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ABSTRACT

Alkaline lamprophyre intrusives from the western Deccan Traps (Murud-Janjira, south of Bombay) host
rare lithospheric xenoliths and megacrysts. The xenolith suite consists of clinopyroxenites and
granulites which show eclogitic affinities. The former have transitional (porphyroclastic to
equigranular) textures whereas the latter are porphyroclastic, xenomorphic to meta-igneous. The
textural features provide evidence of ductile-brittle deformation. The protoliths of the pyroxenite and
granulite xenoliths were formed as cumulates of alkaline and sub-alkaline magmas respectively.

Mineral chemistry and geochemical data for the xenoliths bear testimony to the metasomatized
nature of the deep crust. The xenolith data coupled with the geophysical evidence indicate that the
lower crust beneath Murud-Janjira is dominated by mafic granulites and pyroxenites. The latter have
under- and intra-plated the continental crust beneath the region.

Kevworbs: xenoliths, lamprophyres, Deccan Traps, deep crust boundary.

Introduction

LitHosPHERIC Xenoliths in alkali basalts and
kimberlites have attained considerable importance
in recent years as windows to the petrological and
geochemical characteristics of the lower crust and
upper mantle. Accidental lithospheric xenoliths
represent pristine samples which can provide
information on the mineralogical and chemical
composition of the complex crust-mantle
boundary that varies in depth from 25 to 55 km.

Petrological and geochemical studies have been
carried out on upper mantle and lower-crust
xenoliths from Europe (e.g. Rudnick,1992;
Downes,1993; Halliday er al., 1993; Szabo’ and
Taylor, 1994; Vaselli e a/., 1995), North America
(e.g. Best, 1975, Wilshire and Shervais, 1975;
Frey and Prinz, 1978; Sen, 1988), Australia (e.g.
Frey and Green, 1974; Irving, 1974; O’Reilly and
Griffin, 1985, 1987, 1995; Griffin and O’Reilly,
1987, O’Reilly et al, 1989) and Central Asia
(Stosch et al, 1986, 1995; Rudnick, 1992;
Kopylova et al, 1995) to understand the
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petrological and geochemical composition of the
lithosphere. Such studies are relatively rare in
India, particularly from the Deccan Flood Basalt
province of west central India.

The alkaline members of the coast-parallel mafic
dyke-swarm intrusive into the late Cretaceous to
Eocene Deccan Traps (Fig. 1) at Murud-Janjira,
have entrained a variety of xenoliths including
uitramafic, mafic and felsic types (Dessai, 1985)
and clinopyroxene and amphibole megacrysts.
Although the petrography of the xenoliths has
been described elsewhere (Dessai, 1987), no
account of the geochemistry of these rocks is
available in the international literature. This work
reports the chemistry of clinopyroxenites and
phlogopite-bearing mafic granulite xenoliths from
the Deccan Traps. The study also attempts to
document the lithologic variation in the lithosphere
beneath one of the thickest volcanic sequences of
the world and evaluate the characteristics of the
lower crust affected by plume-type magmatic
activity (Morgan, 1981) about which little is
known. Finally we discuss the nature of the deep
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FiG. 1. Location map of the Deccan Flood Basalt province showing the xenolith site, major lineaments, gravity highs
and high heat flow zone (after Mahoney, 1988; Ravi Shankar, 1988).

‘Panvel Flexure’ (Dessai and Bertrand, 1995) is
intrusive into the coastal traps and is best exposed
at the foot of the escarpment. The coastal traps are
assigned to the Poladpur and Ambenali
Formations of the Deccan Basalt Group

crust boundary by integrating the results of
geochemistry with heat flow and seismic data.

Geology of the dyke-swarm

The alkaline magmatism marks the waning of the
Deccan volcanic episode and immediately post-
dates a period of intense tholeiitic eruptions, the
lavas of which cover an area of over
0.8 million km* (Watts and Cox, 1989) and
attain a maximum thickness of 1.7—2 km along
the Western Ghat escarpment (Holmes, 1965;
Kaila ef al., 1981). The volcanism occurred in an
extensional tectonic setting with attendant litho-
spheric thinning and has been ascribed to the
upwelling of mantle plume currently located at
Reunion Island (Morgan, 1981, Cox, 1983;
Richards et al., 1989). -

The coast-parallel mafic dyke-swarm (Auden,
1949) which straddles the continental margin

(Subbarao and Hooper,1988) dated between
65—69 Ma (Courtillot et al., 1988; Duncan and
Pyle, 1988) straddling the K-T boundary. In terms
of intrusive age the dykes belong to four groups
(Dessai and Viegas, 1995). The early dykes are
tholeiitic whereas the late ones are alkaline
lamprophyres up to 2 m wide.

Petrography

Xenolith characteristics
The lithospheric xenoliths and megacrysts (>5 mm
in diameter including those from fragmented and
disaggregated xenoliths) are hosted by the
lamprophyres (monchiquite, camptonite to
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damkjernites; Dessai et al., 1990). The ultramafic
xenoliths are subrounded, usually ~1—2 cm in
diameter and occasionally up to 5 ¢cm. The mafic
granulites and the felsic xenoliths vary in size,
2—20 cm in diameter. The xenolith population
from the Deccan lamprophyres can be divided into
four groups. (1) Peridotites: These are extremely
rare and are represented by wehrlites (Dessai,
1985). They are usually very small (0.5—1 cm),
the majority are fragmented, and they commonly
occur as aggregates of a few mineral grains
distributed throughout the host rock. Spinel
peridotite xenoliths from Deccan are, however,
reported from Kutch (Krishnamurthy et al., 1988).
(2) Pyroxenites: These are dominated by clino-
pyroxenites. A few xenoliths, however, contain
trace orthopyroxenes, these are included under
websterite. The former consist of clinopyroxene +
opaque oxides + phlogopite + sulphides
(Appendix 1). The latter are dominated by clino-
pyroxene + orthopyroxene (irace) + opaque oxides.
Orthopyroxene occurs as exsolution blebs in
clinopyroxene. Rare polygonal grains of ortho-
pyroxene represent recrystallized exsolved mate-
rial. Websterites may be gradational to the
pyroxenites and appear to have evolved through
aluminous pyroxenites. (3) Granulites: These
consist of two-pyroxene granulites and garnet
granulites. The former are made up of clino-
pyroxene + plagioclase + garnet + spinel + rutile
and/or orthopyroxene. They invariably contain
trace amounts of phlogopite. The garnet granulites
consist of clinopyroxene + garnet + plagioclase.
Kaersutite, apatite and sulphides vein the granu-
lites. Some of the granulites (e.g. 281W) are
composite with layers of clinopyroxenites and are
also veined by the latter. (4) Granites: This group
includes hypidiomorphic, granular sodic granites
and felsic syenites. The latter are equigranular and
are made up of K-feldspar + plagioclase + aegirine
augite and opaque oxides.

