
Available online at www.sciencedirect.com
www.elsevier.com/locate/jaes

Journal of Asian Earth Sciences 32 (2008) 5–21
The Mount Pavagadh volcanic suite, Deccan Traps:
Geochemical stratigraphy and magmatic evolution

Hetu C. Sheth a,*, Leone Melluso b

a Department of Earth Sciences, Indian Institute of Technology (IIT) Bombay, Powai, Mumbai 400 076, India
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Abstract

The patterns of eruption and dispersal of flood basalt lavas on the surface, or as magmas in dykes and sills within the crust,
determine the volcanological and stratigraphic development of flood basalt provinces. This is a geochemical and Sr-isotopic study
of lavas of varied compositions that outcrop around Mount Pavagadh (829 m), Deccan Traps, an important outlier north of the
main basalt outcrop. Most of the �550-m thick exposed section at Pavagadh is made up of subalkalic basalts rich in the incom-
patible elements (particularly Nb, Ba, and Sr). Picrite and rhyolite–dacite flows also occur, the latter capping the sequence. The
relatively high initial 87Sr/86Sr ratios (up to 0.7083) and chemical characteristics of the rhyolitic rocks of Pavagadh are consistent
with a small but significant involvement of the granitic basement crust in their genesis. An assimilation–fractional crystallization
(AFC) model involving the picrite lava and either a southern Indian or a western Indian granite as the contaminant explains
the geochemical and Sr-isotopic variation in the basalts and the rhyolites quite well. A systematic comparison of the basaltic lavas
(with binary plots, normalized multielement patterns, and discriminant function analysis) to the well-established lava stratigraphy of
the Western Ghats, 400–500 km to the south, precludes any chemical–genetic relationships between the two. Basalts exposed in sec-
tions closer to Pavagadh (�150–200 km), in the Toranmal, Navagam, and Barwani–Mhow areas, have several flows with some sim-
ilar chemical characteristics. However, the Pavagadh sequence is significantly different from all of these sequences geochemically,
petrogenetically, and in magnetic polarity, to be considered independently built. This result is significant in terms of eruptive models
for the Deccan Traps, as it is increasingly apparent that there were separate but possibly coeval eruptive centers with their own
distinctive chemistries developed in various areas of this vast province.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Continental flood basalt (CFB) provinces are vast and
thick accumulations of tholeiitic basalt lavas, and often
also include variable volumes of alkalic and silicic rocks
(e.g., Macdougall, 1988; Mahoney and Coffin, 1997). The
Karoo, the Paraná, and the Deccan CFB provinces are
good examples. The lavas are also usually horizontally dis-
posed over vast areas, and the techniques of geochemical
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and magnetic stratigraphy – long-distance correlation of
lavas and lava piles based on their geochemical signatures
and magnetic polarity – have been successfully used to
understand the stratigraphic and structural make-up of
these provinces (e.g., Peate, 1997; Marsh et al., 1997).
The genesis of the silicic (rhyolitic–dacitic–trachytic) mag-
mas in CFBs is also of considerable petrogenetic interest.
These have been variably interpreted as products of frac-
tional crystallization of mafic magmas, combined assimila-
tion and fractional crystallization, partial melting of
underplated mafic rocks or deep basaltic piles, partial melt-
ing of pre-existing altered rhyolites, or anatexis of the con-
tinental crust (e.g., Betton, 1979; Bellieni et al., 1984;
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Garland et al., 1995; Lightfoot et al., 1987; Sheth and Ray,
2002; Miller and Harris, 2007).

The addition of flood basalt magmas to the crust, via
dykes or sills, and their transport as lavas after eruption,
is of interest and significance to understand the physical
growth and stratigraphic development of such huge flood
basalt provinces (e.g., Bondre et al., 2006; Sheth, 2006;
Vanderkluysen et al., 2006; Ray et al., 2007). The Dec-
can, a magnificent CFB province exposed in western
and central India, covers �500,000 km2 after some 65
million years of erosion, and a considerable area lies sub-
merged in the Arabian Sea to the west (Fig. 1). The Dec-
can CFB pile is best exposed in the Western Ghats
(Sahyadri) range in the southwest of the province
(Fig. 1), where a stratigraphic thickness of �3 km has
been divided into various formations and subgroups
(Table 1) (e.g., Cox and Hawkesworth, 1985; Beane
et al., 1986; see Subbarao and Hooper, 1988). Several
workers (e.g., Sreenivasa Rao et al., 1985; Mitchell and
Widdowson, 1991; Dhandapani and Subbarao, 1992;
Peng et al., 1998; Bilgrami, 1999; Mahoney et al.,
2000; Sheth et al., 2004a) have attempted long-distance
geochemical correlations of thick basalt sections in the
province with the Western Ghats sequence with the
aim to develop suitable eruptive models.
Fig. 1. Topographic sketch-map of Mount Pavagadh, modified from
Sheth et al. (2004b) and with the sample locations added (see Table 1 for
exact elevations of samples). Fence-like linear patterns mark near-vertical
cliffs. The pilgrim route from Machi to the summit is shown as a dashed
line. Inset shows the outcrop of the Deccan flood basalt province (shaded),
and the locations of Pavagadh and other sections discussed in the text.
2. The Pavagadh section and its significance

The imposing mountain of Pavagadh (829 m, Fig. 1),
rising nearly 700 m above the surrounding plains, consti-
tutes an important lava sequence in the Deccan Traps.
It is separated from the main Deccan outcrop by
post-Deccan tertiary and quaternary alluvium and a
complex Precambrian basement made up of granites,
gneisses, and quartzites. Pavagadh shows a �550-m
thick exposed sequence made up of perfectly horizontal
flood basalt lavas and rhyolitic lavas, the latter at the
top. Pavagadh is of particular interest because of the
following reasons:

(1) A study on the geochemical stratigraphy of the Pava-
gadh sequence, and regional stratigraphic correla-
tions have not yet been attempted.

(2) The petrogenesis of particularly the rhyolitic rocks
capping the sequence, as well as a couple of picritic
lavas, is of considerable interest.

(3) The Pavagadh sequence is a rare bimodal lava
sequence in the Deccan, akin to many present in the
Paraná and Karoo provinces (e.g., Peate, 1997).

(4) The eruptive areas of the lava sequence are unknown;
the nearest dykes and mafic and silicic intrusions are
exposed some 50–75 km to the south, in the Narmada
River region around Rajpipla and Navagam (Fig. 1;
Krishnamurthy and Cox, 1980; Mahoney et al.,
1985). Recent and ongoing dyke-flow correlation
work in the province (Widdowson et al., 2000; Bon-
dre et al., 2006; Vanderkluysen et al., 2006 and in
preparation) builds on a large amount of high-quality
geochemical data (including Sr–Nd–Pb isotopes) for
both lava sequences and dyke swarms.

(5) A N-R-N magnetic polarity stratigraphy (i.e., two
magnetic reversals) has been unambiguously
documented from sampled sections between Barw-
ani and Mhow, in the Satpura–Narmada region
(Fig. 1; e.g., Sreenivasa Rao et al., 1985; Dhanda-
pani and Subbarao, 1992). Most of the thick Wes-
tern Ghats lava sequence is reversely magnetized,
with only the Mahabaleshwar and Panhala forma-
tions being normally magnetized (Table 1). Interest-
ingly, the lava pile forming the upper two-thirds of
Mount Pavagadh is normally magnetized, whereas
the lower one third yielded random directions (Ver-
ma and Mittal, 1974). If, thus, the normally polar-
ized lavas of Pavagadh are neither geochemical nor
stratigraphic equivalents of the normally magne-
tized lavas at the top of the Western Ghats (the
Mahabaleshwar and Panhala formations), then
these Pavagadh lavas must stratigraphically corre-
spond to the older Normal chron recorded in sec-
tions located 150–200 km away in the Satpura–
Narmada region, and like the latter the Pavagadh
lavas must be older than the whole exposed Western
Ghats stratigraphy.



Table 1
Stratigraphy of the Deccan flood basalts in the Western Ghats, with formation thicknesses, magnetic polarity, and Sr isotopic values (at 66 Ma)

Group Sub-group Formation Magnetic polarity 87Sr/86Sr(66Ma)

Deccan Basalt Wai Desura (�100 m) N 0.7072–0.7080
Panhala (>175 m) N 0.7046–0.7055
Mahabaleshwar (280 m) N 0.7040–0.7055
Ambenali (500 m) R 0.7038–0.7044
Poladpur (375 m) R 0.7053–0.7110

Lonavala Bushe (325 m) R 0.7078–0.7200
Khandala (140 m) R 0.7071–0.7124

Kalsubai Bhimashankar (140 m) R 0.7067–0.7076
Thakurvadi (650 m) R 0.7067–0.7112
Neral (100 m) R 0.7062–0.7104
Igatpuri-Jawhar (>700 m) R 0.7085–0.7128

a The Desur is considered by many as a ‘‘Unit’’ of the Panhala formation itself. Table based on Sreenivasa Rao et al. (1985) and references therein, and
Peng et al. (1994). N = normal magnetic polarity, R = reversed magnetic polarity.
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Here, major and trace element and Sr-isotopic data on
the Pavagadh suite of rocks are presented, and their impli-
cations for petrogenesis and magmatic evolution as well as
the regional stratigraphy of the Deccan Traps are
discussed.

