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(A-type granitoid)-pyroxenite association near Puttetti,
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Abstract The Pan-African (572 Ma) Puttetti syenite (A-
type granitoid)-pyroxenite association intrudes the high-
grade metamorphic terrain of the Trivandrum Block,
South India. Field evidence indicates the contempora-
neous nature of syenitic and pyroxenitic liquids. The
occurrence of a mixed-rock (�70% syenite and 30%
pyroxenite) with an emulsion-like texture, and the
occurrence of pyroxenite globules in syenite, is inter-
preted as relics of immiscible magmas. Both syenite and
pyroxenite show similar mineral assemblage (with major
minerals having overlapping compositions), but the
relative proportions differ. Major element and trace
element partitioning trends, parallel REE patterns, and
similar Sr initial isotope compositions are in accord with
behavior either predicted or measured for immiscible
melts in experimental and/or natural systems. The more
pronounced Eu anomalies and LREE/HREE ratios of
syenite and pyroxenite (relative to the mixed-rock) is
related to fractionation caused by immiscible separation.
The proposed origin of the Puttetti pluton involves the
intrusion of a magma whose bulk composition is that of
the mixed-rock. This melt behaved immiscibly and split
into two fractions, which produced the syenite and
pyroxenite magmas.

Introduction

Silicate liquid immiscibility has often been called upon to
explain the juxtaposition of mafic (Fe-rich basic) and

silicic (K-rich silicic) rocks in a variety of igneous suites
(see references given by Roedder 1979), and as a petro-
genetic process has provoked much discussion in the
literature. Although most of the published works address
immiscibility at a microscopic scale (where the two
immiscible liquids exist as discrete glasses), a few studies
have addressed the possible criteria to illustrate liquid
immiscibility at a larger scale (e.g. Bender et al. 1982;
Ferreira et al. 1994). If immiscibility is to produce sizable
bodies of contrasting magmas, it appears necessary for
magma to first fractionally crystallize, so that when
unmixing does take place, the conjugate liquids are free
to separate (Philpotts 1982). Simple liquid-liquid blend-
ing is likely to occur in systems where the end-members
do not differ greatly in temperature, and where there is an
appropriate proportion of mafic end member. This study
evaluates liquid immiscibility at the outcrop scale near
Puttetti, Trivandrum Block, South India, using all per-
tinent field, petrographic, chemical, and isotopic data.
Evidence is presented to show that liquid immiscibility
occurred prior to the emplacement of mixed-rock magma
of intermediate composition to produce alkali syenite (A-
type granitoid) and associated pyroxenite of the Puttetti
pluton. It is suggested that the mixed-rock resulted from
crystal fractionation in a deep-seated chamber of alkali
basalt magma followed by liquid-liquid unmixing. This is
one of the clearest examples of mutual exsolution of two
natural silicate liquids having compositions, of syenite
and pyroxenite, similar to the general compositional
nature of conjugate liquids in alkaline rocks suggested by
Philpotts (1982).

Geologic setting

The high grade terrain of the Trivandrum Block forms a
significant portion of the South Indian shield area, and
consists of the Achankovil metasedimentary rocks
(within the Achankovil Shear Zone; ASZ), the Kerala
Khondalite Belt (KKB) and the Nagercoil charnockite
massif (Fig. 1). To the northeast of this block, and
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separated by the ASZ, is the homogeneous, garnet- and
graphite-free Cardamom Hills charnockite massif. The
Trivandrum Block exposes a varied assemblage of
orthopyroxene, hornblende, and biotite (±garnet)-
bearing intermediate to acid granulites of broadly gra-
nitic composition (charnockites to charnoenderbites),
basic granulites, garnet-biotite-sillimanite±cordierite-
bearing paragneisses (khondalites), garnet-biotite gneis-
ses (leptynitic paragneisses and granitic augen gneisses),
calc-silicate gneisses, cordierite gneisses, and a host of
acid and basic intrusions (Fig. 1). Recent studies have
suggested a metamorphic history with a period of iso-
baric cooling (e.g. Satishkumar and Harley 1998) fol-
lowed by a period of decompression for the Trivandrum
Block (e.g. Nandakumar and Harley 2000), indicat-
ing multiple stages of metamorphism. The earliest
recorded (poorly defined) metamorphism was identified
as ca. 1.8–2.0 Ga, overprinted by the granulite facies