Of the four groups described above, only the
pyroxenites and the granulites are discussed in
this paper.

The pyroxenites belong to the Al-augite group
(Wilshire and Shervais, 1975) which is equivalent
to the Type II xenoliths of Frey and Prinz (1978).
These are considered to represent cumulates of
basaltic melts, re-equilibrated and metasomatized
to varying degrees.

The clinopyroxenites exhibit textures transi-
tional between porphyroclastic (Mercier and
Nicholas, 1975) and equigranular still retaining
some relict porphyroclasts. The latter have
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serrated curvilinear outlines, strain-shadows and
deformation lamellae. In some xenoliths, clino-
pyroxene shows exsolutions of orthopyroxene.
Some samples exhibit a foliation (281X)
controlled by the preferred orientation of clino-
pyroxene. In these textural types too, relict
porphyroclasts are seen.

Secondary minerals have formed by reaction
with silicate melt. Glass veins contain tiny
clinopyroxene crystals which also occur in melt
pockets. This clinopyroxene is here referred to as
‘secondary’. Phlogopite is anhedral and inter-
granular (Fig. 2a). It occurs within clinopyroxene
and is also seen to enclose it. Sulphides occur as
megacrysts  (>5 mm) and -are represented by
pyrite, chalcopyrite, pyrrhotite and pentlandite.
In fragmented xenoliths, spinel has reacted with
the host magma to form opaque oxides.

The mafic granulites are medium grained
(2—5 mm). Samples dominated by plagioclase
(281VI) exhibit equant granoblastic texture
(Fig. 2b). Those dominated by clinopyroxene
show porphyroclastic (Fig. 2¢) and meta-igneous
textures that often appear to be those of cumulates
with a mild metamorphic overprint. Preferred
orientation of clinopyroxene and plagioclase in
some samples (281C1) may suggest original
igneous layering. Pale pink garnet is altered
along its borders to double rims of cryptocrystal-
line kelyphite in which relicts of fresh garnet are
visible. The garnet contains inclusions of clino-
pyroxene and may be also veined by the latter
(Fig. 2d). In some samples (e.g. 267 RHA) rutile
+ magnetite + plagioclase form the bulk of the
rock with trace amounts of clinopyroxene.

Orthopyroxene occurs as both inclusions in
clinopyroxene and as recrystallized grains.
Phlogopite is anhedral and intergranular. Tt is
found enclosing clinopyroxene and is also
included in it. Spinel is anhedral in porphyr-
oclastic types and intergranular in recrystallized
xenoliths. In some xenoliths, veins of plagioclase
and rarely apatite traverse clinopyroxene.

Composite xenoliths (e.g. 281W) are rare. In
such xenoliths granulite contains layers of
clinopyroxenite and is veined by clinopyroxene.
The granulite shows equant granoblastic texture
whereas the clinopyroxenite is Xenomorphic
granular.

Mineral chemistry

The different mineral phases from the xenoliths
were analysed using a K-OS electron probe
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Fi6. 2. (a) Intergranular phlogopite in clinopyroxenite xenolith, scale bar: 500 um; (b) xenomorphic granular texture
of plagioclase-rich granulite, scale bar: 800 pm; (c) deformed clinopyroxene porphyroclast with exsolution of
orthopyroxene in granulite, scale bar: 500 um; (d) garnet veined by clinopyroxenite in granulite, scale bar: 1000 pm.

microanalyser Super Jeol 8600 electron probe
under standard operating conditions at the
University of Florence (Italy). An accelerating
potential of 15 kV and a specimen current of
10 nA were used. A range of natural and synthetic
standards was used for comparison. Total iron
was determined as FeO. Fe,O; was computed on
the basis of mineral stoichiometry following the
method of Droop (1987). Representative analyses
are presented in Tables 1-3.

Clinopyroxenes from the pyroxenites have
compositions essentially within the En-Di-Hd-Fs
quadrilateral, with the majority being ferroan
diopsides [sensu Morimoto et al., 1988; Cas3_49
Mgys_ao Feor_11 Mg#(Mg/(Mg+Fe™?))
0.83-0.95]. Some, however, are sodian diopsides
and Mg-rich augites (281VII). The aegirine
component in them is 5—11 mol.% in the rims.
MgO in general is >14 wt.%, TiO, >7 wt.% and
AIY! <0.03 wt.%. Clinopyroxenes from the
granulite xenoliths are sodian ferroan diopsides
and aluminian ferroan diopsides (Morimoto et al.,
1988; Cags_s¢ Mgzz 43 Feg_y3, Mg# =
0.82-0.92). Compared with the pyroxenite
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clinopyroxenes, these have lower MgO
(<14 wt.%) and TiO, (<0.4 wt.%) and higher
A1V (with the jadeite component varying between
2—8 mol.%). They are also more calcic
(Ca#t = 0.54-0.62, i.e. (Ca/CatMg)) than those
from pyroxenites (Ca# = 0.48—0.55).
Clinopyroxenes from the pyroxenites and
granulites can be distinguished in major element
variation diagrams (Figs 3, 4). Titanium and Al
show negative correlation indicating that Ti
preferentially substitutes for Al in the pyroxene
lattice in the octahedral site to compensate for
APP*.Si*" substitution. The Ti and Al', show no
correlation, however. The granulite clinopyrox-
enes have a higher content of A1 and a lower Ti/
Al ratio than those from the clinopyroxenites. The
former could be interpreted as an effect of
interaction with the melt as is evident from the
composition of the clinopyroxene in melt pool
(Table 1, analysis 23). In an Ac-(Di+CaTs)-Jd
plot (Fig. 5), the clinopyroxenes plot within the
overlapping Group A and B fields for eclogites
(Mottana, 1986). The clinopyroxene in clinopyr-
oxenite layers in composite granulite xenoliths
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TaBLE 1. Electron probe microanalyses of pyroxenes in xenoliths from Murud-Janjira