3. Field work and samples

The lava pile of Mount Pavagadh is exposed between
�300 m and 829 m above MSL. No unambiguously in situ
outcrops are found in the jungle on the lower slopes of the
mountain below Machi (Fig. 1) at �300 m elevation. The
lavas were sampled along the pilgrim path from Machi to
the Hindu shrine at the summit, and also in the hills and
quarries north and northwest of the mountain, where strati-
graphic relationships are very ambiguous. The elevation of
each sample taken on the mountain was noted with an altim-
eter with a precision of ±10 m. Unfortunately, exposure is
poor even along the pilgrim path due to construction, the
outcrops significantly weathered, and flow boundaries rarely
clear. Below Machi, large blocks of rhyolitic rocks are found
on the side of the road, and whether they represent boulders
of the top rhyolite fallen from the summit, or mark a local
rhyolite eruption in situ, is unknown.

The rhyolite flow at the top forms cliffs, and shows large,
roughly vertical joints and curved sub-horizontal fractures,
with some spectacular flow layering and flow folding.
There is also a thin layer of pitchstone locally developed
within the rhyolite, without sharp contacts. Fine, soft, fri-
able rhyolitic ash (green or brown) is exposed below the
rhyolite on the northwest side. Sheth et al. (2004b)
reported, from the topmost mafic flow underlying the sum-
mit rhyolite and ash, low-relief circular cone-and-crater
structures, which they considered as possible rootless cones
formed in the basaltic flow as it would have advanced
across a river or a lake.

4. Analytical methods

The samples were crushed into chips using a steel jaw
crusher, and the chips were first washed in distilled water
and then ground in agate. Major and trace elements were
analyzed at Naples (CISAG) with a Philips PW1400 X-
ray fluorescence (XRF) spectrometer (see Melluso et al.,
1995, 2004, 2005, 2006 for details). Precision is estimated
at better than 1% for SiO2, TiO2, Al2O3, Fe2O3

*, and
CaO, better than 6% for K2O, 0.03 wt% for MnO and
P2O5, and better than 5–10% for Sc, V, Cr, Ni, Cu, Ba,
Zn, Sr, Y, and Zr for the observed ranges of concentration.
Na and Mg were analyzed by atomic absorption spectro-
photometry (AAS) at Naples, the precision being better
than 6% for Na and better than 2% for Mg. The data are
given in Table 2.

The rare earth elements and U, Th, Pb, Ta, and Hf were
analyzed for a couple of samples by inductively coupled
plasma mass spectrometry (ICPMS) at CRPG Nancy; pre-
cision is better than 5–10%. Microprobe analyses of miner-
als were performed at Cagliari University, using silicates
and oxides as standards, an ARL-SEMQ instrument and
the MAGIC IV correction method. Strontium-isotopic
compositions were measured at University of Rome, using
a VG54E thermal ionization mass spectrometer; full ana-
lytical details can be found in Comin-Chiaramonti et al.
(1997). Two samples were also analyzed for Nd–Sr–Pb iso-
topes at the University of Hawaii, following methods out-
lined in Mahoney et al. (2000) and Melluso et al. (2006).
The trace element data are tabulated in Table 3, and Sr-iso-
topic ratios in Table 4.
5. Nomenclature, petrography, and mineral chemistry

Previous workers (e.g., Chatterjee, 1961; Hari et al.,
2000; Furuyama et al., 2001) have used much non-standard
terminology to describe the rock types (e.g., hawaiite,
mugearite, dellenite, and ankaramite), the use of which is
no longer recommended (IUGS Subcommission on the
Systematics of Igneous Rocks, Le Bas et al., 1986; Le
Bas, 2000). This study uses only the standardized terminol-
ogy adopted by this Subcommission and terms such as
ankaramite are used in addition, where required. Table 2
shows the major element compositions (calculated on an
anhydrous basis) and normative compositions of the suite,



Table 2
Major oxide (wt%) and normative compositions of the Pavagadh volcanic suite

Sample D86 D87 D88 D89 D99 D92 D93 D94 D95 D96 D97 D98
Location 829 m 800 m 770 m 770 m 765 m 705 m 685 m 665 m 645 m 580 m 565 m 480 m
Rock type R R R R D B, subal B, subal B, subal B, subal B, subal PIC B, subal

SiO2 79.68 70.56 77.24 70.31 72.57 50.20 48.91 49.23 49.81 47.57 46.20 50.74
TiO2 0.35 0.69 0.41 0.67 0.63 2.67 2.96 2.83 3.19 2.43 2.49 2.67
Al2O3 10.01 13.79 11.05 13.29 13.53 16.66 17.02 16.97 14.30 13.78 13.45 15.06
Fe2O3 0.72 1.54 0.90 1.72 1.56 1.90 2.05 1.91 2.20 1.98 1.95 1.85
FeO 1.44 3.08 1.81 3.44 3.89 9.48 10.26 9.56 10.98 9.89 9.74 9.23
MnO 0.05 0.08 0.04 0.13 0.19 0.12 0.17 0.16 0.20 0.20 0.15 0.18
MgO 0.07 0.16 0.06 0.63 1.73 4.47 4.18 4.46 5.44 8.54 13.16 5.62
CaO 0.15 1.25 0.33 2.17 3.93 9.16 9.38 9.55 9.28 12.67 9.94 10.39
Na2O 1.64 3.40 2.09 4.37 0.90 3.12 3.15 3.22 2.87 2.11 1.77 2.62
K2O 5.87 5.33 6.04 3.18 0.98 1.69 1.47 1.56 1.44 0.62 0.80 1.40
P2O5 0.02 0.10 0.01 0.08 0.08 0.54 0.45 0.54 0.28 0.21 0.35 0.24
LOI nd 0.91 0.96 2.01 8.31 nd nd nd 2.03 1.43 2.48 1.83
Mg# 7.96 8.47 5.58 24.6 44.1 45.6 42.1 45.4 46.9 60.6 70.7 52.0
Q 46.57 26.19 40.27 26.18 50.43 – – – – – – 0.36
Or 34.69 31.49 35.71 18.80 5.81 9.97 8.67 9.20 8.50 3.65 4.72 8.30
Ab 13.90 28.79 17.72 36.94 7.65 26.43 26.62 27.29 24.33 17.88 14.98 22.14
An 0.61 5.57 1.58 7.26 18.96 26.45 27.98 27.24 21.88 26.29 26.39 25.21
C 0.72 0.38 0.49 – 4.03 – – – – – – –
Di – – – 2.53 – 12.83 12.97 13.80 18.47 28.63 16.57 20.33
Hy 1.74 3.79 2.12 4.31 9.47 11.96 7.25 5.29 14.34 3.16 7.59 15.35
Ol – – – – – 3.29 6.85 7.79 2.59 12.42 21.39 –
Mt 1.04 2.24 1.31 2.50 2.26 2.75 2.97 2.77 3.18 2.87 2.82 2.68
Il 0.66 1.31 0.78 1.28 1.20 5.07 5.63 5.38 6.06 4.61 4.72 5.07
Ap 0.05 0.23 0.02 0.18 0.18 1.24 1.05 1.24 0.66 0.49 0.82 0.56

Sample D157 D158 D159 D160 D79 D81 D80 D85 D84 D82 D83 W2 W2
Location 390 m 390 m 355 m 325 m NWP NWP NWP NP NP NP NP Std. Std.
Rock type B, subal B, subal B, subal B, subal B, subal PIC B, subal B, subal B, subal PIC B, subal Meas. Ref.

SiO2 48.73 50.77 51.12 46.35 48.75 46.31 51.84 48.94 48.20 44.97 48.00 52.50 52.68
TiO2 2.56 3.10 2.74 3.53 2.90 1.92 2.90 2.93 3.37 2.36 2.91 1.03 1.06
Al2O3 16.04 13.96 14.57 17.75 16.49 11.98 14.45 17.12 14.82 11.57 15.49 15.57 15.45
Fe2O3 1.96 2.06 1.94 2.23 1.92 1.96 2.03 1.80 2.13 1.73 1.94 10.95* 10.79*

FeO 9.82 10.30 9.70 11.17 9.63 9.80 10.14 9.02 10.66 11.53 9.68
MnO 0.15 0.16 0.18 0.15 0.17 0.14 0.14 0.14 0.20 0.20 0.23 0.16 0.17
MgO 6.19 5.78 5.81 4.10 6.38 14.46 3.15 4.03 6.04 15.60 6.35 6.59 6.37
CaO 10.48 9.88 9.79 11.45 9.30 11.24 10.17 12.02 10.67 9.98 11.10 10.73 10.86
Na2O 2.64 2.58 2.72 1.52 2.92 1.29 3.54 2.32 2.60 1.21 2.73 2.29 2.20
K2O 1.04 1.17 1.18 1.32 1.25 0.63 1.43 1.21 1.07 0.57 1.21 0.65 0.63
P2O5 0.38 0.23 0.24 0.42 0.28 0.27 0.21 0.46 0.22 0.27 0.35 0.17 0.14
LOI nd 1.70 1.04 nd 2.84 2.84 2.31 nd 1.71 9.84 nd
Mg# 52.9 50.0 51.6 39.6 54.1 72.4 35.7 44.3 50.2 70.7 53.9
Q – 1.784 1.284 0.581 – – 0.667 0.712 – – –
Or 6.16 6.93 6.99 7.78 7.40 3.70 8.43 7.16 6.34 3.35 7.17
Ab 22.33 21.82 23.01 12.85 24.72 10.95 29.95 19.66 22.01 10.20 23.09
An 28.84 23.04 24.04 37.72 28.19 25.02 19.32 32.71 25.61 24.48 26.45
C – – – – – – – – – – –
Di 16.95 20.13 18.89 13.59 13.17 23.27 25.00 19.79 21.26 18.72 21.55
Hy 10.48 16.86 17.21 16.53 8.10 8.40 7.69 10.71 8.06 8.46 0.46
Ol 6.64 – – – 9.46 21.52 – – 6.70 27.15 12.12
Mt 2.85 2.98 2.81 3.24 2.79 2.84 2.94 2.61 3.09 2.51 2.81
Il 4.86 5.90 5.20 6.71 5.51 3.65 5.51 5.56 6.40 4.48 5.53
Ap 0.89 0.54 0.56 0.98 0.66 0.63 0.49 1.08 0.52 0.63 0.82

