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Summary

Major element, trace element, Sr- and Nd-isotopes and mineral chemical data are
reported for alkaline rocks (lamprophyres, tephrites, melanephelinites, nephelinites and
nepheline syenites) cross-cutting the Deccan Trap lava flows south (Murud-Janjira area)
and north of Mumbai (Bassein). These rocks range from sodic to potassic and have a
large span in MgO (12-2 wt%). The lamprophyres have high content of incompatible
elements (e.g., TiO, > 3.8 wt%, Nb > 130 ppm, Zr > 380 ppm, Ba > 1200 ppm), and
relatively high initial (at 65Ma) '"**Nd/'**Nd (0.5128) and low *’Sr/*°Sr (0.7038-
0.7042). They are likely to be small-degree melts (2—-3%) of volatile- and incompatible
element-enriched mantle sources, similar to other alkaline rocks in the northern
Deccan, though slightly more potassium-rich. The nepheline-rich rocks have highly
porphyritic textures (up to 57% phenocrysts of diopside + olivine), and anomalously
low contents of incompatible elements (e.g., TiO, <1.3wt%, Nb <24 ppm,
Zr < 100 ppm) indicating that they could not represent liquid compositions. Moreover,
their very low initial '*Nd/'"*Nd ratios (0.5116-0.5120), at ®’Sr/3¢Sr=0.7045—
0.7049, are unusual in the rocks related to the Deccan Traps and identify a new end-
member in this province, that could be identified as ‘“‘Lewisian-type” lower crust
and/or enriched mantle. The melting episode that generated these alkaline rocks likely
occurred close to the base of the ca. 100 km-thick Indian lithosphere, very shortly after
the main eruption of the Deccan tholeiites.
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Introduction

The Deccan Traps are one of the largest continental flood basalt provinces formed
during the Gondwana break-up. The volcanic rocks cover an area of about half a
million square kilometers onland, with an estimated maximum thickness of about
4000 m (Peng et al., 1994). The age of the bulk of this volcanic province seems to
be well constrained at about 65-67 Ma ago (Allegre et al., 1999; Hofmann et al.,
2000 and references therein). The volcanic rocks form a succession of basaltic lava
flows of tholeiitic affinity with minor amounts of picrite basalts, basaltic andesites,
potassium-rich transitional basalts and more evolved rocks (cf. Mahoney, 1988;
Melluso et al., 1995; Peng et al., 1994; Mahoney et al., 1985; Peng and Mahoney,
1995). The flows are cross-cut by mafic dyke swarms, locally abundant in the
Narmada—Tapti rift and in the coastal area, which are almost coeval or only slightly
younger than the flows (Melluso et al., 1999 and references therein).

Rocks belonging to the alkaline clan, often associated with carbonatites are
minor in the Deccan province. They occur in the western and northern areas as
intrusive complexes and dykes, along the major rift zones in the Deccan Volcanic
Province: the east—west-trending Narmada—Tapti rift, with the neighbouring car-
bonatite-alkaline complexes of Amba Dongar and Phenai Mata, the northernmost
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Fig. 1. Sketch map of the Murud-Janjira area (redrawn after Sethna and D’Sa, 1991), with
location of the samples of this study. The main localities of Deccan-related alkaline
intrusions are shown in the inset
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complexes (e.g., Barmer, Mundwara, Sarnu Dandali), and the western coastal rifted
margin, west of the Panvel Flexure. In this latter area there are stray occurrences of
nepheline syenites at Jawhar and Murud, a nephelinite body that shows ijolitic,
melteigitic and pyroxenitic differentiates at Murud-Janjira and lamprophyres at
Trombay, Bassein, and close to Murud. In addition to the zones mentioned above
there are stray occurrences of alkaline rocks at Mount Girnar and neighbouring
areas in Saurashtra, and Bhuj, in Kutch (Fig. 1). Alkaline intrusions thought to be
related to the Deccan province have also been found in the Seychelles archipelago
(Devey and Stephens, 1992).