Sample  SiO, Ti0, ALO; Cry04 FeO MnO  MgO Ca0 Na,0O Total

281X 51.80 0.80 1.93 0.00 6.12 0.11 14.32 2396 0.80 99,84

281X 52.55 0.68 1.35 0.00 6.15 0.20 14.04 2333 0.84 99.14

281X 51.54 0.87 2.03 0.02 6.64 0.11 13.82 2355 0.95 99.53

281X 52.83 0.81 1.28 0.00 5.55 0.16 14.65  24.07 0.72  100.07

281X 51.01 1.12 2.72 0.03 5.36 0.11 14.55 24.00 0.60 99.50

281X 52.44 091 2.04 0.00 7.01 0.18 13.64 2328 097 10047
281VII 52.44 0.87 212 0.20 6.39 0.11 1550 20.99 1.01 99.63
281VII 52.55 0.68 2.05 0.27 6.53 0.14 14.73 21.52 1.33 99.80
281VIl 52.32 0.73 1.95 0.23 6.27 0.08 15.03 21.65 121 99.47
10 281vIl 5291 0.54 1.95 0.16 6.08 0.12 14.81 2143 1.25 99.25
11 281W 52.19 0.34 443 0.13 6.47 0.05 13.39 21.04 1.70 99.74
12 281W 5243 0.40 4.40 0.14 6.72 0.07 13.11 20.78 1.60 99.65
13 281W 51.67 0.44 4.71 0.12 6.93 0.03 13.28 21.13 161 99.92
14 281W 52.98 0.39 3.81 0.14 6.38 0.01 14.04  21.38 1.36 10049
15 281VI 51.51 0.34 4.82 0.02 7.12 0.06 12.31 21.68 1.75 99.61
16 281VI 47.39 1.01 8.01 0.00 8.10 0.06 1250  22.24 0.67 99.98
17 281V1 51.79 0.30 423 0.04 6.97 0.03 12.77  21.60 1.76 99.49
18 281VI 52.38 0.35 4.75 0.12 6.94 0.00 1250 21.29 1.75  100.08
19 281W 52.78 0.33 3.81 0.14 5.47 0.06 14.21 21.73 1.48 100.01
20 281W 52.29 0.54 4.19 0.12 6.63 0.06 13.71 21.31 146  100.31
21 281D 51.88 0.30 3.09 0.09 9.95 0.07 12.41 21.41 1.11 100.31
22 281B 41.80 299 12.05 0.10 12.95 1.39 647  21.82 0.85 10042
23 281C 49.96 0.17 9.54 0.03 7.22 0.56 15.59 17.20 0.69  100.96
24 281C 53.25 0.02 7.29 0.03 9.91 0.65  27.80 1.85 0.00  100.80
25 281W 47.28 0.26 8.64 0.07  23.68 0.62 17.94 1.78 0.00  100.27
26 281W 54.20 0.04 1.29 0.04 18.86 020 2581 0.54 0.00 100.98

O 00 ~I N L BN =

1—-10: cpx porphyroclast, cpxinite; 11—18: cpx porphyroclats, granulite; 19: vein cpx, granulite; 20: cpx inclusion in
garnet, granulite; 21—22: ‘secondary’ cpx, cpxinite; 23: cpx in melt pool, cpxinite; 24: opx in melt pool, cpxinite; 25:
opx in garnet vein, granulite; 26: opx adjacent to plag., granulite

TaBLE 2. Electron probe microanalyses of minerals in xenoliths from Murud-Janjira

Garnets Plagioclases
1 2 3 4 5 6 7 8 9 10 11 12 13
wt%/Smp  281W 281W 281VI 281VI 281W 281W 281W 281W 281W 281VI 281VI 281VI 281VI
Si0, 40.01 40.14 3945 3944 4030 39.88 39.97 60.65 61.26 59.35 60.52 60.38 60.45
TiO, 0.03 0.03 007 008 0.04 002 242 0.00 0.04 004 000 000 000
ALO; 21.98 2430 21.80 21.58 21.90 21.86 21.56 25.12 24.35 25.60 25.28 25.55 25.24
Cry,05 013 016 0.05 011 016 0.14 0.10 0.00 0.01 0.03 0.00 0.00 0.00
FeO 21.90 18.86 23.61 23.40 22.10 22.60 21.79 0.09 0.12 010 023 0.07 007
MnO 051 048 051 056 048 0.59 048 0.01 003 0.00 004 0.02 0.00
MgO 1051 925 831 8.03 1030 10.12 10.75 0.04 0.00 000 0.05 000 0.03
CaO 554 7.09 722 720 541 560 553 624 5.686,84 6.69 6.74 6.09

Na,O 000 0.00 012 004 0.00 000 0.00 789 853 757 7.65 784 794
K,0 - — - — - — - 030 036 036 041 035 048

Total 100.61 100.31 101.14 100.44 100.69 100.81 101.70 100.34 100.38 99.89 100.87 100.95 100.30
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TabLt 3. Electron probe microanalyses of minerals in xenoliths from Murud-Janjira

Spinels Phlogopites
1 2 3 4 5 6 7 8 9 10 11 12 13
wt%/Smp 281X 281X 281X 281X 281W 281W 281W 281C 281VII 281VIT 281VII 281E  28I1E
Si0, 004 005 0.01 002 008 007 003 0.18 40.29 40.80 4047 40.17 38.38
TiO; 11.59 12.60 11.58 13.01 057 0.16 49.84 0.13 380 388 370 448 6.23
Al,Oy 1.33 087 1.18 039 5482 5852 0.66 65.64 15.07 14.71 1455 14.38 14.52
Cra0; 004 003 0.04 002 077 102 018 02l 026 027 021 073 0.02
FeO 83.55 82.27 83.16 81.81 33.83 23.52 44.12 13.21 10.08 954 1024 878 12.09
MnO 089 088 08 092 034 0.14 037 025 009 0.06 0.04 0.00 0.12
MgO 254 327 313 372 970 1557 477 2035 2034  20.17 20.48 2048 17.31
Ca0O — — — — — - - - 004 024 0.06 0.00 0.04
Na,O - - - - - - - - 1.16 1.17 1.12 088 134
K20 - - - - - - - - 880 9.02 9.09 928 8.06
F — — — — — — — — 0.00 0.00 000 078 156
Total 99.98 99.97 99.96 99.89 100.16 99.00 99.97 99.97 99.93 9986 99.96 99.96 99.67

(e.g. 281W) is compositionally similar to clino-
pyroxene porphyroclasts in the clinopyroxenites.