metamorphism at ca. 600–540 Ma at conditions of 4.2–
9.5 kb, 750–1,000 �C and under high geothermal gradi-
ents (40–150�/km) (see Nandakumar and Harley 2000
and references therein).

Three alkali granites (along the ASZ) and one syenite
pluton (Puttetti syenite (this study) near the Nagercoil
massif) have been reported from the Trivandrum Block.
Available geochronologic data indicate that these in-
trusives preserve evidence for the Pan-African felsic
magmatic event (�550–640 Ma; Rajesh 1999 and refer-
ences therein) recognized in south-western India by
Rajesh et al. (1996). These intrusives are considered to
represent anorogenic or post-orogenic A-type magmas
generated in rift-related environments of high heat flow
and abundant volatile activity, correlative with a post-
collisional (collision being that of fragments of East and
West Gondwana) extensional tectonic regime and
probably including melts generated from both upper
mantle and lower crustal sources. The concentration of
Pan-African granitic magmatism in a broad region of
granulite facies metamorphism in East Gondwana
points to a high temperature event either above a rising
plume or a zone of rifting (Rajesh 1999).

Fig. 1 Generalized geologic map of southern India showing the
major units and the present study area. The enlarged box shows the
geologic map of Puttetti and its adjoining areas. The approximate
distribution pattern of pyroxenite lenses and bands in the syenite is
shown and is not to scale
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Study area and field relations

This study concentrates on the Puttetti syenite-pyroxe-
nite association, near the Nagercoil massif, and is within
the Trivandrum Block. The Puttetti syenite-pyroxenite
association is exposed as a NNW–SSE elongated pluton
geomorphically expressed as a continuous low ridge near
the Puttetti area (Fig. 1). The intrusive is spatially re-
lated to the intersection point of a NW–SE trending
fault lineament with a NE–SW trending seismically ac-
tive deep fault (Grady 1971). The syenite was studied by
Nair and Santosh (1985) and is noted for its large
crystals of zircon, leading to some interesting scientific
investigations (e.g. Murali et al. 1983; Santosh 1985).

The geologic literature contains descriptions of
localities where the field relations reveal apparent
immiscibility textures (e.g. Bender et al. 1982; Ferreira et
al. 1994). The evidence bearing upon liquid-liquid phase
separation is described here together with the field
relations of the Puttetti pluton. Puttetti syenite is a
massive medium- to coarse-grained, greenish-grey to
grey rock composed dominantly of feldspar and pyrox-
ene with minor amphibole and biotite. Magmatic-state
fabric is characterized by linear, sometimes planar ori-
entations of feldspar and mafic grains. Lenses and bands
of pyroxenite varying in thickness from 0.1–0.5 cm are
found within the syenite (Fig. 2a), and occur in swarms,
commonly parallel to the flow foliation of the host
syenite. The mineral assemblage of the pyroxenite
inclusions is the same as that of the host syenite, but the
proportions of the minerals differ. These inclusions are
uniformily distributed and are variable in size. They
have about the same grain size as the host syenite. The
contact is physically sharp, suggesting that the two
magmas were not miscible. At places, alternating mafic
and felsic bands give rise to a banded appearance,
sometimes persisting for many meters along strike. Lo-
cally the inclusions are plastically folded (Fig. 2b),
which indicates that both pyroxenite and syenite re-
sponded plastically during intrusion. The syenite is cut
by a few late stage, syenitic and pyroxenitic dykes, and
composite dykes having pyroxenitic margins and coarse-
grained syenitic cores. The core of one of the pyroxenitic
dykes is significantly calcite-rich (Fig. 2c), indicating the
extent of fluid activity in the pluton. The presence of
pyroxenite also as syn-plutonic and late-stage dikes ar-
gues for the contemporaneous nature of the two liquids.
Obvious features that can be related to mingling and
incomplete mixing of two independent, contemporane-
ous magmas (mixing zones, chilled margins, double en-
claves, zoned enclaves; Vogel and Wilband 1978; Vernon
1983) are absent in the pluton.