The alkaline rocks of the western coastal area have been found in scattered
outcrops close to Mumbai (Bassein, Trombay and Murud-Janjira; Fig. 1). Unlike
their counterparts in the Narmada and Cambay rifts, these received comparatively
minor interest in the most recent literature (cf. Dessai et al., 1990; Sethna and
Mousavi, 1994; Mahoney et al., 1985). This work gives new petrological, chemical
and Sr—Nd-isotopic data on these rocks, which are the southernmost alkaline
intrusions described in the Deccan igneous province. These data provide further
insights on the relationships between the sources of tholeiitic and alkaline rocks in
this part of the Deccan.

Field geology of the western coastal Deccan Traps
and of the Murud area

The geology of the Deccan Traps along the western coastal margin differs
considerably from the major part of the province, owing to the westerly dipping
character of the lava flows to the west of the Panvel flexure. East of Mumbai, the
flexure is north—south and trends north—northwest to the north of Mumbai, and
south—southwest to the south of Mumbai, moving out into the Arabian Sea just
north of Murud. To the west of the Panvel flexure, the lava flows show westerly
dips ranging from 5° to 25°. Along the entire length of the zone west of the Panvel
flexure there are a number of dykes which trend almost north—south and intrude the
westerly dipping basalt flows. In the area pertinent to this study (Fig. 1), most
dykes are dolerites of tholeiitic affinity. A few dykes are lamprophyric and
nepheline syenitic, with a body of intrusive nephelinite. The doleritic dykes range
in width from 1 to 10 m. Along their length, these dykes cannot be traced for any
distance, due to the lack of good exposure, except for a few outcrops in the
intertidal shore. The lamprophyric dykes are generally smaller in size and range in
width from 0.5 to 3 m. The nephelinite body, which occurs as a stock-like intrusion
into the horizontal basaltic flows, belonging to the Poladpur Fm. (Subbarao and
Hooper, 1988), crops out on the sea shore, close to Rajpuri (Sethna and D’Sa,
1991, Fig. 1) and extends north—south for almost 1 km. The maximum width of the
body is 200 m.

Analytical techniques

Seventeen samples were analysed for major and trace elements at Napoli with an
X-Ray fluorescence spectrometer (Philips PW1400), according to methods and
analytical uncertainties described in Melluso et al. (1999). Loss on ignition (L.O.1.)
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was analysed with standard gravimetric techniques after igniting powders at
1000°C in a muffle furnace, and Na,O was analysed with Atomic Absorption
Spectrophotometry (Napoli). Rare earth element data for two samples were
obtained with Inductively Coupled Plasma-Mass Spectrometry at NGRI,
Hyderabad, India. Mineral compositions were obtained with a WDS-EDS-
equipped CAMECA SX50 electron microprobe at CNR-CSQEA, Rome, utilizing
silicates and oxides as standards. For isotopic analyses, 0.3 g of powder were
strongly leached with warm 6N HCI for 30 minutes, then rinsed thoroughly in pure
sub-boiling double-distilled water, and finally dissolved with high purity HF-
HNO;-HCI] mixtures. Sr and Nd were extracted by conventional ion-exchange
chromatographic techniques. The total blank was ca. 6ng Sr and 4ng Nd.
Measurements were made using a VG354 double-collector thermal ionisation mass
spectrometer (Napoli) running in peak jumping mode, by normalizing to
5Sr/%Sr =0.1194 and '*°Nd/'"**Nd =0.7219 for mass fractionation effects. The
quoted error is twice the standard deviation of the mean (20) and is 41 X 107°.
Repeated analyses of NBS-987 standard yielded a mean value of 87Sr/ 85Sr =
0.71024 £ 1 (N = 50) and the La Jolla Nd standard a mean value of ]43Nd/ MNd =
0.511826 £ 10 (N =26).

Classification, petrography and mineral compositions

The rocks of the Mumbai coastal area have been classified on the basis of
phenocryst abundances, grain size, and according to the R;—R, diagram (De La
Roche et al., 1980). The rocks are: 1) melanephelinites (or melteigites, utilising the
intrusive equivalent); 2) nephelinites; 3) lamprophyres; 4) tephrite; 5) nepheline
syenites; 6) clinopyroxenites. Representative mineral compositions for these
lithotypes are given in Table 2. Additional information on the mineral phases is
given in Dessai et al. (1990).