Orthopyroxenc is rare but may occur in some
xcnoliths either as discrete grains. exsolutions in
clinopyroxene and/or inclusions within garnet
veins. Compositionally the orthopyroxenes are
aluminian ferroan enstatites (Morimoto et al.
1988). Orthopyroxenes included within garnet
have Mg# — 0.59, whereas those in contact with
plagioclase have Mg# 0.72 (Table 1, analyses
25 and 26 respectively). More magnesian ortho-
pyroxenc (Mg# (.83) also occurs in melt
pockets in the clinopyroxenites (Table 2,
analysis 24). It can be classified as aluminian
ferroan cnstatite (CasMgsoFe7; Mg# = 0.83,
Ca#  0.04; AlY' = 0.16).

Gamnets are rich in almandine (45—-49%). The
pyrope (30 39%), and grossular (14- 19%)
components show considerable variation unre-
lated to the modal composition. Most of the
garnets do not exhibit significant zoning
(Table 2). They show compositional similarity
to garnets in “igncous’ cclogites and to garnets in
garnet-clinopyroxene-plagioclase-bearing xeno-
liths in diatremes, which, according to Mottana
(1986) are also granulites by definition. Garnet
rims arc invariably altered to kelyphite (Table 2,
analyses 6 and 7) which show slight variation in
composition from unaltered garnet core.

Plagioclase is the only feldspar phase present. It
shows very limited compositional variation within
a sample (Anyg_zgAbeg_.630r3_1; 281VI) but
slightly larger variation between samples. The

PT
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majority of analysed grains show no appreciablc
zoning (Table 2).

Spinels from the pyroxenites belong to the
magnetite series and form a solid solution
between ulvospinel and magnetite. The grains
are slightly zoned. Fe-spinel (sensu stricto) and
ilmenite occur in granulite (281W). Spinel (sensu
stricto) occurs in melt-pockets in reacted xeno-
liths (281C). It is aluminous (Al.O; —
64.65 wt.%, Mg# —= 0.76, Cr# = 0.21) in naturc
(Table 3, analysis 8). Phlogopite in the pyrox-
enites (Mg#f  0.76—0.79) has an Mg/Fe ratio
varying between 3.3 3.7. Those in contact with
kelyphite have a very low Mg# (0.11-0.27) and
their Mg/Fe ratio varies from 0.16—0.38.
Phlogopite in reacted xcnoliths contains
0.77 wt.% F in the core increasing to 1.52 wt.%
in the rim (Table 3, analyses 12 and 13). The
phlogopite shows similarities with type II micas,
and more specifically to type-B micas, from Jos
calcite kimberlite (Mitchell, 1986). Considering
their high AlLO; (>14 wt.%) and high TiO-
(>4 wt.%) the micas are primitive.

conditions

Equilibration temperaturcs were estimated from
major element compositions of minerals using the
two-pyroxene thermomecters of Wells (1977), and
Wood and Banno (1973) and the single pyroxene
thermometer of Mercier (1980). The pressurcs
were calculated using geobarometric calibrations
of Newton and Perkins (1982), Powell and
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FiGs. 3,4. Major element variations in clinopyroxenes for xenoliths from Murud-Janjira.

Holland (1988) and Mercier (1980). Although
zoning in minerals is insignificant, only core
compositions were considered when calculating

the P-T estimates, as a precaution.

Because it was impossible to determine Fe** in
the microprobe analysis, there are considerable
limitations in the calculation of P-T conditions.

One way to overcome this difficulty is to apply
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the Wood and Banno (1973) and Wells (1977)
geothermometers as these methods do not rely on
Fe?* and Fe*' content or on the presence of other
minerals in the assemblage.

The temperatures estimated (Table 4) by two of
these methods are consistent and indicate equili-
bration at ~825—870°C for the granulite xeno-
liths. A reference pressure of 15 kbar was used in
temperature computations. A fragmented clino-
pyroxenite shows a temperature of >1100°C. If
the temperatures shown by the fragmented
clinopyroxenite xenolith minerals (those in melt
pockets) arc taken as ambient, then it could be
inferred that clinopyroxenites formed at higher
temperatures than the granulites and subsequently
re-equilibrated. Broadly speaking, the tempera-
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ture range for the pyroxenite xenoliths is similar
to those from Massif Central in France (Brown et
al., 1980) and eastern Transylvania (Vaselli et al.,
1995); however, the estimates are based on a dis-
equilibrium assemblage and hence caution needs
to be excrcised. The pressures estimated by two of
the above calibrations show values between 11
and 14 kbar. Powell and Holland (1988) calibra-
tion gives values 2 kbar greater than those done
by the Newton and Perkins (1982) calibration.

Whole rock geochemistry
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Four representative clinopyroxenite xenoliths
(>3 cm in diameter) and the host rock were
analysed for major, trace and rare earth elements
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Flo. 5. Clinopyroxene compositions in Ac-(Di+Ts)-Jd plot (solid line: field of Group B eclogites; dashes: field of
Group A ‘igneous’ eclogites; after Mottana, 1986).

at the National Geophysical Research Institute
(NGRI) at Hyderabad. The major elements were
analysed by X-ray fluorescence spectrometry. The
trace and rare earth elements (REE) were
determined by inductively coupled plasma spec-
trometry (ICP-MS). The Fe,0; was calculated
from total iron (as FeO) following Le Maitre
(1976). Analytical precision and accuracy were
controlled by replicate analysis of international
reference standards.

Whole rock concentrations of major and trace
elements are presented in Table 5 (Dessai, 1996).
All clinopyroxenites are ultrabasic including 281P
and 281Q (SiO, >45%, TiO, >3 wt.%,
Mg# >0.85) which, although they have >45%
Si0,, also contain >15.8% MgO and hence could
be categorized as ultrabasic. All samples are
nepheline-(281P and Q) and leucite-(281R and S)

normative. The Mg# shows an inverse relation-
ship with SiQ,, ALO;, FeO, Na,O and total
alkalis. This relationship is similar to the trends
observed in ultrabasic xenoliths world wide (e.g.
Kuno and Acki, 1970; Frey and Prinz, 1978).
Their high Mg# and low Al,O3 content (<8 wt.%)
suggests that some have originated as cumulates
of relatively primitive mantle melts. The total
alkalis are lower in samples with low Al content.
These levels are consistent with crystallization
and accumulation of clinopyroxene from the
parent melt.