At places, inclusions of a mixed-rock (about 70%
syenite and 30% pyroxenite), although limited, are seen
within the pluton (Figs. 2d, e). This rock shows a fine-
medium grain size and has an emulsion-like texture with
a mixture of one liquid in the other. Near its contact
with the pyroxenite, the syenite contains numerous
pyroxenite globules ranging in size from less than 1 mm

to several centimeters (Fig. 2f). This is similar to some
tholeiitic basalts where globules of iron-rich liquid typ-
ically form in the silica rich host (e.g. Philpotts 1978),
and may reasonably be interpreted as relics of immisci-
ble magmas with the unmixing of the mixed-rock liquid
initiated by the separation of rounded globules of the
pyroxenitic phase in a syenitic matrix. The shape of the
globules varies with smaller globular structures being
spherical or sub spherical to larger ones being ellipsoidal
(often elongated along a preferential direction) to
irregular (with inward pointing cusps around their
margins, the points of the cusps pointing towards the
quartzofeldspathic liquid), consistent with the corollary
that the larger the globule, the more easily it is deformed
(Roedder 1979). Deformation of globules would cer-
tainly be expected if the physical separation of immis-
cible liquids had taken place at depth. Sometimes
adjacent globules impinge and coalesce with one another
(Figs. 2h, i). The contact of two coalescing globules is
characterized by amoeboid boundaries; the interfacial
tension between liquids possibly not permitting the
persistence of sharp curved boundaries (Philpotts 1978).
The syenite commonly coexists with a pegmatite facies
and, significantly, small globules of pyroxenite are seen
near their contact with the syenite (Fig. 2i). Phase sep-
aration seems to have occurred prior to intrusion as flow
differentiation commonly appears to have affected the
distribution of the globules.

An important feature of the Puttetti pluton is its
mineral wealth, including zircon, phlogopite, molybde-
nite, chevkinite and magnetite. The coarse grained por-
tions of the syenite carry brown or honey yellow
coloured, large, euhedral crystals of zircon measuring up
to 5 cm, the most common variety showing an elonga-
tion along the c-axis. This is unique to Puttetti syenite,
which distinguishes it from other quartz-alkali feldspar
syenites of south-western India. Phlogopite concentra-
tion is seen in the syenite near the contact with the
pyroxenite as well as within the pyroxenite. In addition
to its presence as an accessory phase in the syenite,
phlogopite also tends to concentrate in the mafic-rich
portions of the syenite. Disseminated molybdenite is
seen within the syenite. Reddish black elongated
chevkinite crystals (sometimes �0.1 m in length in the
elongated direction) occur in the associated pegmatites.
These alkaline pegmatites also contain large crystals of
magnetite. Magnetite is usually associated with quartz,
while chevkinite is usually associated with alkali feld-
spar.

Wherever the contact is discernible (the contact is
often obscure due to profound laterization), the syenite
shows an intrusive relationship with the surrounding
qtz-kfs-opx-grt-bt bearing dark greenish-grey massive
charnockite. No chilled margin was observed. Gneissic
structure is weakly developed with a general NW–SE
foliation. An acid variant with smaller amounts of fer-
romagnesian minerals occurs towards the western part
of the study area. The gneissic rocks in the study area
show variations from a predominant garnet-biotite
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gneissic rock, through an intercalated rock of garnet-
biotite gneiss and garnet leuco-gneiss, to bands of augen
gneiss. Irregular patches (� 0.5–20 cm) and veins of
charnockite (arrested charnockite) are spectacularly ex-
posed in the garnet-biotite gneiss. Pegmatites (contain-
ing graphite), occurring as meter-scale segregations and
veins, often cut across the gneisses. At one exposure
granitic veins (graphite absent; probably later than
pegmatites) cut both the arrested charnockite and the
host garnet-biotite gneiss. These veins are surrounded by
hydration haloes resulting in the conversion of portions,
of arrested charnockite as well as its host garnet biotite
gneiss, adjacent to the vein (within about 10 cm) to
gneissose granite. Thus in the Puttetti area, field rela-
tions show a history of intrusion, dehydration, and
hydration; the latest event being the retrogression of
arrested charnockite.