1) Melanephelinites (melteigites) (B226, B218, B163, B162, B213, B159, B212)
are generally fresh, holocrystalline, and strongly porphyritic (22—-57 vol%), with
phenocrysts of clinopyroxene and minor olivine, set in a finer-grained mesostasis
made up of the same phases together with nepheline, phlogopite, perovskite,
apatite and oxides. Olivine (Fogg_g4) has inclusions of Cr-bearing spinel
(Cr,03 =163 wt%), and is often altered to calcite and chlorite. Colourless,
homogeneous diopside {Mg# [atomic Mg/(Mg + Fe 4+ Mn)] from 0.88 to 0.80}
is euhedral to rounded. Sometimes, green cores with colourless rims are ob-
served. The TiO, content of pyroxene is moderate to low (0.63—1.32 wt%). A few
microlites of the groundmass are Fe-rich salite [Mg# = 0.57; TiO, = 0.96 wt%;
Na,0=2.29wt%]. Nepheline (Negs_csKsr9_33Sil3_4) is abundant as small
microlites in the groundmass or enclosed in clinopyroxene rims. Fluorine-rich,
Ti-poor phlogopite (F =4.8 wt%; TiO, <2 wt%; Mg# = 0.88) is interstitial, as
are apatite, perovskite and Ti-magnetite. No feldspar is observed. Calcite and
analcime are the most important secondary minerals.

2) Nephelinites (B228, B227, B217, B216) have phenocrysts of slightly cor-
roded diopside (Mg#=0.83; TiO, ca. 1wt%) and euhedral, often altered,
nepheline (Neg3Ks33Sily), and are generally porphyritic (12—28 vol%, nepheline
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10-20 vol%), Olivine is rare and completely altered. Magnetite is ubiquitous as
microphenocrysts, whereas apatite and perovskite are accessory phases. Calcite,
chlorite and analcime are secondary minerals.

3) Lamprophyres (B251, B171). Following Rock (1987) the samples are
monchiquites. The sample B251 is subaphyric, with microphenocrysts of Ti-
phlogopite (Mg# from 0.82 to 0.79; TiO, > 4 wt%), diopside-salite (Mg# from
0.83 t0 0.79) and spinel (Cr,03 from 31.8 to 0.4 wt%). Clinopyroxene is found as
corroded microphenocrysts and tiny microlites in the groundmass, and has much
higher TiO, than the pyroxene of the nepheline-rich rocks (TiO, from 2.29 to
3.47 wt%). Analcime and zeolites are secondary phases. The sample B171 is
slightly porphyritic, with phenocrysts and microphenocrysts of Ti-phlogopite
(Mg# from 0.83 to 0.75; TiO, ca. 5wt%), olivine (Fogs_77) and minor salite
(Mg# from 0.77 to 0.75; TiO, from 2.03 to 3.40 wt%). Spinel (Cr,O3 from 42.9
to 0.1 wt%) and slightly Si-rich nepheline (Ne;o_7;KsgSil;;_j») are micro-
phenocrysts or groundmass phases.

4) Tephrite (B46). This dyke outcrops at Bassein, north of Mumbai (Fig. 1). It is
porphyritic for sector-zoned, salitic clinopyroxene (Mg# from 0.75 to 0.74; TiO,
from 1.2 to 2.1 wt%), abundant Ti-magnetite, and rare, euhedral, completely
chloritised, olivine phenocrysts. Feldspar laths (albitic in composition, likely
secondary) and biotite are observed as tiny microlites in an altered groundmass.

5) Nepheline syenite (B164). This rock has green, Na-rich clinopyroxene (Mg#
from 0.53 to 0.16; Na,O from 2.42 to 8.6 wt%; TiO, from 0.45 to 2.37 wt%),
sometimes found in glomero-porphyritic clusters, and subordinate biotite (Mg#
from 0.53 to 0.51), in a very strongly altered, feldspar-bearing, matrix with neph-
eline, clinopyroxene laths, and rare apatite. Secondary analcime is also present.

6) Apatite-magnetite clinopyroxenites (B166-166M). These are xenoliths in the
nepheline syenite (B164). They have autallotriomorphic texture, with subhedral
medium-to-large green, salitic clinopyroxene (Mg# from 0.77 to 0.52; TiO,
from 0.58 to 1.16 wt%), with apatite and Ti-magnetite. Intercumulus material is
completely altered.