The pyroxenites 281P and 281Q have lower
K0, TiO,, ALL,O5 and FeO contents than 281R
and 2818S. Low K,O and TiO, are consistent with
modal mineralogy dominated by clinopyroxenes.
The xenoliths show a negative correlation
between normative feldspar + nepheline and

TABLE 4. P-T estimates of xenoliths from Murud-Janjira

Wood & Banno  Wells Newton & Perkins Powell & Holland Mercier
(1973) (1977) (1982) (1988) (1980)
Rock Type °C °C P (kbar) P (kbar) °C P (kbar)
Clinopyroxenite 910 846 832-1256 11-13
Granulite (281W) 810840 820-870 11 13.5 870-920 1520
Disagg.
clinopyroxenite 1154 1110 1256 23
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TaBLE 5. Whole rock major (oxide wt.%) and trace element (ppm) analyses of xenoliths and
host rock from Murud-Janjira

Sample No. 281 281P 281Q 281R 2818 281Vl 281W
Constituents

Si0, 4435 48.18 49.30 43.63 42.17 51.73 49.24
TiO, 3.47 0.22 0.23 3.92 3.69 1.39 2.26
Al,O5 12.58 5.45 5.58 6.50 8.29 15.13 12.88
Cr O3 0.25 0.92 0.66 0.15 0.20 0.03 0.12
Fe,03 6.12 323 3.30 4.98 482 n.d. n.d.
FeO 8.73 4.61 4.71 7.11 6.88 7.44 11.93
MnO 0.18 0.07 0.07 0.16 0.16 0.22 0.21
MgO 9.35 17.50 15.86 15.84 15.31 8.27 8.85
CaO 9.14 17.95 18.37 15.39 16.48 11.94 12.20
Na,O 371 1.21 1.23 1.71 1.66 3.40 222
K,O 1.52 0.22 0.22 0.88 0.86 0.29 0.25
P,Os 0.54 0.40 0.42 0.08 0.08 0.14 0.10
Total 99.94 99.96 99.95 100.35 100.60 99.98 100.00
Trace Elements

Sc 23.24 15.80 49.03 n.d.

A% 209.68 161.66 274.33 53.00

Cr 447.16 8193.86 1801.99 125.00

Co 60.82 26.78 74.34 27.20

Ni 269.40 200.14 574.41 146.00

Cu 232.06 655.57 806.11 37.00

Zn 202.97 153.14 166.89 28.00

Ga 16.61 10.35 10.22 15.00

Rb 46.31 2.68 11.06 13.70

Sr 1728.97 225.59 449.54 503.88

Y 24.01 9.11 12.60 3.40

Zr 378.43 35.03 122.49 48.00

Nb 131.95 1.41 35.51 22.40

Cs 0.63 0.07 0.62 0.20

Ba 1080.25 104.56 181.29 825.50

Hf 8.72 1.25 4.00 0.90

Ta 9.08 0.11 2.67 1.15

Pb 15.68 22.83 11.83 n.d.

Th 18.96 0.69 1.58 1.84

18] 4.37 1.12 0.44 0.41

La 177.39 22.93 25.61 16.23

Ce 316.77 32.88 57.85 29.02

Pr 34.70 412 7.81 2.41

Nd 119.90 15.24 31.10 9.39

Sm 14.87 2.72 495 1.55

Eu 4.10 0.81 1.58 0.79

Gd 12.00 2.67 4.18 1.14

Tb 1.37 0.35 0.64 0.16

Dy 6.05 1.66 2.87 0.71

Ho 0.79 0.27 0.46 0.13

Er 1.98 0.70 1.06 0.36

Tm 0.26 0.10 0.15 0.04

Yb 1.79 0.41 0.89 0.32

Lu 0.24 0.08 0.16 0.04

281: monchiquite; 281P and Q: garnet clinopyroxenite; 281R and S: clinopyroxenite;
281VI and 281W: granulites. n.d.: not determined
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normative pyroxene + olivine and show composi-
tional similarity to the granulite facies plagio-
clase-free rocks from Lesotho (Griffin ef al,
1979).

The granulites are basic (SiO;:
49.2—-51.7 wt.%), MgO varies between 8.2 and
8.8 wt.%. Na,O is higher in samples dominated by
plagioclase (281VI) than those (281W) in which
plagioclase is present in a lower concentration. The
former contains less MgO than the latter and yet
has a higher Mg# (0.66 as opposed to 0.56),
because of higher modal abundance of Fe-oxides in
the latter sample. Both rocks are olivine normative.

Compatible trace elements such as Cr and Ni
show high concentrations, large variation between
samples and exhibit a positive correlation with
Mg#, whereas the incompatible elements such as
Rb, Y, Zr, Nb, Sc, Hf and the rare earth elements
(REE) show negative correlations. Broader
variation of compatible elements has been
attributed to cumulate crystallization (Frey and
Prinz, 1978). In terms of incompatible element
ratios, 281P has a Rb/Nb ratio of 1.9 which is
close to the average Indian basic amphibolite
(Rb/Nb = 1.8; Peng et al, 1994), whereas the
Rb/Nb ratio (0.31) of 281S lies between the
values of oceanic and continental mantle derived
rocks (e.g. Peng et al., 1994). The Th/Yb (1.68)

rock/primitive mantle
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and Ta/Yb (3.0) ratios of the latter are similar to
enriched mantle.

Incompatible element concentrations are low in
granulites. Although it is not advisable to make
generalizations on the basis of one analysis, some
tentative statements can be made on the
geochemical features. The Th/U ratio of ~4 is
typical of granulite (Taylor and McLennan,
1985). The Sm/Nd ratio (0.16) is closer to an
upper crustal value (0.17) but Rb/Sr (0.027) is
much lower compared with the upper crustal
value of 0.3 (Taylor and McLennan, 1985). The
Rb/Nb ratio (0.6) is similar to E-MORB.

In a primitive mantle-normalized LIL element
‘spider diagram’ (Fig. 6), the patterns of the host
rock (281) and the xenolith (281S) are closely
similar. This is probably the effect of equilibra-
tion of the xenolith with the host. As regards
281P, the ‘spiderdiagram’ shows pronounced
troughs at Nb-Ta, Zr and Ti which reflect the
modal composition of the xenolith. These high-
field strength elements (HFSE) reside largely in
the opaque oxides which are rare in the xenolith.
The peaks at Nb-Ta and Ti in 281S could be
attributed to equilibration with the alkaline host.
The troughs at Nb, Ta, Zr and Ti could be
ascribed to modal mineralogy and to residual
phlogopite in the mantle source (Wilson, 1989) or

-4~ 28
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F1G. 6. Mantle normalized spider diagram of clinopyroxenite xenoliths from Murud-Janjira (normalization after Sun
and McDonough, 1989).
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to crustal contamination (e.g. Cox and
Hawkesworth, 1985) which seems unlikely in
the case of xenoliths. The ‘spider diagram’ of the
granulite (281VI) shows a peak at Ba and troughs
at Th and U. The pattern is consistent with that of
a mafic granulite xenolith from Lesotho (Taylor
and McLennan, 1985). Rubidium shows depletion
relative to Sr as is also observed in some south
Indian granulites (e.g. Taylor and McLennan,
1985).