Petrography and mineral chemistry

Modal, chemical (Fig. 3) and whole-rock XRD analyses
(Rajesh 1999) indicate that the dominant rock type of
the Puttetti pluton is a syenite. Quantitative analyses of
the mineral phases was performed using an electron
microprobe analyzer (Shimadzu EPMA-8705) utilizing
the correction procedures of Bence and Albee (1968), or
a SEM Jeol JED-2000 with the AUTOZAP program
system and standardless ZAF correction. An operating
voltage of 15 kV was maintained with a beam current of
1.5 nA. The syenite shows a medium- to coarse-grained
hypidiomorphic granular texture and is dominated by
phenocrysts of perthitic K-feldspar (�82%). Major
minerals in the paragenesis are, in approximately
decreasing order of abundance: K-feldspar (within a few
mole percent of An4Or38Ab58), clinopyroxene (heden-
bergite or augite), plagioclase (Ab90An10—Ab85An15),
amphibole (edenitic hornblende), phlogopite and biotite
(Rajesh 1999). Accessory phases include zircon, Fe-Ti
oxides (magnetite with subordinate ilmenite), apatite,
titanite, corundum, quartz, epidote, calcite, chlorite and
sulfide phases (pyrite/chalcopyrite). Calcite occurs as a
late intercumulus phase at the interfaces of K-feldspar
grains or as veins cutting across them.

Pyroxenites show a medium-grained phaneritic tex-
ture, with the main paragenesis consisting of heden-
bergite or augite (dominant), perthitic K-feldspar,
amphibole (hastingsitic hornblende to edenitic horn-
blende), phlogopite, and biotite (Rajesh 1999). Acces-
sory phases include apatite, titanite, garnet, zircon,
Fe-Ti oxides (magnetite with subordinate ilmenite) and
sulphide phases (pyrite/chalcopyrite).

Bowen (1928) noted that immiscible liquids, which
are in equilibrium, must crystallize phases in equilib-
rium, that is, rocks related through silicate liquid
immiscibility should have similar mineral assemblages
(with overlapping chemical compositions). However,
because of the differences in liquid compositions, the
proportions of minerals formed in each phase on cooling

will be quite different. Mineral components of pyroxe-
nite are similar to those in syenite, but the relative pro-
portions differ. Clinopyroxenes from the Puttetti rocks
(Rajesh 1999) have overlapping compositions (Fig. 4a;
Table 1), consistent with an origin as immiscible liquid
fractions. The amphiboles from the Puttetti rocks show
a restricted range in composition from hastingsitic
hornblende to edenitic hornblende (Fig. 4b; Table 1;
Rajesh 1999). Further, their phlogopite compositions
are also comparable (Fig. 4c; Table 1). Other petroge-
netic processes (particularly crystal fractionation or
incomplete magma mixing) are unlikely to produce
magmas of differing bulk compositions (see next section)
with minerals of overlapping composition. Further, the
absence of any disequilibrium texture (e.g. sieved, dusty
or fritted texture, rounded and embayed crystals, lath
trails in K-feldspars, polyphase morphologies of apatite
and plagioclase, reaction rims on hydrous phases, and
pseudomorphs after mafic phases; Kus�cu and Floyd
2001 and references therein), the absence of heteroge-
nous core-rim compositions, and normally and reversely
zoned crystals in the same sample (e.g. Hibbard 1981;
Halsor and Rose 1991), and the absence of textures
indicating chemical diffusion between coexisting mafic
and felsic magmas (e.g. hydration; Wiebe 1993) in
Puttetti rock samples argue against a model involving
mingling and incomplete mixing of two contemporane-
ous magmas.