Major and trace element geochemistry

The lamprophyres and the tephrite B46 have Na,O/K,O <1 (Table 1), thus
showing potassic affinity. However, it is likely that some low Na,O contents are the
result of alteration. One lamprophyre and the tephrite have hypersthene ( 4 olivine)
in their norms (B251, 8.9%, B46, 4.3%). Relatively high L.O.I. values in our data
set, like in that of Dessai et al. (1990) (i.e., 2.9-8.9 wt%; Table 1), olivine
chloritisation, secondary phases in the groundmass and argillification of feldspars,
indicate significant alteration, with element mobilisation. The melanephelinites and
nephelinites are sodic (Na,O/K,O >2), have 14.8 to 30% CIPW normative
nepheline; some of these rocks are also larnite normative (0.6—1.8%) and/or
peralkaline (1.1-7.4% acmite 4+ sodium metasilicate).

The rocks span a large range of MgO (from 12.4 to 2.2 wt%). Lamprophyres
and melanephelinites have the highest MgO, Cr and Ni (12.4-8 wt%, 750—190 ppm
and 267-95 ppm, respectively), with the highest values found in the lamprophyre
B251. AlL,O3, Na,O, and K,O increase, and Fe,Os, CaO, Ni, Sc, V, and Cr
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decrease with decreasing MgO (Fig. 2; Table 1). TiO, is highly variable in the most
Mg-rich samples (1.1 to 4.4 wt% TiO,) and has the lowest value in the nepheline
syenite (0.26 wt% TiO,). The pyroxenites are rich in CaO and P,O5 and low in
MgO (3.4 wt%).

The content of many major and trace elements is inconsistent with the
derivation of sodic and potassic rock types from common mantle-derived parental
magmas. Particularly relevant is the much higher abundance of La, Ce, Nb, Zr, Y,
V, Cr, Ni, Fe;03;, Zn, and TiO,, in lamprophyres and tephrite B46 than in
melanephelinites and nephelinites. These differences are observed in rocks with
similar MgO content, and therefore are much greater than would be expected from
differentiation processes (Table 1; Fig. 2). These variable compositions are
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Fig. 2. Representative variation diagrams vs. MgO wt% of the alkaline rocks of the
Murud-Janjira area. Open circles: data set published by Dessai et al. (1990) on the Murud
rocks
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observed also in the data set published by Dessai et al. (1990) on the Murud rocks.
The volatile elements Cl and S are variable, and reach the highest values in the
pyroxenites and nepheline syenite (Table 1), reflecting phase-related enrichment
and/or alteration processes.

The Murud mafic rocks have low Zr/Nb ratios (Zr/Nb = 2-4), regardless of the
widely variable absolute abundances of the two elements and of the chemical
affinity. On the other hand, many elemental ratios distinguish lamprophyres and
nepheline-rich rocks (e.g., Ba/Nb, Zr/Y, K/Nb, Ti/V; cf. Table 1). The Ba/Nb
ratio of the lamprophyres (Ba/Nb=6.2-7.5) is typical of average ocean island
basalts (cf. Sun and McDonough, 1989), whereas is much higher in the nepheline-
rich rocks (Ba/Nb=34-59; Table 1), and more similar to that observed in
continental crust and subduction-related mafic volcanics (e.g., Wedepohl, 1995;
Hawkesworth et al., 1991). In the mantle-normalised diagrams (Fig. 3), the
lamprophyres have peaks at Ba and Nb, with no negative Ti anomalies. The patterns
of the nepheline-rich rocks are instead characterised by relatively high large ion
lithophile element (Rb, Ba, Sr) abundance over light rare earths (La, Ce, Nd) and
high field strength elements (Nb, Ti, Zr), again with no negative Ti anomalies.