The REE patterns of the xenoliths and the host
are presented in Fig. 7. The patterns of the
clinopyroxenite xenoliths are strongly LREE
enriched, and similar to that of the host (281).
The La abundance ranges from 1570 times the
chondritic value. The Yb content is, however,
very low and is only 2—4 times chondrite. In fact
the concentration of heavy REE in 281P should
have been higher as expected from modal
mineralogy, but instead the Ce/YD ratio of 281P
is greater (16) than that of 281S. Smooth variation
of REE patterns particularly that of 281P suggests
metasomatic overprint. The other two patterns
(281 and 281S) may be related to closed system
crystallization and equilibrium of 281S with the
host melt. The pattern of the granulite xenolith
(281VI) shows a distinct positive Eu anomaly.
The heavy REEs do not show any effect despite
the presence of garnet. This could be taken to
indicate that bulk rock Eu enrichment had taken

rock/primitive mantie

place prior to the crystallization of garnet in the
granulite facies of metamorphism (e.g. Taylor and
McLennan, 1985).

Discussion

Nature of continental iithosphere

The mineralogical and the geochemical character-
istics of the xenoliths indicate that the lithospheric
column sampled by the lamprophyres is domi-
nated by clinopyroxenites. This suggests that the
deep crust in this region contains a system of
clinopyroxenite layers. These lithologies have
been subjected to mild ductile deformation as
evidenced by the textural features such as
porphyroclastic/equigranular transitional textures.
This deformational episode could be related to
extensional thinning and attenuation of the
lithosphere. This may have occurred prior to the
opening of the Arabian Sea (~64 Ma: Hooper,
1990; Dewey and Stephens, 1992). Fracturing of
the constituent minerals and veining, marked a
brittle deformational event that followed.
Deformation largely preceded metamorphism
but did continue afterwards to a lesser extent.
Low equilibration temperatures may indicate a
recrystallization event. These textural features
suggest that the lower crust had witnessed
deformation and metamorphism prior to the
Deccan magmatism and opening of the Arabian
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Fic. 7. Mantle normalized REE pattern of clinopyroxenite xenoliths from Murud-Janjira (normalization after Sun

and McDonough, 1989).
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Sea at ~64 Ma (Hooper, 1990; Dewey and
Stephens, 1992). In peninsular India a regional
tectonothermal event at ~550 Ma is well recog-
nized (Crawford. 1969:. Balasundaram and
Balasubramanyan, 1973; Hanson ef al.. 1985).
On the basis of isotope data, it has been suggested
recently that the last granulite facies meta-
morphism affected the lower crust at ~550 Ma
(Choudhary ef al., 1992; Santosh er al.. 1992;
Brandon and Meen, 1995). It could be inferred
therefore, that some of the xenoliths at least could
be related to the Pan-African tectonometamorphic
cvent though some could be even older. As the

xenolith-bearing dykes come from a region of

thermal updoming in the vicinity of Bombay, it is
reasonable to conclude that the xenoliths repre-
sent fragments of lithosphere torn apart and
incorporated in Deccan magmas.

Metasomatic modifications

The intragrain compositional variation exhibited
by the clinopyroxenes in the disaggregated
xenoliths is significant. The majority of clinopyr-
oxenes have resorbed rims indicating reaction
with an infiltrated melt. The latter could be:
(a) trapped host liquid; (b) a partial melt formed
by decompression during ascent of the xenoliths;
or (¢) a trapped melt which represents the liquid
remaining after the crystallization of pyroxenes.
Such a liquid is particularly significant, being
responsible for the formation of phlogopite. The
clinopyroxenes are primary crystals whereas on
textural grounds the phlogopites are regarded as
sccondary. The Mg# of clinopyroxenes and
phlogopite arc unrelated, suggesting discquili-
brium. The phlogopite in the xenoliths differs
from that in the lamprophyre host in having a
higher Mg# and a greater Mg/Fe ratio. We
conclude that xenolith phlogopite crystallized
from an infiltrated magma which brought about
compositional variation in the recrystallized
clinopyroxenes. This could be viewed as a case
of patent metasomatism (Harte, 1983).

The LIL-enriched patterns of the Murud-Janjira
xenoliths although similar to that of the host
lamprophyre. cannot be attributed to cquilibrium
with the host magma alone because if it had been
so the patterns of both 281P and 281S should have
been identical to the host, and such is not the case.
Sample 281P is dominated by clinopyroxenc
which hosts the LIL clements. Additionally. the
presence of garnet (16 wt.%) and trace phlogopite
should have concentrated HFSE and heavy REE.
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Instead these occur in lower concentrations in
281P than in 281S. High concentration of
compatible elements, several times more than
the host, and their positive correlation with Mg/
support a cumulative origin. The clinopyroxenites
formed from a magma compositionally similar to
the host but of a much older magmatic cycle. This
conclusion seems to agree with similar observa-
tions in other parts of the world, c.g. Witt-
Eickschen ef al. (1993) and Vaselli er al. (1995)
who also consider the anhydrous pyroxenites from
Eifel and castern Transylvania to be the products
of an carlier magmatic cpisode. Alkaline magma-
tism in peninsular India had a protracted time
span {rom late Proterozoic to carly Palacozoic,
coinciding broadly with the Pan-African events in
other parts of the Gondwanaland (Kroner, 1981).

The LREE-enrichment exhibited by the Murud-
Janjira xenoliths is probably related to metaso-
matic modifications of the lithosphere. This
process is related to the formation of phlogopite
(c.g. Mahoney et al., 1985) during which LIL
element cnrichment could occur. However, it
nced not bring about REE-enrichment. Morcover
281P which contains trace phlogopite is more
enriched in light REE than 281S. The presence of
garnet in the former actually should have
favoured concentration of heavy REFE which in
fact is less than in 281S. Hence, though LIL
enrichment may have accompanied phlogopite
formation. REL-cnrichement by cryptic metaso-
matism has also affected the lithosphere (e.g.
Dessai ef al., 1990; Dessai, 1994) and this may be
an independent event.