Whole-rock element variations

Nair and Santosh (1985) presented major and trace
element trends of the Puttetti syenite and pyroxenite. In
addition to their data, a new set of major, trace and REE
data from the Puttetti syenite, pyroxenite and mixed-
rock is presented here (Table 2). Major and trace ele-
ment contents of the Puttetti samples were determined
by a Rigaku RIX-2000 X-ray fluorescence spectrometer
on glass beads. Volatiles were determined by loss on
ignition. Representative Puttetti samples were analysed
for REEs by ICP-MS (Plasma Quad PQ1) on trace
element solutions after separation of major elements
through ion-exchange resins. The operating parameters
and analytical precision are illustrated in Balaram et al.
(1996) and the references therein.

The syenite has high K2O (up to 6 wt%), and is
metaluminous similar to quartz syenites worldwide and
different from alkali-feldspar syenites which are
mostly peralkaline. Features like high total alkalis
(Na+K�11 wt%), high Fe/Mg, low CaO and MgO,
medium TiO2/MgO of the Puttetti syenite are typical of
A-type granitoids (e.g. Collins et al. 1982), similar to
other quartz syenites from southwestern India (e.g.
Fig. 5a; Rajesh 1999) and Pan-African post-collisional
syenites from Madagascar and East Antarctica (see
Fig. 5). According to Frost et al. (2001) geochemical
classification for granitoid rocks, Puttetti syenite
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samples are ferroan (in terms of Fe-number), alkalic (in
terms of the modified alkali-lime index (MALI)), and
metaluminous [in terms of aluminum saturation index
(ASI)], appropriate to be classified as A-type granitoids
(e.g. Fig. 5b).

Major element trends in Fig. 6 show that the syenite
and pyroxenite samples lie on either end of a differen-
tiation trend with mixed-rock samples occupying an
intermediate position, towards the syenite end (the trend
is more apparent in the case of trace elements). This

indicates possible evolution of syenite and pyroxenite
from the mixed-rock. When the major element concen-
trations of syenite and pyroxenite are normalized to the
corresponding concentrations in the mixed-rock, it fol-
lows that the essential difference in chemical composi-
tions of the syenite and pyroxenite is the preferential
partitioning of all elements except SiO2, Al2O3, Na2O
and K2O into the latter (Fig. 7). This kind of major

Fig. 3 Total alkali vs. silica diagram showing the chemical
classification and nomenclature of Puttetti syenite, pyroxenite
and mixed-rock samples. Regarding Puttetti samples, open symbols
are data from Nair and Santosh (1985) and closed symbols are from
this study. The thick line separates alkaline rocks from tholeiitic
ones. Possible fractionation trend of alkali basalt (open star) is
from Cox et al. (1979). The compositional range of tholeiitic basalts
with immiscible glasses (vertically ruled area) and average compo-
sition of immiscible liquids preserved as glassy globules (Fe-rich
glass and Si-rich glass) in alkaline basalts from Philpotts (1982) are
given. Tholeiitic basalts showing immiscibility from Dixon and
Rutherford (1979) and mixed-rock sample from Ferreira et al.
(1994) are also shown. Pan-African post-collisional syenites from
Madagascar and Yamato mountains, East Antarctica, are from
Nédélec et al. (1995) and Zhao et al. (1995) respectively

Fig. 4a–c Chemical composition of mafic minerals from Puttetti
syenite and pyroxenite. a Pyroxene. b Amphibole. Stars indicate
end member compositions. c Phlogopite