Sr- and Nd-isotopic composition

The mafic rocks of this study have a narrow initial Sr-isotopic range [87Sr/ 85Sr =
0.7039-0.7049; esr@6s5)= —7.1 to + 6.6; Table 3]. The lowest 87Sr/86Sr were ana-
lysed in the lamprophyres and in tephrite B46 (0.7039-0.7042). The Nd-isotopic
composition of the lamprophyre B251 and the Bassein sample B46 are almost
identical ['**Nd/'**Nd=0.51278 and 0.51276, respectively], and indicate the
derivation of both from a time-integrated light rare earth element-depleted source
relative to chondrite. The Nd model age of the sample B251 is 284 Ma, assuming
evolution from depleted mantle (with '**Nd/"**Nd =0.5131 and '*’Sm/"** Nd =
0.24). The nepheline-rich rocks have broadly similar ®’Sr/°Sr (0.7045-0.7049)
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Table 3. Sr and Nd isotopic composition of Murud-Janjira dykes. The analyses are also
given recalculated to 65 Ma. The decay constants used are: N’ Rb=1.42 x 10" a™, and
NYSm=6.54x10""a"’

Sample  *’Sr/*°Sr ¥Sr/*°Sr, '*Nd/'"*Nd '#Nd/'*Nd; eNd eNd;  ¥Rb/*°Sr

B226 0.70478  0.70468 0.51175 0.51171 -17.3 —16.2 0.097
B163 0.70501  0.70489 0.51185 0.51181 —154 —14.6 0.126
B212 0.70478  0.70454 0.51179 0.51175 —-16.5 —15.6 0.258
B227 0.70480  0.70476 0.51196 0.51192 —132 —12.5 0.044
B251 0.70435 0.70420 0.51281 0.51278 34 4.4 0.166
B171 0.70424  0.70415 0.092
B46 0.70408  0.70393 0.51279 0.51276 3.0 34 0.163
B164 0.70938  0.70931 0.073
B166M 0.70558 0.70552 0.058

with no appreciable difference between olivine-bearing and olivine-free nepheli-
nites, and very low '*Nd/'"*Nd (0.51196-0.51175; enaes) = —12.5 to —16.2),
indicating derivation from source materials with very low time-integrated Sm/Nd
ratios. The Nd model ages, assuming for the samples a 147Srn/ “Nd ratio of 0.1
(Table 1), are 1.3-1.4 Ga.

The nepheline syenite (B164) has high 87Sr/ 86Sr (0.7093), consistent with
extensive interaction with hydrothermal fluids and/or seawater, and crustal
contamination processes. Its pyroxenite inclusion B166M has lower 87Sr/ 86Sr
(0.7055). Pyroxenites are usually less sensitive to alteration processes; therefore,
the 87Sr/ 86Sr and the Mg-rich nature of their clinopyroxene is indicative of less
87Sr/ 8Sr-rich magmas from which the pyroxenites cumulated.

Discussion

Low pressure differentiation processes

Two groups of alkaline rocks with distinct paragenesis, chemical and isotopic
affinities have been found south of Mumbai. They cross-cut the flood basalt
sequence, and are the southernmost alkaline rocks found in the Deccan Traps. The
lamprophyres are mica-rich and potassic, and therefore do not have clear
equivalents in the Deccan-related alkaline rocks in the north.