The LILE-enrichment was brought about by
metasomatizing fluids possibly as a precursor to
the gencration of the alkaline magma (Menzies
and Murthy, 1980) from which the Al-augite
group of clinopyroxenes crystallized. This is in
agreement with several studies based on minor
clement and isotope data from other parts of the
world (e.g. Basu, 1978; Boettcher and O’Neil,
1980; Irving, 1980), which emphasize that the
hydrous phases in the xenoliths are neither related
to nor compositionally cquivalent to the host
basalts. 1t can be surmised therefore, that the
mantle beneath the Deccan Traps underwent
pervasive metasomatism prior to the gencration
of alkaline magmas. This metasomatized mantle
is more favourable for the generation of alkaline
magmas (lidgar, 1987). This is supported by the
Nb peak in the LIL spidergram as well as by the
Nb/La ratio >1 (281S) which is characteristic of
rocks derived from incompatible-element
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enriched oceanic mantle (Sun, 1980). Similarly,
the Rb/Nb (0.31) and Ba/Nb (5.1) ratios are
within the range of oceanic or continental mantle-
derived rocks (Taylor and McLennan, 1985; Peng
et al., 1994).

Origin of Murud-Janjira xenoliths

The textural characteristics, the mineralogy
dominated by mafic compositions, and the
complete absence of aluminous silicates indicate
that the granulite protoliths were igneous in
origin. Modal and normative mineralogy (IUGS,
1973) allow classification of the magmatic
protoliths as gabbros. The mineralogy of the
xenolith is consistent with crystallization from
melts with primitive characteristics. The presence
of orthopyroxene suggests that the parental melts
were sub-alkaline. The granulite xenoliths possess
a limited mineralogy dominated by clino-
pyroxene, garnet and plagioclase with accessory
orthopyroxene, rutile and mica indicative of high
pressure (~11 kbar) granulite facies rocks with
eclogitic affinities (Rogers, 1977).

Textural characteristics and the chemical
composition of the clinopyroxenites are akin to
cumulates which have probably been subjected to
metasomatic modifications. They have crystal-
lized from alkaline melts which were more
primitive than those of the granulite protoliths.
The pyroxenites belong to a magmatic episode
that long predates the host lamprophyres. They
represent segregations of mantle-derived magmas
(e.g. Irving, 1980) and are therefore not cognate
with their host. Textural inter-relationship
between the granulites and the clinopyroxenites
also suggests that the less metamorphosed and
mildly deformed clinopyroxenites intra-plated the
lower crust (granulite protoliths) towards the end
of metamorphism, which itself could be viewed to
be the result of magmatic under- and intra-plating.
Lack of progressive variation in mineral composi-
tion from clinopyroxenites to granulites indicates
that the Murud-Janjira suite represents a series of
cumulates which crystallized from composition-
ally unrelated melts.

Granulite metamorphism and alkaline magma-
tism in peninsular India have been suggested to be
closely related in time (Choudhary et al., 1992;
Harris and Santosh, 1993). Both the granulites as
well as the clinopyroxenites have been affected by
a modal metasomatic event during which phlogo-
pite was introduced and LIL-enrichment occurred.
It may be concluded therefore that the lower crust
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beneath Murud-Janjira was pervasively metasoma-
tized much before the Deccan magmatism.

Structure of the deep continental crust

The mineralogy of the xenoliths is consistent with
their entrainment from the continental lower crust
which is widely recognized to consist of granufite
facies rocks. (e.g. Griffin et al., 1979; Rudnick,
1992; Stosch et al., 1995; Kempton et al., 1995,
1997). However, the determination of the precise
composition of the deep crust is beset with
difficulties. The characteristics of the xenoliths
provide clues to the composition and structure of
the lower crust beneath Murud-Janjira. Precise
assessment of the P-T conditions under which the
xenoliths equilibrated is difficult because of their
small size, the disaggregated nature and an
insufficient number of composite xenoliths. A
broad P-T range is therefore presented, which
requires refinement by additional data. The
temperature range for the granulites varies from
825—-870°C using the Wells (1973) and Wood
and Banno (1973) geothermometers at pressures
from 11—14 kbar (by the Newton and Perkins
(1982) and the Powell and Holland (1988)
geobarometers). Temperatures of >1100°C are
indicated for the clinopyroxenites at depths of
~30—-39 km. The spinel-pyroxenite—garnet-
pyroxenite transition occurs at 10—12 kbar for a
temperature range of 825—1025°C. The tempera-
ture estimates (825—870°C) of the Murud-Janjira
granulite xenoliths correspond to the lower limit
of the range (833—949°C) for spinel peridotite
xenoliths from Kutch (Krishnamurthy et al,
1988) using th . same geothermometric methods
(e.g. Wells 1977; Wood and Banno, 1973). From
the Al/Cr ratios of spinels, the pressures for the
Kutch xenoliths are suggested to be 12—15 kbar.
If we integrate these data, it can be inferred that
the Murud-Janjira granulites come from >30 km
depth, close to the crust—mantle boundary. The
seismic Moho in this region has been estimated at
a depth of 31.5 km (Kaila ef al., 1981). The depth
estimates therefore imply a lower crustal to
transitional shallow mantle origin for the xenolith
suite. The P-T array of Murud-Janjira granulites
corresponds roughly to the higher side of the P-T
array of Lesotho xenoliths (Griffin et al., 1979).
Temperatures of 800—900°C are common in
similar suites of lower crustal xenoliths but the
values are substantially higher than those defined
by calculated conductive geotherms (Negi et al.,
1987), thereby indicating that the lithosphere
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beneath Murud-Janjira was heated by intruding
magmas.

Comparison with the heat flow data

The surface heat flow map of India (Ravi Shankar,
1988) shows a ‘core zone® parallel to the west
coast (Fig. 1) with high heat flow values of
100 180 mWm 2, ie. 3—4 times the average
continental heat flow and is more than the upper
limit of conductive heat flow (125 mWm 2%
Morgan, 1989). This narrow zonc., cxtending
from Cambay to Ratnagiri, is surrounded by a
broad zone of decreasing heat flow extending
across the Indian peninsula. Alkaline magmatism
in the Deccan Flood Basalt Province occurred
~68 Ma ago (Venkatesan et al.. 1986; Basu ¢t al.,
1993) and despite this fact, the geothermal
gradient is high in comparison with the gradients
in some contemporaneous alkali basalt provinces
elsewhere in the world (Jones er al., 1983). The
high heat flow could be related to conductive and
advective heat transfer from magmas that ponded
at the crust-mantle boundary.