Notes: NWP = northwest of Pavagadh; NP = north of Pavagadh; R = rhyolite, D = dacite, B, subal = basalt (sub-alkalic), PIC = picrite. D89 is a
pitchstone underlain by D88. D158 is just below D157. D160 is auto-brecciated lava flow just below D159. Normative compositions and the major oxide
data (recalculated on an anhydrous basis, and Fe2O3T separated into Fe2O3 and FeO) obtained using the SINCLAS program of Verma et al. (2002). For
standard W-2, values with the asterisk * mean Fe2O3T. ‘‘Meas’’ are the measured values, and ‘‘Ref’’ are the reference values recommended by Govindaraju
(1989). LOI is reported where available and provides an idea of the sub-aerial alteration suffered by the rocks. nd = not determined. Mg# = [atomic Mg/
(Mg+Fe2+)] · 100, assuming Fe3+/Fe2+ = 0.16.
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Table 3
Trace element data for the Pavagadh volcanic suite

Sample D86 D87 D88 D89 D99 D92 D93 D94 D95 D96 D97 D98 D157 D158 D159 D160 D79 D81 D80 D85 D84 D82 D83 W2 W2
Elev. (m) 829 800 770 770 765 705 685 665 645 580 565 480 390 390 355 325 NWP NWP NWP NP NP NP NP Std. Std.
Rock type R R R R D B B B B B PIC B B B B B B PIC B B B PIC B M R

Sc 10 12 41 28 30 24 36 27 31 35
V 4 17 15 3 14 368 391 380 429 423 249 353 455 451 311 294 255 368 255 437 287 369 235 262
Cr 4 3 23 23 20 42 174 819 40 178 106 47 58 6 952.2 64 136 48 951 155 90 93
Ni 9 6 15 14 12 28 128 381 48 124 81 49 71 50 400.1 49 81 82 421 77 70 70
Zn 51 78 113 128 104 114 99 129 101 98 97 95 131 111 128 99 87 134 101 123 89 107 78 77
Rb 192 190 214 189 46 42 39 38 29 12 23 33 29 22 22 16 34 18 46 22 23 26 24 20
Sr 77 165 50 192 1961 492 497 524 465 364 297 522 407 429 410 106 510 300 317 138 491 508 190 194
Y 48 61 62 63 112 34 33 34 38 26 21 27 27 37 33 31 27 21 27 32 33 18 27 21 24
Zr 154 552 451 536 458 235 230 229 250 161 160 172 184 232 216 203 186 121 127 235 225 135 204 94 94
Nb 40 60 59 60 45 42 39 39 52 30 26 36 27 37 37 37 33 20 42 63 57 25 43 6.8 7.9
Ba 345 875 472 947 1766 503 478 474 416 249 364 439 403 317 376 574 347 372 278 375 349 190 182
La 94.3 105 21.1 31.2 30.4 15.2 22
Ce 178 210 50.1 72.8 59.5 33.8 41.7
Pr 21.2 6.21 4.06
nd 77.2 92.8 25.1 36.2 29.9 17.4 20.8
Sm 16.2 21.3 5.98 8.58 6.45 4.22 4.7
Eu 3.49 4.17 1.75 2.58 2.13 1.32 1.63
Gd 13.5 22.0 5.97 8.03 6.03 4.33 5
Tb 1.77 0.72 0.53
Dy 11.9 19.2 4.44 6.44 4.99 3.06 3.33
Ho 2.17 0.83 0.53
Er 5.48 10.3 2.06 3.01 2.27 1.36 1.26
Tm 0.89 0.28 0.19
Yb 5.51 9.86 1.7 2.48 2.01 1.09 1.26
Lu 0.83 1.68 0.28 0.43 0.34 0.23 0.18
Ta 4.42 2.10 1.40
Pb 26 2.38 1.75
Th 31.2 3.45 3.00 6.00 1.99
U 7.18 0.65 0.34

Notes: W2 ‘‘M’’ and W2 ‘‘R’’ are the measured and reference values (Govindaraju, 1989), respectively, for the standard W2.
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Table 4
Isotopic ratios age-corrected to 66 Ma for the Pavagadh volcanic suite

Sample D87 D89 D96 D97 D79 D81

R, 800 m R, 770 m B, 580 m PIC, 565 m B, NWP PIC, NWP

143Nd/144Nd(t) 0.512759 0.512701
eNd(t) +4.0 +2.9
87Sr/86Sr(t) 0.70639 0.70826 0.70495 0.70450 0.70626 0.70444

0.70458*

206Pb/204Pb(t) 18.796 18.608
207Pb/204Pb(t) 15.630 15.605
208Pb/204Pb(t) 39.064 38.879

Notes: eNd(0) = 0 today corresponds to 143Nd/144Nd = 0.512640; eNd(t) = 0 at 66 Ma corresponds to 143Nd/144Nd = 0.512555. All Sr-isotopic work was at
University of Rome, except for D81, where the ratio obtained at Rome (0.70458) differs slightly from that obtained at University of Hawaii (0.70444) by
Melluso et al. (2006); the latter is preferred.
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the latter obtained with the SINCLAS program of Verma
et al. (2002), which has been developed to comply with
IUGS nomenclature and also provides a standard rock
name for each sample. The Middlemost (1989) option pro-
vided within SINCLAS was used for dividing the iron into
ferrous and ferric iron. The Pavagadh data (Fig. 2) plot in
the basalt and rhyolite fields, with one picrite and one
dacite, on the total alkali–silica (TAS) diagram (Le Bas
et al., 1986). Here, most data also plot below the alkalic–
subalkalic boundary (heavy line) of Irvine and Baragar
(1971), showing that most of the lavas are subalkalic
(Fig. 2). Greenough et al. (1998) called the suite mildly
alkalic, using plots such as the Zr–TiO2 plot of Floyd
and Winchester (1978). Not only does this plot shows a
large overlap between tholeiitic and alkali basalts, but
Greenough et al.’s data points could belong to either cate-
gory (see their Fig. 3). Most important, alkalic or subalka-
lic nature of volcanic rocks must be determined purely on
the basis of total alkali and silica contents (see also Sheth
et al., 2002). As seen in Fig. 2, the TAS diagram, most sam-
ples of Greenough et al. (1998) (recalculated on an anhy-
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Fig. 2. The Pavagadh data (this study and Greenough et al., 1998) on the
TAS diagram (Le Bas et al., 1986). The Western Ghats lavas (624 samples,
Beane, 1988) are shown for comparison (shaded area), as are the basanites
of Kachchh (Karmalkar et al., 2005). Curved line is the boundary between
alkalic and subalkalic rocks proposed by Irvine and Baragar (1971).
drous basis using SINCLAS) are subalkalic. All samples
of the present study are hypersthene-normative (1.74–
17.2%), and have variable normative olivine (up to
27.2%). The rhyolite and dacite are strongly quartz norma-
tive (up to 50.4% in the altered sample D99). Note that the
samples D97 (three-phenocryst basalt) and D81 (ankara-
mite) each have MgO > 12 wt%, and therefore are picrites
by the standard nomenclature (Le Bas, 2000). Both
are olivine- and clinopyroxene-phyric, with plagioclase
phenocrysts also abundant in D97. Olivine is usually
altered, and often has chromite inclusions. The ankaramite
D82 to the north of Pavagadh has also chromite, olivine,
and clinopyroxene phenocrysts, and is highly altered
(LOI = 9.84 wt%). Basalts are generally sparsely phyric,
with phenocrysts of plagioclase, clinopyroxene and
strongly altered olivine, in a pilotaxitic mesostasis rich in
opaque microlites, in addition to plagioclase and clinopy-
roxene. The basalt D79 has fresh Fe-rich olivines and an
ophitic texture with clinopyroxene enclosing olivine and
plagioclase, interstitial opaques and, unusually, phlogopite.

The pitchstone (sample D89) is very fresh and sparsely
phyric, with iddingsitized Fe-olivine, plagioclase, opaques,
pigeonite, and augite phenocrysts and microphenocrysts in
a glassy matrix. The tuffaceous rocks have textures similar
to those of pyroclastic flow deposits. The rocks are some-
times crystal-rich (mostly plagioclase), and pumice frag-
ments are frequently observed in the oriented, often
devitrified, glassy matrix with flow textures. Representative
analyses of the most important mineral phases found in the
Pavagadh rocks are plotted in Fig. 3, and full data tables
can be obtained from the authors. Olivine ranges from
Fo88 in the phenocryst cores in D97 to Fo49 in the D79
mesostasis. The pitchstone D89 has rare uniformly Fe-rich
olivines (Fo27–Fo28). Pyroxene in the basalts is Ca-rich,
close to diopside-salite (Ca46Mg47Fe7 to Ca46Mg27Fe27),
with variable but generally high, TiO2 (0.65–3.03 wt%).
Fe-augite (Ca36Mg31Fe32 to Ca46Mg27Fe27) and Fe-pigeon-
ite (Ca9Mg37Fe54 to Ca10Mg34Fe56) are present in the
pitchstone D89. Basalt-groundmass feldspars range from
An74 to anorthoclase and sodic sanidine (Or52Ab42An6).
Rhyolites have sodic plagioclase (An40) to anorthoclase
(Ab64Or24An6). The phlogopite in the basalt D79 is Mg-
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rich (21–22 wt% MgO) and has relatively high TiO2 (2.4–
4.4 wt%).