Melanephelinites and nephelinites have generally low content of incompatible
elements. As an example, their Zr range (50—100 ppm) is more typical of average
normal MORB (mid ocean ridge basalt)-tholeiitic magmas (cf. Sun and
McDonough, 1989). This is unusual, taking into account the very high content
of these elements in alkaline rocks with similar degree of silica undersaturation
found in the rocks of the northern Deccan intrusive complexes (Gwalani et al.,
1993; Sethna, 1989; Simonetti et al., 1998), and in the lamprophyres. In a general
way, the comparison with representative compositions of melanephelinites in the
world (Table 1) indicates distinct depletion in incompatible elements of the Murud
samples. The lamprophyres and the Bassein sample plot generally within the field
of the mafic alkaline rocks of the northern Deccan [which range in composition
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from melilitites (Barmer), through nephelinites and basanites (Bhuj, Amba Dongar,
Mundwara), to nepheline syenites and phonolites (Amba Dongar, Mundwara,
Sarnu Dandali; Simonetti et al., 1998; Srivastava, 1988)], whereas melanepheli-
nites and nephelinites plot displaced towards the compositional range of their
clinopyroxene (and olivine) (Fig. 4). The petrographic and chemical features thus
indicate that the melanephelinites should be considered a mush of magma and
cumulus crystals. The most important effect of this mush is the dilution of major
and trace elements not hosted within the cumulus phases, and the enrichment in
SiO, (due to the relatively high content of this oxide in diopside). Moreover, also
compatible or moderately compatible trace elements (e.g., Cr, Ni, V, Sc) of
melanephelinites tend to plot off a likely liquid line of descent (Fig. 2). It is also
noted that the maximum amount of dilution with cumulus clinopyroxene and
olivine crystals (57%) cannot lower the incompatible element content of the
nephelinites starting from the contents of the lamprophyres (four to ten times
higher in Nb, Zr, Ti and light REE; Table 1). Therefore, the magmas which
generate the nephelinitic rocks were less incompatible element-rich than those of
the lamprophyres. Major element mass balance calculations utilizing the chemical
composition of the phenocrysts indicate that the transition from melanephelinites
to nephelinites (e.g., from B213 to B216), if possible through 32% subtraction of
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Fig. 4. Representative variation diagrams, with the Murud alkaline rocks and those of
alkaline rocks of northern Deccan (data from Simonetti et al., 1998 and Srivastava, 1988,
crosses). The composition of clinopyroxene and olivine of the melanephelinites is also
shown
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diopside (58%), olivine (28%), nepheline (14%) and small amounts of oxide
cumulus (0.9%), has high residuals (ER2 =1.13). This is taken as another evidence
that at least the melanephelinites cannot be considered as true liquids.

The presence, in the Mumbai area, of scattered outcrops of evolved rocks like
phonotephrites, nepheline syenites and quartz trachytes, and their relationships
with the strongly alkaline rocks of this study, is also important. The close field
association of nephelinites and carbonatites is well known, and very thin
carbonate-rich dykes cross-cut the Murud nephelinite body (cf. Sethna and D’Sa,
1991). Yoder and Tilley (1962) pointed out that mela-nephelinitic compositions plot
at, or very close to, the thermal (and chemical) barrier between melilite- and
feldspar-bearing silica-undersaturated rocks. Feldspar is lacking from the Murud
sodium-rich rocks of this study, and some of them are also larnite normative;
moreover, perovskite (which is not commonly found in equilibrium with feldspar)
is an accessory phase. Therefore, it is highly unlikely that melanephelinites and
nephelinites can produce felsic, alkali feldspar-rich, nepheline syenites/phonolites
or less silica undersaturated (or even silica oversaturated) syenitic/trachytic
residual magmas through closed-system fractionation processes. Feldspar-rich
felsic rocks are usually late differentiates of basanitic or alkali basaltic parental
magmas (which might have suffered also crustal contamination; cf. Brotzu et al.,
1997).