Fig. 2a–h Field occurrence of syenite and pyroxenite at Puttetti. a
Pyroxenite lens in syenite, with sharp contact and smooth outline. b
Folded pyroxenite band in syenite, indicating that both syenite and
pyroxenite responded plastically during intrusion. c Pyroxenitic
dyke with calcite-rich core, indicating the extent of fluid activity in
the pluton. d Mixed-rock inclusion in syenite. e Mixed-rock
inclusion in syenite. Length of the pen is approx. 15 cm. f
Pyroxenite globules in syenite. Some of these globules impinge
and coalesce with one another. Diameter of the coin is approx.
2 cm. g Pyroxenite globules in syenite near a pyroxenite lens. h
Pyroxenite globules (upper half of the photograph) in syenite near a
pegmatite

b
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element partitioning is in accord with a silicate liquid
immiscibility model of origin. Pyroxenite has a high
Na2O/K2O ratio than syenite (see Table 2), consistent
with experimental data (Naslund 1983) which demon-
strated that the more iron-rich of the two coexisting
immiscible liquids should have a higher Na2O/K2O
ratio.

It has been suggested that one of the best way to ex-
plore the role of liquid immiscibility in the evolution of

an igneous suite is with a pseudo-ternary diagram of the
system silica-fayalite-leucite (Roedder 1979). In the (total
Fe+MnO+MgO+TiO2+CaO+P2O5)–(Na2O+K2O+
Al2O3)–SiO2 diagram (Fig. 8a) analyses of syenite and
pyroxenite, which have a rather restricted compositional
range, do not plot entirely within the low-temperature
immiscibility field shown by Roedder (1951). Composi-
tions of pyroxenite fall within the immiscibility field, but
compositions of syenite plot outside that, at slightly

Table 2 Representative
major and trace element
analyses of the Puttetti syenite,
pyroxenite and mixed-rock
samples. Major oxides, weight
percent; trace elements, parts
per million

aTotal Fe as Fe2O3
bMolar Al2O3/(CaO+Na2O+-
K2O)
cNa2O+K2O)CaO
dFe2O3*/(Fe2O3*+MgO)

Rock type Syenite Syenite Syenite Pyroxenite Pyroxenite Pyroxenite Mixed rock

Major
elements

R95099122 R9509913 R96099162 R9509911 R9509916 R96099110 R96099183

(wt%)
SiO2 60.11 59.17 62.02 56.02 53.98 52.96 59.05
TiO2 0.43 0.39 0.18 0.98 1.02 1.10 0.34
Al2O3 18.02 16.76 17.35 7.11 6.58 7.12 12.15
Fe2O3