The salitic pyroxenes of the Pavagadh basalts indicate a
relatively alkalic affinity of the parental magmas, and differ
from the typical Ca-rich pyroxenes (augitic-ferroaugitic) of
the largely tholeiitic Deccan Traps (Fig. 3). This alkaline ten-
dency is also noted from the presence of anorthoclase in the
groundmass of the basalts and in the rhyolites. This is not to
say that the Pavagadh lavas are alkalic (by normative com-
position or on the TAS diagram), of course. The presence
of pigeonite in the rhyolites, and the complete absence of
pigeonite in the basalts is also noteworthy. Fe–Ti oxides
are present as Cr-rich spinels included in olivine, Ti-magne-
tites and ilmenites. The equilibration temperatures and oxy-
gen fugacities (Fig. 4) calculated using magnetite-ilmenite
analyses range from 1171 �C, 10�8.82 bars fO2 to 863 �C,
10�13.3 bars fO2 (X’Usp and X’Ilm recalculation methods
given in LePage, 2003). In comparison, Hari et al. (1991)
determined the higher-end range of 1040–1240 �C in the
form of homogenization temperatures for olivine-hosted
melt inclusions in some of these rocks (Hari et al., 1991).

6. Magmatic evolution

6.1. Partial melting

Melluso et al. (2006) have recently provided an elemen-
tal and isotopic study of the picritic or high-MgO
(P10 wt%) basalts and picrites of Gujarat, including the
picritic lavas at Pavagadh (D97 and D81). Such high-
MgO rocks (picrites and ankaramites) can be primitive
(high-MgO) liquids formed by melting of mantle rocks at
high temperature and pressure, which evolve to basaltic
magmas by pronounced olivine ± clinopyroxene fraction-
ation (e.g., Cox, 1980). More commonly, they are the prod-
ucts of accumulation of olivine ± clinopyroxene in basaltic
liquids. Considerations of olivine-liquid and clinopyrox-
ene-liquid equilibria using whole-rock geochemical and
mineral chemical compositions help to distinguish the
two situations. It is known, thus, that whereas the picrites
and picritic basalts of the Western Ghats are normal
evolved basalts enriched in cumulus olivine and clinopy-
roxene (Beane and Hooper, 1988; Sheth, 2005), those of
the Saurashtra peninsula and Pavagadh, and some encoun-
tered in the Narmada region, represent near-primitive
liquid compositions (West, 1958; Krishnamurthy and
Cox, 1977; Melluso et al., 1995, 2006; Peng and Mahoney,
1995; Krishnamurthy et al., 2000). Melluso et al. (2006)
report that the Sr–Nd–Pb isotopic compositions of the
Pavagadh picrites are very similar to those of picritic bas-
alts in Saurashtra. They modeled the incompatible element
patterns of these estimated primitive liquids using a primi-
tive mantle source and a non-fractional melting model.
They assumed that melting of this primitive mantle source
started in the garnet facies, and the melts of both garnet
and spinel facies mixed variably to form the calculated
melts. The Pavagadh picrites, with high TiO2, appear to
contain 23–42% of the total melt from garnet lherzolite,
and Melluso et al. (2006) estimate the total percentage of
partial melting to be between 4.8% and 6.2% for these
rocks.
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6.2. Closed-system fractional crystallization

Fig. 5 shows the chemical variation in some of the
important elements with MgO. The mafic lavas have a sig-
nificant range of variation, with MgO varying from 15 to
4 wt%. Correspondingly, Al2O3 increases from 11 to
17.5 wt%, SiO2 from 44 to 51 wt%, and TiO2 increases up
to 3.5 wt%. Fig. 6 shows the chemical variation in the
sequence against stratigraphic height. High concentrations
of Ba and other elements are encountered in the evolved
lavas.

Major element mass balance calculations (with the pro-
gram XLFRAC, Stormer and Nicholls, 1978) allow the
transition from magmas such as D81 and D97 to evolved
basalts through moderate (42–67%) fractionation of assem-
blages dominated by clinopyroxene and olivine, with lower
amounts of plagioclase and oxides (Table 5). The transition
from evolved basalts to rhyolites was modeled through
fractionation of assemblages dominated by relatively sodic
plagioclase (roughly half of the crystal extract), with a sig-
nificant contribution of clinopyroxene and oxides (Table
5). Apatite and Fe-rich olivine are minor. As a result, the
evolved rhyolites can be produced after 84–89% total frac-
tionation of a solid with the composition of an olivine
gabbro.
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The Sr-isotopic compositions of basalts and rhyolites
(Table 4), however, make closed-system fractional crystal-
lization untenable. Open-system processes must be invoked
in a small but significant degree, besides fractional crystal-
lization, to explain the evolved rocks.

6.3. Assimilation and fractional crystallization (AFC)

The process of concurrent assimilation and fractional
crystallization (AFC, DePaolo, 1981) is more realistic than
simple fractional crystallization or bulk mixing, as the heat
required for assimilation of contaminant can be supplied
by the latent heat of crystallization of the magma (Bowen,
1928). Effects of AFC are often significantly different from
those of bulk mixing. In the latter, the concentration of an
element in the magma changes in the direction of that in
the contaminant, but not necessarily so in AFC, where
the change in concentration of residual magma depends
not only on the concentration of that element in the con-
taminant and the degree of contamination, but also the
degree of fractional crystallization and the concentration
of the element in the fractionation assemblage.

AFC modeling was performed for the Pavagadh basalts
and rhyolite in terms of Sr concentrations and 87Sr/86Sr
ratios (Fig. 7), using two distinct crustal contaminants
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and a single starting picritic magma (D97, with
Sr = 297 ppm, 87Sr/86Sr = 0.70450) for each. It was found
that a two-stage AFC process with either contaminant
explains the data quite well.
6.3.1. AFC Model 1

In this model (Fig. 7a) the crustal end member is a
southern Indian granite (Peucat et al., 1989) with
Sr = 160 ppm and 87Sr/86Sr = 0.7258. The generation of
the final evolved liquid (rhyolite D89, with Sr = 192 ppm
and 87Sr/86Sr = 0.70826) was achieved in two stages. Dur-
ing the first stage, the basalt magma D97 was contaminated
by the granite and simultaneously underwent fractional
crystallization (bulk partition coefficient for Sr,
DSr = 0.51) to produce the evolved basalt magma D79,
with Sr = 510 ppm and 87Sr/86Sr = 0.70626. The value of
r (the ratio of the rate of assimilation to the rate of frac-
tional crystallization, DePaolo, 1981) is 0.15, and D79 rep-
resents a residual liquid (F = 0.321) left after 67.9%
crystallization of the starting D97 magma. This value of
F was determined from DePaolo’s (1981) equation for iso-
topic ratio, using the value of the parameter z = (r + D�1)/
(r�1) (see Sheth and Ray, 2002).

During the second stage, D79 was contaminated by the
same granite and simultaneously fractionated (DSr = 1.8)
to produce the rhyolite D89. The value of r is 0.18, and
D89 represents a residual liquid (F = 0.403) left after
�59.7% fractional crystallization of the D79 magma. The
figure also shows that the rhyolite D87 (Sr = 165,
87Sr/86Sr = 0.70639) can be derived by nearly pure frac-
tional crystallization of the basalt D79.
6.3.2. AFC Model 2

In this model (Fig. 7b) the crustal end member is a wes-
tern Indian granite with Sr = 145 ppm and
87Sr/86Sr = 0.7690 (Gopalan et al., 1979). This granite out-
crops at Godhra (Fig. 1), only �50 km NNE of Pavagadh.
The generation of the final evolved liquid (rhyolite D89,
with Sr = 192 ppm and 87Sr/86Sr = 0.70826) was achieved
in two stages. During the first stage, the basalt magma