Implications for seismic data

Deep seismic sounding studies (Kaila er al., 1981)
along two E—W profiles (perpendicular to the
west coast) in the vicinity of Bombay, have
identified a 2 km thick low velocity layer at
35.5 km east of Bombay . In addition, three other
reflectors are inferred at depths of 20, 25 and
30 km. The one at 25 km has been ascribed to the
Conrad discontinuity (Kaila er al.. 1981). Our
xenolith data permit interpretation of thesc
reflectors as a transitional type of boundary
layer between the lower crust and the intra- and
under-plated layered ultramafites.

The discontinuity at 35.5 km to the east of
Bombay shallows to 31.5 km near Bombay and to
21 km near Billimora (150 km north of Bombay).
The area also coincides with a 300 km (N -S) x
60 km positive Bouger anomaly (Kaila e/ al.,
1981). This anomaly has been attributed to the
Moho discontinuity (Kaila er al, 1981, Kaila,
1988) which arches near Bombay. Recently Negi
er al. (1986, 1987) have estimated the Curie depth
of 43 km for this region and a lithospheric
thickness of 101 km. Thesc rcsults are in
agrcement with those of Aparwal er ¢l (1992)
who identified a magnetic interface at 40 + 4 km.
The geochemistry of xenoliths suggest that the
crust-mantle boundary in this region is anomalous
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and metasomatized, which could account for low
scismic velocities (e.g. O'Reilly and Griffin, 1985;
O'Reilly et al.. 1990). The other factor responsible
for the low velocity is the high temperature of this
transitional crust-mantle boundary. The pressure
range of 11 14 kbar indicated for the granulite
xenoliths agrees approximately with the depth of
the Moho, particularly because this region has been
the focus of intense volcanism and as such, the
petrological Moho may actually be deeper by
5-10 km (Kopylova et al., 1995) than the crust-
mantle boundary.

Conclusions

The lithospheric xenoliths from Murud-Janjira are
mainly represented by pyroxenites and granulites.
They have been derived from igneous protoliths
that crystallized as cumulates of relatively
primitive alkaline and sub-alkaline melts respec-
tively. and thercfore are not cogenetic with their
host. The pyroxenites and the granulites formed
from unrelated magmas, those of the pyroxenites
being the more primitive. The xenoliths provide
cvidence of metasomatism which introduced
phlogopite, sulphides and brought about LILE-
enrichment in the protoliths.

The crust-mantle boundary beneath Murud-

Janjira is transitional comprising gamnet granulites

interlayercd with pyroxenites. The xenolith suite is
lithologically diverse and is derived from this
transitional boundary at depths of 30-- 40 km. The
xenoliths suggest growth of continental lithosphere
benecath Murud-Janjira by magmatic under-plating.
Although the western Indian continental margin
exhibits a high geothermal gradient from advective
heat flow, the xenolith temperature estimates may
represent the last metamorphic overprint possibly
related to the Pan-African tectonothermal event.
The metasomatized nature of the deep crust and a
high geothermal gradient account for the low
scismic velocitics of the deep crust beneath the
Deccan Traps.
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Appendix |: Petrographic features of
Murud-Janjira xenoliths

Modal proportions of the minerals were estimated
with a James Swift automatic point counter.
Abbreviations: cpx — clinopyroxene, opx —
orthopyroxene, gnt — garnet, plg — plagioclase,
phlg — phlogopite, ap — apatite, rt — rutile, mt —
magnetite, spnl — spinel, sph — sphene, cc —
calcite, scp — scapolite, opq — opaque, tr — trace.

Clinopyroxenites

281X. Coarse grained clinopyroxenite (91% cpx +
9% opq). Glass green subhedral diopside with
slightly darker borders with rare exsolution blebs
of opx.

281VIL. Medium grained phlogopite clinopyr-
oxenite (81% cpx + 11% phlg + 8% opq +tr opx).
Pale green cpx. Rare interstitial opx. Intergranular
phlg strongly pleochroic from dark brown to pale
yellowish brown.

281S. Coarse grained clinopyroxenite (89%
cpx + 11% opq). Anhedral pale green cpx
contains abundant fluid/melt inclusions.

Granulites/eclogitic granulites

267RHA. Medium grained granulite (30% plg +
22% mt + 48% 1t + tr cpx). Weak discontinuous
banding of plg alternating with opq + rt + cpx.
Cpx pale green. Plg rarely pseudomorphed by cc
shows preferred orientation.

281C1. Medium grained garnet granulite (52%
cpx + 46% pgl + 2% gnt). Porphyroclastic to
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meta-igneous texture appears to be cumulate. Cpx
deep green in colour, plg shows preferred
orientation suggesting original igneous layering.
Gnt pale pink, altered along rims to kelyphite.
Aggregates of granular sph around gnt.

281VIL. Medium grained garnet granulite (53%
cpx + 31% pgl + 15% gnt + tr opX, opq) equant
granoblastic. Cpx pale green, gnt pale pink altered
along rims to kelyphite; inner rim pale brown
fibrous or acicular, outer one vermicular with opq
oxides. Gnt with ¢px inclusions and also veined
by it.

281P. Medium grained garnet granulite (81%
cpx + 16% gnt + 3% plg + tr phig). Cpx pale
green, gnt with rims of kelyphite, plg stumpy,
phlg anhedral, intergranular.

281V. Medium grained eclogitic granulite
(58% cpx + 33% gnt + 9% phlg). Massive. Cpx
darker green, gnt pale pink with cpx inclusions
and rt exsolutions. Phlg intergranular partially
replaces cpx.

Composite xenolith

281W. Medium grained gamet granulite (51%
opx + 28% gnt + 18% opq + 2% plg + tr opx, ap)
and medium grained clinopyroxenite (95% cpx +
5% opq). Granulite is foliated and banded.
Layering on mm scale defined by alternating
plg-rich and cpx+gnt-rich bands. Preferred
orientation of elongated cpx defines foliation.
Plg veins cut across foliation. Cpx contains fluid/
melt inclusions. Gnt pale pink is altered with
double rims of kelyphite. Pyroxenite consists of
anhedral pale green cpx and opq. Contact between
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the two lithologies marked by phlg which
decreases away from the contact.

Fragmented xenoliths

281A, B, D and E. Coarse grained fragmented
clinopyroxenite. Aggregates of few grains of pale
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green cpx and a couple of opq.

281C. Medium grained clinopyroxenite
(reacted). Aggregate of few grains of cpx + opq.
Opx and spnl occur in melt pockets.

281G. Medium grained granulite (reacted).
Aggregate of few grains of cpx + plg + phlg.
Spnl reacted with melt to form opq oxides.