a 6.26 7.62 5.03 10.51 10.90 11.30 5.63
MnO 0.12 0.12 0.05 0.22 0.39 0.22 0.07
MgO 0.33 0.28 0.98 7.41 4.81 5.42 5.44
CaO 1.57 1.66 2.20 12.95 14.59 15.22 8.18
Na2O 5.71 5.86 5.42 2.87 2.59 2.21 4.52
K2O 6.11 5.79 5.55 1.87 2.13 1.88 3.54
P2O5 0.06 0.07 0.09 0.46 1.02 0.33 0.46
LOI 0.83 0.90 0.81 0.82 1.41 0.86 0.68
Total 99.55 98.62 99.68 101.22 99.42 98.62 100.06
Na2O/K2O 0.93 1.01 0.98 1.53 1.22 1.18 1.28
R1 380 306 778 1,986 1,878 1,991 1,350
R2 538 520 624 1,893 1,929 2,037 1,383
ASIb 0.96 0.89 0.92 0.24 0.20 0.21 0.47
MALIc 10.25 9.99 8.77 )8.21 )9.87 )11.13 )0.12
Fe numberd 0.95 0.96 0.84 0.59 0.69 0.68 0.51
Trace elements
(ppm)
Cr 12 12 4 7
Ni 3 1 16 9 9 10 10
Rb 125 123 221 85 71 81 153
Sr 24 25 102 247 181 254 124
V 21 35 18 23 10 18 11
Y 19 19 22 124 251 138 100
Zn 201 159 71 420 390 225
Zr 771 557 450 482 455 411 187
Ba 70 41 602 657 213 642 577
Nb 48 49 45 19 24 21 40
Mo 3 2 6 3 1 3 5
Pb 5 5 2 0 0 0 1
Th 8 3 6 971 165 114 6
U 3 1 2 99 18 18 1
Tb 0 1 1 24 12 4 2
Ta 2 1 1 14 6 5 4
Hf 4 1 4 17 6 1 4
La 28 52 9 174 249 340 50
Ce 71 122 23 417 682 903 102
Pr 7 11 2 37 68 90 14
Nd 21 31 7 91 176 237 59
Sm 7 10 3 20 40 55 12
Eu 1 1 0 5 8 10 2
Gd 9 13 3 31 53 78 8
Tb 1 2 1 4 9 12 2
Dy 7 11 2 21 39 64 7
Ho 2 3 0 5 9 15 1
Er 3 5 0 8 15 26 4
Yb 6 9 1 11 21 42 6
Lu 1 1 0 3 3 6 1
Rb/Sr 5.15 4.85 2.17 0.35 0.39 0.32 1.24
K/Ba 721 1162 76 24 83 24 51
K/Rb 405 391 208 182 247 191 192
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higher concentrations of alkalis+alumina, as expected
for alkaline rocks (Philpotts 1982). Freestone (1978)
demonstrated that the addition of TiO2 and P2O5 in the
silica-fayalite-leucite pseudo-ternary system causes the
two-liquid field (of Roedder 1951) to expand towards
the leucite apex. In Fig. 8a Puttetti syenite samples lie on
the two-liquid solvus of Freestone (1978). A similar
compositional gap is also evidenced in the total Fe–
(Na2O+K2O)–MgO diagram (Fig. 8b), where the anal-
yses of syenite and pyroxenite fall near the edge of the
immiscibility field shown by Philpotts (1976), with the
syenite (A-type granitoid) compositions plotting towards
the alkali corner.

Ti and P are minor elements which have often been
utilized in the context of immiscibility since their parti-
tioning during unmixing of magmas (felsic liquids are
depleted in Ti and P relative to the basic liquids) deviates
from that during normal fractional crystallization of
basic magmas. On a ternary plot of P2O5, K2O and TiO2

(not shown), Puttetti samples show an overall linear
trend from the K2O apex to �TiO2(70) P2O5(30) with the
mixed rock samples between syenite and pyroxenite

samples. Here the directional sense of the syenite and
pyroxenite trends is away from the mixed rock. This
trend cannot be due to fractional crystallization and can
be best explained by liquid immiscibility, K2O being
strongly fractionated into the Si-rich liquid and TiO2

and P2O5 into the Fe-rich liquid.
Further, in Fig. 9, syenite-pyroxenite pairs from

Puttetti plot close to the field of analyses of natural
and experimental glasses with undeniable origin
through silicate liquid immiscibility from the literature
(see Rajesh 1999 for the compilation of data). The
latter studies show that the enrichment of Ti and P in
the basic liquid (silica-depleted) over the felsic liquid
(silica-rich) is proportional to the difference in the
degree of polymerization of these liquids as approxi-
mated by the ratio of the silica contents. The behavior
of Puttetti sample pairs in Fig. 9 is comparable
to similar immiscible pairs from various studies

Fig. 5a, b Puttetti syenite samples plotted on discrimination
diagrams of A-type, I-type and S-type granitoids. Data from other
quartz syenites from south-western India (Rajesh 1999 and
references therein) and Pan-African post-collisional syenites from
Madagascar and Yamato mountains, East Antarctica are shown
for comparison. a log Fe*/MgO vs. silica plot. Fe* is total Fe. b
Al2O3/(CaO+Na2O+K2O) (ASI) vs. Zr+Nb+Ce+Y plot