Table 5
Mass balance calculations for closed-system fractional crystallization

From to ol cpx Cr-Al-sp pl
P

R2 % Removed solid

D81 D156 36.8 40.3 4.3 18.5 100.0 0.15 50.7
D81 D79 32.7 45.1 4.8 17.4 100.0 0.31 52.9
D81 D80 33.2 33.8 5.6 27.4 100.0 0.33 67.1
D81 D84 37.7 35.4 2.8 24.1 100.0 0.15 53.0
D97 D79 37.8 33.0 9.2 20.1 100.0 0.12 42.1

ol cpx Sp pl

D97 D80 38.1 18.2 5.5 38.1 100.0 0.25 62.8
D97 SH92 33.8 22.2 5.5 38.5 100.0 0.32 63.7

Fe-ol cpx sp Na-pl ap

D80 D89 2.6 36.1 11.9 48.0 1.4 100.0 0.63 70.3
D84 D89 9.7 28.2 11.3 50.0 0.9 100.0 0.53 86.2

From to ol cpx sp pl ap % Removed solid

D81 D80 22.3 22.7 3.7 18.4 67.1
D80 D89 1.8 25.4 8.3 33.7 1.0 70.3
D81 D89 22.7a 28.6 5.7 26.2 0.2 83.4 16.6 Residual liquid
D81 D84 20.0 18.8 1.5 12.8 53.0
D84 D89 8.3 24.3 9.7 43.1 0.8 86.2
D81 D89 23.4b 28.6 5.4 30.2 0.3 87.9 12.1 Residual liquid
D97 D80 24.0 11.5 3.5 24.0 62.8
D80 D89 2.6 36.1 11.9 48.0 1.4 100.0
D97 D89 25.0c 24.9 7.9 41.8 0.5 100.0

a 22.7 = 22.3 + 1.8 (1–0.671)* 0.703.
b 23.4 = 20.0 + 8.3 (1–0.53)* 0.862.
c 25.0 = 24.0 + 2.6 (1–0.628)* 1.00.
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D97 was contaminated by the granite and simultaneously
underwent fractional crystallization (bulk partition coeffi-
cient for Sr, DSr = 0.51) to produce the evolved basalt
magma D79, with Sr = 510 ppm and 87Sr/86Sr = 0.70626.
The value of r is 0.06, and D79 represents a residual liquid
(F = 0.326) left after 67.4% crystallization of the starting
D97 magma. During the second stage, D79 was contami-
nated by the same granite and simultaneously fractionated
(DSr = 1.8) to produce the rhyolite D89. The value of r is only
0.055, and D89 represents a residual liquid (F = 0.328) left
after 67.2% fractional crystallization of the D79 magma.
Note that bulk mixing of a D97 magma with either the south
Indian or the western Indian granite contaminant cannot
explain the compositions of the lavas (Fig. 7a and b).

Alexander (1981) reported a high 87Sr/86Sr ratio of
0.7111 in the Pavagadh rhyolite and correctly argued for
the involvement of the continental crust, but did not men-
tion from where the sample came (the summit lava, or the
rhyolite blocks that lie scattered on the lower slopes of the
mountain, probably a separate eruption). No attempt is
therefore made here to explain his isotopic value.
6.4. Degree of crustal contamination

DePaolo (1981) defined the parameter r as the ratio of
the rate of assimilation (mass assimilated per unit time)
to the rate of fractional crystallization (mass fractionated
per unit time). His AFC modeling and equations do not
yield a value for the degree or amount of contamination,
however. Sheth and Ray (2002) extended the scope of the
AFC modeling by deriving a mathematical expression for
the degree of contamination (C), which is: C% = r (1�F)/
(1�r). They meant, by degree of contamination at any
given instant, the ratio of the mass of total assimilated
material to the initial mass of the magma as at that instant.
Using this equation, the degree of crustal contamination
suffered by the residual liquids D79 and D89 was calcu-
lated, for either contaminant. All that is required is values
of r and F represented by a particular residual liquid. With
the southern Indian granite as the contaminant (Fig. 7a),
the equation of Sheth and Ray (2002) yields a contamina-
tion value of 11.98% in the production of the basalt D79
from the picrite D97, and a contamination of 13.10% in
the production of the rhyolite D89 from the basalt D79.
On the other hand, with the western Indian granite as the
contaminant (Fig. 7b), the equation yields a contamination
value of 4.30% in the production of the basalt D79 from
the picrite D97, and a contamination of 3.91% in the pro-
duction of the rhyolite D89 from the basalt D79. The per-
centage contamination implied or required by the residual
liquids D79, or D89, with the western Indian granite as a
contaminant is significantly less (�4%) than that with the
south Indian granite (12–13%). This is clearly because of
the much higher 87Sr/86Sr ratio of the western (0.7690) than
the southern (0.7258) Indian granite. Sr concentration also
obviously is a factor, but not in this specific case as both
granites differ by only �10% in their Sr concentration
(145 vs. 160 ppm).
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7. Geochemical comparisons and stratigraphic correlations

of the Pavagadh lavas

Geochemical comparisons and geochemical strati-
graphic correlations across the Deccan province, that are
now routinely performed (Peng et al., 1998; Mahoney
et al., 2000; Sheth et al., 2004a; Bondre et al., 2006) have
combined three or all of the following four approaches:
(i) binary plots of incompatible element concentrations
and concentration ratios, (ii) comparison of the primitive-
mantle-normalized multielement patterns of the samples
with patterns of the southwestern lavas, (iii) comparison
of Sr–Nd–Pb isotopic ratios, and (iv) discriminant function
analysis employing major elements and several commonly
analyzed trace elements. The same approach is followed
here.

7.1. Binary discrimination diagrams

A useful tabulated summary of key element (Sr, Ba),
element ratio (Ba/Y, Zr/Nb), and Sr-isotopic ranges of
various formations making up the Western Ghats stratig-
raphy can be found in Mitchell and Widdowson (1991).
Fig. 8 compares element concentrations and concentra-
tion ratios in the Pavagadh basalts and picrites to those
of the Western Ghats formations (624 samples, Beane,
1988), the Bhuj basanites (Karmalkar et al., 2005), the
high-Nb-Ba Toranmal lavas (Mahoney et al., 2000), as
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well as the basalts exposed between Barwani and Mhow
(Sreenivasa Rao et al., 1985). The Pavagadh rocks are
clearly separated from the Western Ghats formations
on a plot of Nb vs. Zr (Fig. 8a). The Pavagadh basalts
have Zr values comparable to or slightly higher than that
of many Western Ghats basalts, but their Nb values are
considerably higher, like those of a few flows at Toran-
mal section for example. Mahoney et al. (2000) could
not correlate these Toranmal lavas to the Western Ghats
lavas.
The Nb/Zr ratio changes little even during extreme sub-
aerial alteration, due to both elements having approxi-
mately similar mobilities, and is therefore one of the
most useful in petrogenetic interpretations and geochemi-
cal comparisons of altered Deccan basalts, and in fact even
the laterites derived from them (e.g., Mitchell and Widdow-
son, 1991; Widdowson and Cox, 1996). The Mahabalesh-
war Formation basalts have the highest Nb/Zr ratios
among the Western Ghats lavas, but the Pavagadh basalts
have still higher values. Notably, the Pavagadh and
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Western Ghats basalt lavas have the same range of Mg
Number (Fig. 8b), though their near-total separation in
terms of Nb/Zr is evident in Fig. 8b, the Pavagadh samples
having systematically higher values (>0.15) than the Wes-
tern Ghats lavas (mostly 0.05–0.10). Fig. 8c is a plot of
Nb/Zr vs. Ba/Y. Y is also resistant to alteration, and Sr
and Ba are much less mobile than K or Rb; however, with
advanced alteration, Si, Ca, P, Ni, Sr, Y, Ba, and the REE
are all modified relative to elements such as Al, Nb, Zr, Fe,
Cr, and Ti (e.g., Widdowson and Cox, 1996; Mahoney
et al., 2000). Both Nb/Zr and Ba/Y ratios are also rela-
tively insensitive to fractional crystallization of minerals
common in basaltic liquids. The Pavagadh samples also
have Ba/Y ratios higher than the Western Ghats lavas,
except a few Khandala Formation lavas. The same clear
separation of the Pavagadh basalts from almost all the
Western Ghats lavas persists on a plot of Sr vs. Nb/Zr
(Fig. 8d). Thus, the Pavagadh basalts, though mostly
sub-alkalic and as evolved as the Western Ghats lavas,
have unusually high Nb concentrations and Nb/Zr ratios,
and these characteristics cannot be explained by variable
amounts of fractional crystallization or subaerial alter-
ation. Nb is a strongly incompatible element, with Zr only
slightly less so. Based on these key element and element
ratio plots, none of the Pavagadh section basalts can be
grouped with any of the Western Ghats formations includ-
ing the uppermost Panhala Formation. Despite having the
same (normal) magnetic polarity as the upper Pavagadh
basalts, all Panhala lavas have Sr < 200 ppm, Ba < 90
ppm, and TiO2 < 2.3 wt% (Lightfoot and Hawkesworth,
1988; Lightfoot et al., 1990; Mitchell and Widdowson,
1991). Most Pavagadh basalts have Sr and Ba values of
400–500 ppm, and TiO2 values well over 2.5 wt% (Tables
2 and 3).

A thorough geochemical comparison of the Pavagadh
basalts to the basalt lavas forming sizeable sections
between Barwani and Mhow (Fig. 1) cannot be attempted,
because published geochemical data for these latter are lim-
ited to the major oxides and Ba, Sr and Zr contents (Sree-
nivasa Rao et al., 1985); no isotopic data exist. (No direct
correlations of these sections to the Western Ghats have
been possible either.) Fig. 8e and f compare the Ba-Sr-Zr
contents of the Pavagadh, the Satpura-Narmada, and the
Western Ghats lavas, and show that the Pavagadh basalts
cannot be correlated with any of these basalts in terms of
these three elements combined.

7.2. Normalized multielement patterns

Fig. 9a shows the primitive-mantle-normalized multiele-
ment patterns for some of the Pavagadh lavas. The Pava-
gadh picrites D81 and D97 have patterns closely similar
to the central Saurashtra picrite D44 analyzed by Melluso
et al. (1995). The patterns resemble those of ocean island
basalts, and the Mahabaleshwar Formation pattern is
broadly similar. The basanites of Kachchh (Karmalkar
et al., 2005) have patterns that are very similar in shape,
though displaced at higher incompatible element contents,
thus suggesting similarity in the mantle source signature.

