
amounts of assimiland & 0.90-0.95) are required to explain compensate the decrease in Rb (in melt) due to plagioclase
the ranges of th€Srf°Sr and g, values in all the diérent  dominated fractional crystallization and increase the net
areas of the Deccan province (Fig. 7). In fact, the Igatpurabundance of Rb in the thfentiated liquidsThe greater
Jawhar data are not reproduced even withaivédlue of  incompatibility of Rb relative to Zr may also have facilitated
0.95 (Fig. 7b). incorporation of some Rb in the parental melts prior to
basaltic diferentiation.The Zrbased models thus provide
better estimates of assimilant amounts.
In all the models (Figs. 4, 5 and 6), the estimated
Isotope data from various studies (Fig. 7) provideassimilant amounts are higher in areas away from the plume
incontrovertible evidence of crustal contamination in thecenter at the western continental gia(Fig. 1, Bhattacharji
Deccan basalts. Howevehe unreasonably high estimateset al. 1996)The Zrbased models indicate that there was no
of “a” values required in thAFC calculations involving crustal assimilation near the plume center and thRZE
Sr-Nd isotope data (Fig. 7) imply that the magma masand Rb/¥based models indicate that the amount of
remained practically constant, a condition that could naassimilant increased away from the plume center in the
have been possiblé/e also attempted to reproduce part ofNarmada-&pti rift. This trend may be a consequence of
the S¥Nd isotope data starting from the CS compositiorchanges in physical and chemical conditions and magma
(Figs. 7a,c,d) to verify if the second stage of the two-staggynamics from the plume center to the edge of the province.
model (Peng et al. 1994) involvéd-C. The assimilant Near the plume centethe initial batches of magma were
amounts required did not change significarilgnce, the probably contaminated as they interacted with the fertile
isotopic characteristics of the Deccan basalts must have begall rock. Howeverthe more voluminous later batches were
acquired beforAFC of the parental magmas occurred (Coxless afected because of isolation of the wall rocks by

DISCUSSION
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previously crystallized material or because the wall rockthatTirodi gneiss may have contaminated the Deccan basalts
had become too refractory to melt and supply the trade the Narmada-dpti rift area.
elements under consideration. In the NarmaalatiTrift
region, the northward movement of the Indian plate and
north-south extension along the rift resulted in the formation
of several shallow crustal magma chambers (Kaila et al. Our modelling indicates that although variations in Ba/
1985; Kaila, 1988; Kaila and Krishna, 1992; BhattacharjZr, Rb/Y and Nb/Yratios of the Deccan basalts may be
et al. 2004). Mechanical processes inside the magnexplained by low to moderate degrees of partial melting of
chambers such as wall rock scouring and stoping were aidethntle, significant amounts of crustal assimilation by the
by crustal extensios a result, the magma chambers wereDeccan magmas are required to explain the variations in Zr
enlaged creating space for fresh magma to enter the magrREE and Rb/Nb in basalts away from the plume cehter
chambers. Enlgement of the magma chambers alsageneral, the Zr contents of the basalts of the Dhanu-Nasik-
exposed more of the fertile wall rock to the fresh, hot magmaégatpuri area near the plume center can be explained by only
Convective mixing of the fresh, hot magma and the previousactional crystallization without the involvement of crust.
magma in the enlged magma chambers enabledAvailable S¢tNd isotope data require very high and
assimilation of fertile wall rock over a longer peridtius, unreasonable amounts of assimilant in the Gujarat, the
increase in the magma chamber size and heat from freblarmada-apti rift and the western continental rift regions
magma resulted in longer and greater magma-wall rocsf the Deccan province implying that the parental magmas
interaction and crustal assimilation in the shallow crustainay have acquired their isotopic characteristics béfb(
magma chambers in the Narmadspil rift region. happened in shallow magma chamb&te greater crustal
There are many possible upper crustal contaminants fassimilation in the Narmadaapti rift region may be related
the Deccan basalt¥hese include granitic xenolith from to longer and greater magma-wall rock interaction in shallow
the west coast (Lightfoot, 1985), Bundelkhahidodi and  crustal magma chambers due to crustal extension-related
Bastar gneisses (Rahman and Zainuddin, 1993nlagement of the magma chambers, regbawith fresh,
Ramachandra and R®001; Subba Rao et al. 1999; Sarkarhot magma and convective mixing.
et al. 1993) near Jabalpur and Indore, anédthet gneisses
of Rajasthan (Kataria, 1998)race element data for the  Acknowledgements: We acknowledge the help of the
possible contaminants are plotted in Figs. 4 aWdth.few  French National LaboratarfNancy France in obtaining
exceptions, these data plot on the same trend as that defiegh quality chemical analyses of the Deccan basalts.
by theAFC models strongly indicating that these granitesThis study was supported by an international grant from
and gneisses have indeed contaminated the Deccan basahg. National Science Foundation to S\Be greatly
Five out of seven samplesTifodi gneiss (Subba Rao et al. appreciate the constructive reviews and the comments of
1999) show the same range of Zr (Figs. 4c,d,e), indicatinye reviewers.
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