Mantle sources of the Mumbai alkaline rocks

Very few data are reported on the lamprophyres of the Mumbai area. The Trombay
island dyke reported by Mahoney et al. (1985) has (¥’Sr/*°Sr)gs =0.70415 and
("3Nd/"*Nd)es = 0.512805, and therefore is isotopically akin to the lamprophyres
of this study. These lamprophyres have isotopic ratios plotting close to the range of
the Ambenali Fm. basalts [*’Sr/®°Sr=0.7038-0.7056 and '**Nd/'*‘Nd =
0.51274-0.51300], and have lower ®’Sr/°Sr than the Mahableshwar-Kolhapur
Fm. basalts [*’Sr/*®Sr = 0.7042-0.7054 and "**Nd/"**Nd = 0.51233-051287; Cox
and Hawkesworth, 1985; Lightfoot and Hawkesworth, 1988; Lightfoot et al., 1990;
Fig. 5]. These two basalt formations are widespread in southern Deccan, and are
thought to be poorly contaminated during the ascent to the surface. The
lamprophyric rocks plot within the range observed in the alkaline rocks of
northern Deccan [*'Sr/®°Sr=0.7036-0.7057 and '*’Nd/'**Nd=0.51287-
0.51269; Simonerti et al., 1998], and have distinctly lower 143Nd/ 1Nd than
the present-day products of the Reunion- Mauritius- Rodrigues hot spot
[¥7Sr/®°Sr = 0.7036-0.7044, '**Nd/'**Nd = 0.51280-0.51289; Fisk et al., 1988;
Baxter et al., 1985; inset of Fig. 5]. Clear differences are observed with the
compositions of the lowest ®’Sr/*°Sr and highest '**Nd/'**Nd Dhandhuka-Botad
borehole basalts in Gujarat (Peng and Mahoney, 1995; Fig. 5) and with the basalts
of the lower rocks of the Western Ghats lava pile (Jawhar to Khandala Fms.;
Peng et al., 1994). The isotopic composition of the Murud lamprophyres and
that of the alkaline complexes of northern Deccan indicate the presence of a
similar mantle reservoir with higher 87Sr/ 86Sr and lower '**Nd / %Nd than typical
MORB-asthenosphere (*’Sr/*Sr < 0.7030 and '**Nd/'**Nd > 0.5130; cf. Hart,
1988). The source of the lamprophyric rocks has isotopic evidence for relatively
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Fig. 5. *Sr/®Sr—'**Nd/'*Nd diagram for the samples of this study and the Trombay
island lamprophyre (Mahoney et al., 1985), together with samples of various basalt
formations of the Deccan Traps. See the discussion section for the data sources. EM-1 end
member from Hart (1988) and Afanasy-Nikitin seamount basalts (Af-N) from Mahoney
et al. (1996). End-members of the mixing curve: granulitic lower crust: Sr= 285 ppm,
Nd =27 ppm (Gao et al., 1998), ¥’Sr/*°Sr = 0.7050; "**Nd/'**Nd = 0.5112 (Halliday et al.,
1993); mantle-derived nephelinite: Sr=900ppm; Nd=40ppm; 87Sr/ 86Sr =0.7040;
"3Nd/"*Nd =0.5128

young enrichment (< 300 Ma) by volatile-rich fluids and melts, possibly coming
from the asthenosphere (Sen, 1995).

The lamprophyres of Murud-Janjira are potassic and volatile-rich. Their
chemistry does not have obvious analogues in the tholeiitic lava pile of the Western
Ghats, and in the alkaline complexes further north (cf. Simonetti et al., 1998). It
should be reminded that rare potassium-rich lava flows (subalkaline or weakly
alkaline) are found intercalated with ‘“normal” tholeiites at Rajpipla, northwestern
Deccan. These potassic rocks are thought to be generated by melting of enriched
lithospheric mantle (Krishnamurthy and Cox, 1980; Mahoney et al., 1985; Melluso
et al., 1995).

The very high incompatible element contents of the lamprophyres, and the low
values of the Zr/Nb ratio observed in all the Murud alkaline rocks, are features
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typical of low degree melts generated from incompatile element-enriched mantle.
Indeed, assuming a source similar to the average lithospheric mantle composition
of McDonough (1990; Zr =21 ppm and Nb =4.8 ppm, i.e., an enriched source for
these two elements, relative to primitive mantle) and using a non-modal fractional
melting model (melting modes and melt/liquid distribution coefficients from
Johnson, 1998), the Zr and Nb abundances of the lamprophyric rocks could be
justified by low degrees of partial melting (2—3%). These values are well within the
range usually considered for generating strongly alkaline melts (< 4—6%; cf. Frey
et al., 1978). The genesis of lamprophyres is usually related to melting of volatile-
rich mantle, possibly containing phlogopite, carbonate and/or amphibole
(cf. Olafsson and Eggler, 1983). It is also known that volatile-rich phases do not
seem to be stable along high-temperature (plume-type) adiabatic cooling paths at
any pressure (cf. Class and Goldstein, 1997). Current estimates of the temperature
of the sub-Deccan mantle involved in the basalt petrogenesis are in the order of
1400°C (Melluso et al., 1995; Sen, 1995), i.e., higher than normal mantle
(~1280°C; McKenzie and Bickle, 1988). However, the stability range of
amphibole, carbonate and phlogopite, and the volatile-rich solidus could be
crossed by cooling along a conductive geotherm (Fig. 6). Given the estimated
lithospheric thickness in this area of Deccan (ca. 100 km, equivalent to ca. 30 kbar;
Negi et al., 1986), the intersection of the conductive geotherm with the solidus of
volatile-bearing peridotite could have been reached within the lower lithosphere
(Fig. 6). As a conclusion, the source of the Murud alkaline lamprophyres could be
located in a metasomatised lithospheric mantle.