Fig. 9b shows the primitive-mantle-normalized multiele-
ment patterns of two of the Pavagadh basalts. The patterns
of the basalts D158 and D79 are steeply sloping to the
right, and are therefore easily distinguished from those of
the Ambenali and Mahabaleshwar Formations. The basalt
patterns are similar to the Khandala Formation basalt pat-
terns, and yet there are significant differences, especially in
Ba and the heavier elements, so that the patterns cross. It is
safe to conclude on the basis of multielement patterns, that
the Pavagadh basalts do not closely resemble any of the
Western Ghats formations or members or individual lava
flows.

7.3. Discriminant function analysis

Discriminant function analysis would not be helpful in
the present case, given the very clear separations between
the Pavagadh and the Western Ghats lavas in many ele-
ments, element ratios, and multielement patterns. The anal-
ysis was nevertheless executed twice (the first run using the
major oxides SiO2, Al2O3, Fe2O3, FeO, CaO, MgO, K2O,
and P2O5, and the second using the trace elements Ni, V,
Ba, Rb, Sr, Zr, Y, and Nb), following exactly the method-
ology of recent workers who have found it useful or extre-
mely useful ( Peng et al., 1998; Mahoney et al., 2000; Sheth
et al., 2004a; Bondre et al., 2006). As expected, both runs
yielded zero probability of any of the Pavagadh lavas being
grouped with any of the Western Ghats formations. The
tabulated results are available from the authors.

8. Discussion

It is evident that the Pavagadh section is chemically and
genetically unrelated to the Western Ghats lava pile, and to
sections in the north and northeast of the province (where
thick lava piles closely resemble the Western Ghats lava
pile, in the elements and also Nd–Sr isotopes and some-
times Pb isotopes, Peng et al., 1998). In no way does this
reduce the value of chemostratigraphy or magnetic polarity
stratigraphy as correlation tools, of course. Rather, it
appears that separate but possibly coeval eruptive centers,
with their own distinctive chemistries, developed in differ-
ent areas.

A few basalts in the northwest have characteristics such
as high Nb concentrations resembling the Pavagadh basalts
(e.g., the Anjar basalts, with Nb from 19 to 64 ppm, Shukla
et al., 2001). The Navagam basalts exposed on the Nar-
mada River (Mahoney et al., 1985; Melluso et al., 1995)
are also notable in having such uniformly high Nb concen-
trations. In contrast, only a few flows of the Toranmal sec-
tion (Mahoney et al., 2000), Rajpipla (Krishnamurthy and
Cox, 1980; Mahoney et al., 1985; Melluso et al., 1995) and
Mhow (Peng et al., 1998) have such high (P30 ppm) Nb
values. It is noteworthy here that the few high-Nb
Toranmal flows also could not be correlated with any of
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the Western Ghats formations or lavas on the basis of com-
bined multielement and statistical methods (Mahoney
et al., 2000). Notably, published Nb values for basalts of
the Western Ghats are all <30 ppm, the highest being
known in the Mahabaleshwar Formation (Kolhapur Unit,
Lightfoot et al., 1990). By comparison, basanites of
Kachchh, northwest Deccan, contain 38–100 ppm Nb
and 418–1783 ppm Ba; these are, of course, alkalic and
highly silica-undersaturated rocks (SiO2 = 40.39–43.69%;
Fig. 2). The picrites and the basanites could be the products
of somewhat different degrees of partial melting of similar
‘‘enriched’’ mantle sources, located below western India in
late Cretaceous time (Melluso et al., 1995).

As also seen, the available geochemical and Sr-isotopic
data for the Pavagadh sequence are consistent with a
two-stage AFC process involving a picritic starting magma
and either of two granite contaminants. During AFC,
residual liquids become progressively more contaminated
as they evolve by fractional crystallization, and such
magma suites show a negative correlation between indices
of crustal contamination (such as 87Sr/86Sr) and of frac-
tional crystallization (e.g., Mg Number). On the other
hand, the dramatically different mechanism of tempera-
ture-controlled assimilation (more primitive magmas expe-
riencing systematically greater amounts of contamination
due to being hotter) has been well known from the Western
Ghats, particularly the Bushe and Poladpur Formation
lavas (e.g., Devey and Cox, 1987; Lightfoot and Hawkes-
worth, 1988; Mahoney, 1988). This is another line of evi-
dence suggesting that the Pavagadh sequence should be
viewed outside of the Western Ghats stratigraphic
framework.

No Ar–Ar age data exist for the Pavagadh rocks, and
the only absolute ages in the literature are K–Ar ages of
�66 Ma obtained by Kaneoka and Haramura (1973) on
a basalt and ankaramite. The authors did not specify their
locations or sampling heights, but noted on the basis of
their hydrated nature of the samples (H2O+ � 2.2 wt%)
that the K–Ar ages should be considered minimum ages.
The Pavagadh lavas then probably belong to the early
phases of Deccan Trap volcanicity. Even if future Ar–Ar
age data on Pavagadh rocks fall within the age bracket
of eruption of the Western Ghats lavas (itself the matter
of considerable debate, see e.g., Kaneoka, 1980; Courtillot
et al., 1986; Wensink, 1987; Hofmann et al., 2000; Pande,
2002), the differences in geochemistry and magnetic polar-
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ity between the Pavagadh and the Western Ghats lavas
convincingly rule out any relationship between the two.
The normally magnetized Pavagadh sequence is probably
older than the Jawhar Formation, the oldest in the Western
Ghats stratigraphy (Table 1). Feeder dykes for the Pava-
gadh sequence should be sought, and these may outcrop
in the Rajpipla-Navagam region.

The trace element ratios, and rare earth element patterns
show at least three different magma types in the area
between Pavagadh, Saurashtra to the northwest, and the
central Deccan: (1) low-Zr/Y basalts (Zr/Y=2.9–5.3, aver-
age 3.7 ± 2.0, 2r error) have slightly fractionated light-
REE patterns, with flat heavy REE patterns, and abun-
dances lower than 60X chondrite; (2) moderate-Zr/Y bas-
alts (Zr/Y=3.9–5.7, average 4.7 ± 1.2, 2r), have
moderately fractionated REE patterns, with abundances
lower than 100X chondrite, and (3) high-Zr/Y basalts
(Zr/Y=5.9–8.2, average 6.5 ± 1.6, 2r), with highly frac-
tionated REE patterns. The mantle normalized diagrams
also show that the rocks with flat heavy REE patterns have
negative Nb peaks, whereas the high-Zr/Y basalts have
peaks at Nb. The Pavagadh basalts have some of the most
‘‘enriched’’ trace element compositions among the various
basalt types of the Deccan province.

The relatively high initial 87Sr/86Sr ratios (0.7064 and
0.7083) of Pavagadh rhyolites indicate open-system pro-
cesses, with a small chemical contribution from the conti-
nental crust, and allow an evaluation of the role of
crustal melting in the genesis of the silicic rocks of the Dec-
can province as a whole. Whereas Lightfoot et al. (1987)
argued that the rhyolites and trachytes of Bombay
(Fig. 1), on the west coast, were products of fractional crys-
tallization of basaltic magmas or partial melting of deep-
seated basalt piles, Sheth and Ray (2002) developed an
assimilation–fractional crystallization (AFC) model for
these rocks in terms of their Sr-concentrations and Sr-iso-
topic compositions, using the same western Indian granite
contaminant as used here. Chatterjee and Bhattacharji
(2001, 2004) have also argued for significant crustal
involvement, based on geochemical criteria, in the genesis
of the silicic rocks of eastern and southern Saurashtra.
Overall, therefore, the genesis of silicic rocks in the Deccan,
the Pavagadh rhyolites included, appears to have involved
at least some anatexis of the basement crust, and this may
be a necessary consequence of the heat conducted and
advected into the crust by large volumes of mafic magma
ponded at the base of the crust and periodically passing
through it (Cox, 1980).

9. Conclusions

Much of the �550-m thick exposed section on Mount
Pavagadh, Deccan Traps, is made up of subalkalic basalts
rich in incompatible elements (especially Nb and Ba), and
Sr. Rhyolite-dacite flows and pyroclastic rocks also occur
at the top of the sequence. The 87Sr/86Sr ratios and chem-
ical characteristics of the Pavagadh rhyolites suggest a
small but significant involvement of the granitic basement
crust in their genesis. An assimilation-fractional crystalliza-
tion (AFC) model involving the picrite lava and granitic
crustal contaminants explains the geochemical and Sr-iso-
topic variation in the basalts and the rhyolites quite well.
Systematic comparison of the lavas to the well-established
lava stratigraphy of the Western Ghats, several hundred
kilometers to the south, reveals that no chemical–genetic
relationship is possible between the two. A few sections
close to Pavagadh, such as Toranmal and Navagam, show
a few to many flows with similar chemical characteristics,
but no straightforward correlations are achievable between
the Pavagadh sequence and the sequences in the Toran-
mal–Navagam–Barwani–Mhow region, especially if their
magnetic polarities are also considered. The new geochem-
ical data on the compositionally varied Pavagadh volcanic
suite are significant in understanding similarly diverse lava
sequences elsewhere, the evolution of silicic lavas in flood
basalt provinces, as well as the regional stratigraphy of
the Deccan Traps, where large individual areas seem to
have developed magmatic systems and lava piles with their
own distinctive chemical and/or isotopic signatures.
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Sheth & Melluso 2008: Additional data tables not in the published paper 
Table. Selected feldspar analyses from the Pavagadh volcanic suite 
feldspars SiO2 Al2O3 FeO CaO Na2O K2O Sum An% Or% Ab% 
D81 C 51.96 30.03 0.69 12.65 3.98 0.33 99.6 62.5 1.9 35.6 
D81 Int 65.09 19.88 0.32 1.16 5.60 7.91 100.0 5.6 45.5 48.9 
D81 C 49.11 32.02 0.58 14.94 2.81 0.21 99.7 73.7 1.2 25.1 
D81 R 49.90 31.37 0.61 14.24 3.19 0.22 99.5 70.2 1.3 28.5 
D81 Gm 55.57 27.78 0.46 9.69 5.67 0.59 99.8 46.9 3.4 49.7 
D97 Int 50.07 31.12 1.03 13.93 3.33 0.30 99.8 68.6 1.8 29.7 
D97 Int 55.13 26.72 0.86 9.18 4.65 3.46 100.0 42.3 19.0 38.8 
D97 Int 56.29 26.64 0.92 8.84 5.96 1.07 99.7 42.3 6.1 51.6 
D97 Int 53.66 28.68 1.03 11.16 4.79 0.47 99.8 54.7 2.7 42.5 
D97 C 51.26 30.64 0.64 13.38 3.63 0.33 99.9 65.8 1.9 32.3 
D97 R 58.38 25.00 0.72 7.00 6.35 2.09 99.5 33.4 11.9 54.8 
D97 Int 54.90 27.53 1.43 9.93 5.39 0.50 99.7 49.0 2.9 48.1 
D97 Int 51.23 30.67 0.65 13.38 3.65 0.30 99.9 65.8 1.8 32.5 
D79 Mic 52.30 29.91 0.70 12.58 4.06 0.33 99.9 61.9 1.9 36.2 
D79 Mic 49.59 31.21 1.13 14.11 3.28 0.24 99.6 69.4 1.4 29.2 
D79 Mic 63.85 20.86 0.32 2.35 6.11 6.05 99.5 11.4 35.0 53.6 
D79 Mic 51.75 29.90 0.86 12.66 3.96 0.34 99.5 62.6 2.0 35.4 
D79 Mic 53.97 28.71 0.88 10.99 5.07 0.25 99.9 53.7 1.5 44.8 
D79 Mic 57.62 26.04 0.56 8.06 6.28 0.98 99.5 39.1 5.7 55.2 
D79 Mic 64.94 19.81 0.29 1.23 4.79 8.95 100.0 6.0 51.8 42.2 
D79 Mic 63.00 21.63 0.48 3.06 6.09 5.57 99.8 14.8 32.0 53.2 
D79 Mic 64.92 19.72 0.41 1.29 5.01 8.64 100.0 6.2 49.8 43.9 
D89 C 59.08 25.35 0.33 7.07 6.87 1.08 99.8 34.0 6.2 59.8 
D89 M 58.45 25.80 0.37 7.69 6.58 1.01 99.9 37.0 5.8 57.2 
D89 R 59.63 25.00 0.39 6.67 7.06 1.17 99.9 32.0 6.7 61.3 
D89 Mic 59.17 25.11 0.39 6.64 6.91 1.36 99.6 32.0 7.8 60.2 
D89 C 57.71 26.48 0.34 8.38 6.32 0.79 100.0 40.4 4.5 55.1 
D89 C 59.20 25.30 0.33 6.92 6.98 1.14 99.9 33.1 6.5 60.4 
D89 C 60.48 24.45 0.33 5.94 7.29 1.52 100.0 28.4 8.6 63.0 
D89 C 59.39 25.10 0.37 7.11 6.90 1.05 99.9 34.1 6.0 59.9 
D89 C 59.13 25.44 0.35 7.25 6.81 0.98 100.0 35.0 5.6 59.4 
D89 C 57.85 26.29 0.40 8.29 6.30 0.79 99.9 40.2 4.6 55.3 
D89 R 64.03 21.13 0.55 2.49 7.21 4.17 99.6 12.1 24.2 63.6 

Note: C = core of phenocryst; R = rim of phenocryst; Int = interstitial; Gm = groundmass; Mic = microlite.  
 
Table. Selected olivine analyses from the Pavagadh volcanic suite 
Olivines  SiO2 FeO MnO MgO CaO Sum Fo% Fa% 
D97 C 38.60 22.57 0.32 38.59 0.36 100.4 75.3 24.7 
D97 R 37.23 27.61 0.48 33.95 0.33 99.6 68.7 31.3 
D97 C 40.50 11.48 0.19 47.30 0.37 99.8 88.0 12.0 
D97 R 37.81 25.41 0.48 36.00 0.33 100.0 71.6 28.4 
D97 C 39.91 12.95 0.18 46.29 0.35 99.7 86.4 13.6 
D81 C 38.98 17.56 0.26 42.04 0.38 99.2 81.0 19.0 
D81 R 39.30 17.16 0.28 42.72 0.38 99.8 81.6 18.4 
D81 C 39.90 14.16 0.2 45.21 0.34 99.8 85.1 14.9 
D79 C 35.40 38.16 0.49 25.6 0.29 99.9 54.5 45.5 
D79 Mic 34.65 40.26 0.64 23.35 0.23 99.1 50.8 49.2 
D79 C 35.52 36.88 0.58 26.3 0.31 99.6 56.0 44.0 
D79 R 35.59 38.08 0.62 25.87 0.24 100.4 54.8 45.2 
D79 Mic 35.10 38.84 0.53 24.82 0.21 99.5 53.2 46.8 
D79 Mic 34.56 41.96 0.73 22.21 0.26 99.7 48.5 51.5 
D79 Mic 36.01 34.43 0.48 28.47 0.36 99.8 59.6 40.4 
D79 Mic 35.11 39.58 0.75 24.27 0.26 100.0 52.2 47.8 
D79 R 34.50 41.24 0.67 22.59 0.23 99.2 49.4 50.6 
D79 Mic 34.76 41.42 0.69 22.89 0.18 99.9 49.6 50.4 
D79 C 36.26 32.62 0.55 29.94 0.34 99.7 62.1 37.9 
D79 R 36.23 34.49 0.58 27.88 0.39 99.6 59.0 41.0 
D79 C 35.66 37.97 0.62 25.38 0.28 99.9 54.4 45.6 
D89 C 32.46 54.59 1.71 11.75 0.29 100.8 27.7 72.3 
D89 R 32.33 54.88 1.81 11.34 0.31 100.7 26.9 73.1 
D89 R 32.16 54.81 1.85 11.12 0.32 100.3 26.6 73.4 
D89 C 32.00 53.81 1.72 11.57 0.28 99.4 27.7 72.3 
D89 R 32.14 54.36 1.79 11.38 0.33 100.0 27.2 72.8 
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Table. Selected pyroxene analyses from the Pavagadh volcanic suite 
 