The very unradiogenic '**Nd/'**Nd of the nepheline-rich rocks has no
analogues in the alkaline rocks of northern Deccan (cf. Simonetti et al., 1998). The
isotopic composition of the nepheline-rich rocks is to be related to an end-member
poorly documented in the Deccan province so far. The Sr—Nd-isotopic composition
of these rocks is more extreme than the EM-1 end-member of present-day oceanic
basalts (cf. Hart, 1988) and than the values observed in the basalt samples
recovered on the Afanasy-Nikitin Rise, located in the Indian Ocean south of India
and Sri Lanka (eNd=—8 at ®'Sr/*®Sr=0.7066; Fig. 5). The latter rocks are

Fig. 6. P-T diagram with some in-
ferred characteristics of the Deccan
Trap mantle, and possible sources
of the alkaline volcanism (Melluso
et al., 1995; Sen, 1995; Olafsson and
Eggler, 1983; McKenzie and Bickle,
P kbar 1988)
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interpreted as formed after melting of delaminated continental mantle (Mahoney
et al., 1996). The nephelinites lie in a far extension of the trend of the
Mahableshwar basalts and plot close to the isotopic composition of a unique Mg-
rich tholeiitic basalt of the Neral Fm. (sample JEBOO3 of Peng et al., 1994; Fig. 5),
north of the study area.

The strongly alkaline affinity of the Murud nephelinites indicates their ultimate
mantle derivation, but their unusual chemical and isotopic composition could not
be a primary feature, being the result of extensive contamination of a mantle-
derived magma with “Lewisian-like” mafic, granulitic lower crust. This latter is
known to be characterised by low time-integrated Rb/Sr and Sm/Nd (cf. Halliday
et al.,, 1993), in a way similar to the basalt JEBOO3. A mixing model between
average ‘‘Lewisian-like”” mafic granulites and a mantle-derived melt with the
chemical and isotopic composition of the lamprophyres (see Fig. 5) indicates that
about 65-75% mixing with lower crust is needed to match the isotopic
composition of the Murud nephelinites, and could be >90% if we assume the
composition of Mundwara, Paraguay or Sicilian nephelinites as the uncontami-
nated, mantle-derived end-member. The amount of crust to fit the composition of
the nephelinites is obviously difficult to reconcile with their highly alkaline nature,
even though some chemical characteristics of these rocks (e.g., their high Ba/Nb
ratios) could still indicate interaction with crustal materials. As isotopic values
similar to those of the nephelinites were observed by Cohen et al. (1984) in both
lower crustal mafic granulites and mantle-derived ultramafic nodules of the east
Affrican rift, we suggest the possibility that the chemical and isotopic composition
of the nephelinites was inherited by low-degree melting of a mantle source that
could have been chemically and isotopically modified by subducted, old,
“Lewisian-like’’, lower crustal rocks.

Conclusions

The alkaline intrusions of Murud-Janjira are mica-rich lamprophyres and nepheline-
rich rocks with widely variable geochemical features. The lamprophyres represent
volatile-rich, small-degree melts (2—-3%), and bear little evidence of differentiation.
The anomalously low incompatible element content of the nepheline-rich rocks is
thought to be the result of enrichment of Mg-rich clinopyroxene and olivine in
nepheline-rich, incompatible-element-poor, mantle-derived, melts. Very strong
chemical and isotopic differences between lamprophyres and nephelinites suggest
distinct evolution histories in the source regions. The petrological and geochemical
evidence indicates that regionally associated sodic and potassic alkaline rocks were
the product of melting of very heterogeneous, volatile (CO,+ H,O + F)-rich
pockets of lithospheric mantle, possibly stabilised at different times (Precambrian to
Mesozoic). These sources melted after the seaward flexuring of the west coast, and
shortly after, or very close to, the heating event related to the eruption of the Deccan
Traps. The low-'*Nd / %Nd component of the Murud nephelinites deserves further
investigation, and implies a careful reconsideration of the relative contribution of
lithospheric and sub-lithospheric (MORB-like and/or plume-derived) components
in the petrogenesis of the mafic magmas of the Deccan Province.
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