pyroxenes SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O Cr2O3 Sum Ca% Fe*% Mg% Mg#
D81 C 49.96 1.01 3.64 5.37 0.13 15.96 22.38 0.18 0.53 99.16 45.8 8.8 45.4 83.8
D81 R 50.45 1.55 1.99 10.83 0.34 13.31 21.02 0.30  99.79 43.6 18.0 38.4 68.0
D81 Int 49.04 2.40 3.79 9.76 0.26 12.65 21.28 0.37  99.55 45.6 16.7 37.7 69.2
D81 Int 48.24 2.23 2.66 15.80 0.39 8.55 20.84 0.72  99.43 45.9 27.8 26.2 48.5
D81 Int 48.55 2.27 2.59 15.61 0.39 8.64 20.72 0.76  99.53 45.8 27.5 26.6 49.0
D81 C 50.26 1.29 3.03 7.23 0.16 15.06 21.89 0.24 0.13 99.29 45.0 11.8 43.1 78.4
D81 R 51.39 1.24 2.94 6.88 0.17 15.06 21.92 0.21 0.10 99.91 45.3 11.4 43.3 79.2
D81 M 50.07 1.08 3.70 5.63 0.13 15.65 22.07 0.25 0.66 99.24 45.7 9.3 45.0 82.9
D81 R 50.47 1.55 1.99 10.83 0.34 13.31 21.03 0.30  99.82 43.6 18.0 38.4 68.0
D81 R 48.69 1.82 3.88 9.51 0.20 14.06 20.93 0.26 0.09 99.44 43.5 15.7 40.7 72.1
D82 Mic 49.94 1.43 3.57 6.49 0.14 15.11 22.10 0.26 0.44 99.48 45.8 10.7 43.5 80.2
D82 C 50.56 1.33 3.44 6.02 0.13 15.69 21.94 0.19 0.17 99.47 45.2 9.9 44.9 82.0
D82 R 45.69 2.94 7.21 8.06 0.17 12.89 21.59 0.35 0.34 99.24 47.0 14.0 39.0 73.6
D82 Gm 50.41 1.49 3.46 7.11 0.15 15.40 21.36 0.16 0.29 99.83 44.1 11.7 44.2 79.1
D82 Gm 47.86 2.41 5.26 7.86 0.17 13.76 21.61 0.23 0.26 99.42 46.0 13.3 40.7 75.3
D97 C 52.46 0.65 2.31 4.27 0.11 16.45 22.42 0.23 1.01 99.91 46.0 7.0 47.0 87.0
D97 R 51.04 1.29 2.50 7.94 0.19 15.11 20.91 0.23 0.24 99.45 43.3 13.1 43.5 76.8
D97 R 51.84 1.04 2.65 6.36 0.16 15.88 21.29 0.23 0.43 99.88 43.9 10.5 45.6 81.3
D97 C 50.87 1.24 3.35 7.06 0.17 15.23 21.02 0.27 0.44 99.65 43.9 11.8 44.3 79.0
D97 R 50.22 1.91 3.18 8.82 0.21 14.26 20.89 0.28  99.77 43.7 14.7 41.5 73.8
D97 Int 48.13 3.03 4.02 10.57 0.31 13.01 20.04 0.37  99.48 43.0 18.2 38.8 68.1
D97 Int 50.94 1.61 2.51 10.34 0.29 14.76 19.21 0.23  99.89 40.0 17.2 42.7 71.2
D97 Int 51.41 1.23 1.71 9.49 0.32 14.57 20.48 0.26  99.47 42.3 15.8 41.9 72.6
D79 C 51.37 1.51 1.86 9.32 0.26 14.84 20.25 0.32  99.73 41.9 15.4 42.7 73.4
D79 C 48.52 2.65 3.90 8.98 0.17 14.08 20.93 0.38  99.61 43.9 15.0 41.1 73.3
D79 R 48.53 2.31 3.59 10.41 0.25 13.54 20.40 0.42  99.45 42.9 17.5 39.6 69.4
D79 R 48.20 2.64 4.03 9.66 0.14 13.40 20.86 0.41  99.34 44.2 16.2 39.5 70.9
D79 R 47.43 2.55 4.04 10.48 0.19 13.43 19.99 0.41  98.52 42.5 17.7 39.7 69.2
D79 R 48.08 2.38 3.98 10.03 0.21 13.60 20.56 0.40  99.24 43.3 16.8 39.9 70.3
D79 C 50.83 1.54 1.94 9.17 0.19 14.47 21.27 0.29  99.70 43.7 15.0 41.3 73.4
D79 C 47.71 2.52 4.24 9.37 0.13 13.39 21.38 0.40 0.02 99.16 45.1 15.6 39.3 71.5
D79 Mic 49.96 1.48 2.12 12.56 0.19 12.87 19.75 0.51  99.44 41.5 20.8 37.6 64.3
D79 Mic 48.49 2.17 3.55 9.75 0.15 13.48 21.19 0.39  99.17 44.4 16.2 39.3 70.8
D79 Mic 48.17 2.45 3.99 9.70 0.14 13.50 21.16 0.37  99.48 44.4 16.1 39.4 71.0
D89 C 50.41 0.48 1.02 18.64 0.81 10.74 17.57 0.19  99.86 36.8 31.7 31.3 49.6
D89 C 50.08 0.48 0.92 18.46 0.82 10.69 17.85 0.18  99.48 37.4 31.4 31.1 49.7
D89 R 51.39 0.35 0.93 18.93 0.93 9.50 17.18 0.59  99.80 37.4 33.6 28.8 46.0
D89 C 50.23 0.36 0.53 31.77 1.23 12.05 4.13 0.34  100.64 8.9 54.8 35.9 39.4
D89 C 50.29 0.40 0.93 19.56 0.78 10.49 16.96 0.25  99.66 35.8 33.3 30.8 47.9
D89 C 50.06 0.48 0.88 19.29 0.69 10.23 17.54 0.24  99.41 37.0 32.8 30.0 47.7
D89 R 49.76 0.47 0.97 20.17 0.78 10.11 16.60 0.27  99.13 35.3 34.6 29.9 46.2
D89 C 49.94 0.37 1.02 20.31 0.81 10.30 16.48 0.21  99.44 34.8 34.7 30.3 46.5
D89 R 50.33 0.35 0.83 19.94 0.82 10.18 17.06 0.23  99.74 36.0 34.0 29.9 46.6
D89 C 50.41 0.33 0.98 19.42 0.83 9.90 17.32 0.24  99.43 36.9 33.6 29.4 46.6
D89 R 50.41 0.45 0.85 19.40 0.34 10.01 17.94 0.22  99.62 37.9 32.5 29.5 47.5
D89 Gm 51.07 0.41 0.85 19.93 0.90 10.40 16.73 0.24  100.53 35.2 34.1 30.5 47.1
D89 Gm 51.20 0.34 0.81 20.10 0.81 9.52 15.72 0.54  99.04 34.7 35.9 29.2 44.8

 
 
Table. Selected biotite analyses from the Pavagadh volcanic suite 
 
Biotites  SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Sum 
D79 Pec 41.50 4.36 11.80 9.01 0.09 20.79  0.85 9.67 98.10 
D79 Pec 42.92 4.22 12.01 8.86 0.01 20.92  0.80 10.10 99.80 
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Table. Selected magnetite, ilmenite, and chrome-spinel analyses from the Pavagadh volcanic suite 
 
Magnetites  TiO2 Al2O3 FeO MnO MgO Cr2O3 Sum Ulv Fe'' Fe''' Ti 
D79 Int 21.39 2.22 72.30 1.19 0.98  98.10 0.591 53.3 25.6 21.0 
D79 Int 24.49 2.29 69.76 1.22 1.05  98.80 0.673 56.2 19.8 24.0 
D89 Int 25.74 1.40 71.78 0.79 1.01  100.70 0.698 56.6 19.0 24.4 
D89 Int 24.75 1.64 72.49 0.92 0.87  100.70 0.671 55.9 20.6 23.5 
D89 Int 22.58 1.34 74.47 1.01 0.74  100.10 0.615 53.8 24.8 21.4 
             
Ilmenites  TiO2 Al2O3 FeO MnO MgO Cr2O3 Sum ilm    
D79 Int 49.76 0.19 46.27 0.64 3.56  100.40 0.911    
D79 Int 49.44 0.15 46.89 0.64 3.31  100.40 0.906    
D79 Int 49.17 0.04 45.40 0.49 3.48  98.60 0.918    
D79 Int 48.46 0.12 46.29 0.49 3.01  98.40 0.909    
D97 Int 48.15  47.11 0.62 2.85  98.70 0.901    
D97 Int 49.60  46.52 0.57 2.83  99.50 0.922    
             
Cr-spinels  TiO2 Al2O3 FeO MnO MgO Cr2O3 Sum     
D82 in ol 9.88 10.66 52.67 0.44 7.45 19.08 100.20 66.7 25.0   
D82 in ol 4.93 15.45 43.91 0.43 8.00 28.66 101.40 52.7 36.3   
D82 in ol 11.69 5.17 53.10 0.66 5.09 25.98 101.70 72.1 35.0   
D97 in ol 1.54 11.27 33.95 0.43 5.55 46.61 99.40 46.1 62.6   
D97 in ol 3.83 7.92 42.72 0.49 4.90 38.40 98.30 57.3 52.9   

 
 
 
Table. Results of discriminant function analysis for the mafic lavas of Pavagadh 
 

  RUN 1 RUN 2 
Sample Location Best 

match 
p M-

dist 
Fn 1 Fn 2 Best 

match 
p M-

dist 
Fn 1 Fn 2 

D92 705 m Mah 0.000 241 10.618 -2.220 Mah 0.000 165 8.059 2.340 
D93 685 m Mah 0.000 103 9.126 -2.379 Mah 0.000 136 8.066 2.676 
D94 665 m Mah 0.000 231 11.787 -1.893 Mah 0.000 137 8.014 2.483 
D95 645 m Mah 0.000 384 1.004 -9.038 Mah 0.000 314 12.309 0.012 
D96 580 m Mah 0.000 112 3.822 -6.250 Mah 0.000 96 8.882 -0.132 
D97 565 m Mah 0.000 116 10.156 1.672 Mah 0.000 86 4.139 3.177 
D98 480 m Mah 0.000 126 5.366 -5.247 Mah 0.000 184 8.846 0.465 

D157 390 m - - - - - - - - - - 
D158 390 m Mah 0.000 224 -0.299 -5.189 Mah 0.000 105 8.604 2.929 
D159 355 m Mah 0.000 181 -0.379 -6.836 Mah 0.000 113 9.411 0.984 
D160 325 m Mah 0.000 175 9.480 -0.205 Mah 0.000 151 3.171 0.562 

D79 NWP Mah 0.000 124 7.885 0.427 Mah 0.000 133 5.319 3.488 
D81 NWP Neral 0.000 96 8.769 1.305 Mah 0.000 75 3.411 2.476 
D80 NWP Mah 0.000 314 5.171 -10.150 Mah 0.000 416 10.121 -4.853 
D85 NP Mah 0.000 625 5.506 -10.235 Mah 0.000 674 10.391 -5.334 
D84 NP Mah 0.000 609 2.665 -13.045 Mah 0.000 524 16.110 -2.008 
D82 NP - - - - - - - - - - 
D83 NP Mah 0.000 181 8.048 -6.922 Mah 0.000 226 11.410 -0.196 

 
Notes: p = probability; M-dist = Mahalanobis distance; Mah = Mahabaleshwar Formation. Discriminant function 
analysis was carried out twice, with the following variables: RUN 1: SiO2, Al2O3, Fe2O3, FeO, CaO, MgO, K2O, 
P2O5, Ni, V, Ba, Rb, Sr, Zr, Y, Nb; RUN 2: Ni, V, Ba, Rb, Sr, Zr, Y, Nb. No results were obtained for D157 and 
D82 because data are not available for some of these elements. 
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