Fig. 6 Representative major element variation diagrams of the
Puttetti syenite, pyroxenite and mixed-rock samples. Open symbols
are data from Nair and Santosh (1985) and closed symbols are from
this study. Data from Gough Island basalts (shaded area) and the
corresponding trends (dotted line) of crystal fractionation of these
basaltic magmas to generate intermediate rocks is also shown (Le
Roex 1985)

620



(e.g. ocelli-matrix pairs from Philpotts 1976, syenite-
pyroxenite pairs from Ferreira et al. 1994) where the
source rock is alkaline (e.g. see mixed-rock samples
from this study and Ferreira et al. 1994 in Fig. 3), and

slightly different from immiscible pairs (e.g. Fe-en-
riched basalt-plagiogranite pairs from Dixon and
Rutherford 1979; glassy globules in basalts from
Philpotts 1982) whose source rock is tholeiitic (e.g. see

Fig. 7 Major element
concentrations in Puttetti
syenite and pyroxenite samples
normalized to the
corresponding concentrations
in the mixed-rock

Fig. 8 a Pseudo-ternary
diagram for the system leucite-
fayalite-silica, from Roedder
(1951), showing the two fields
of potential liquid immiscibility
(large elliptical areas) and the
compositions of the Puttetti
syenite, pyroxenite and mixed-
rock. The dashed line is the
immiscibility field produced by
the addition of TiO2 and P2O5

(Freestone 1978). The small
elliptical area is the alkali-rich
immiscibility field from Eby
(1980). Open symbols are data
from Nair and Santosh (1985)
and closed symbols are from this
study. b FMA (wt%) plot for
the Puttetti syenite, pyroxenite
and mixed-rock samples. The
field of immiscibility for
Monteregian dike rocks
determined by Philpotts (1976)
is shown by dashed lines. Ocelli-
matrix analyses from Philpotts
(1976) and general fields of
A-type and I-type granitoids are
also shown. Open symbols are
data from Nair and Santosh
(1985) and closed symbols are
from this study
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basalts from Dixon and Rutherford 1979 and Philpotts
1982 in Fig. 3).

Like major elements, trace elements also show similar
evolutionary trends between the three rock types
(Fig. 10). Abundance of high charge density (HCD)
cations such as Ga, Zr, Zn, Nb is prominent for syenite,
owing to the incompatible nature of these elements in
A-type magmas. Incompatible element partitioning be-
tween syenite and pyroxenite liquids (Fig. 11a) indicates
that except for Rb, Zr, Nb in the syenite other elements
show higher concentrations in the pyroxenite. Trace
element patterns of the Puttetti rocks, with mixed rock
patterns intermediate between those of pyroxenite and
syenite, (Fig. 11a) are comparable with those of immis-
cible pairs from literature.

Fig. 9 Ratios of SiO2, TiO2 and P2O5 in representative syenite-
pyroxenite pairs from Puttetti compared with those in natural and
experimental glass pairs from literature (shaded area). Ocelli-matrix
pair in alkaline ultrabasic rock from Ferguson and Currie (1971),
ocelli-matrix pairs in the Monteregian alkaline province from
Philpotts (1976), granite-basic rock pairs from Vogel and Wilband
(1978), globule-matrix pairs in basic alkaline magmas from Carstens
(1979), Fe-enriched basalt-plagiogranite pairs from Dixon and
Rutherford (1979), syenite-nepheline diorite pair (filled star) and
ocelli-matrix pairs (@) in lamprophyre from Eby (1980), glassy
globules in tholeiitic basalts from Philpotts (1982), granodiorite-
diorite pair from Bender et al. (1982), globule-matrix pair in alkaline
lamprophyres from Foley (1984), syenite-pyroxenite pairs from
Ferreira et al. (1994), unmixedmelts innepheline syenites fromMarkl
(2001), and experimental and lunar immiscible melt pairs from
Shearer et al. (2001) and references therein are also shown

Fig. 10 Representative trace element variation diagrams of the
Puttetti syenite, pyroxenite and mixed-rock samples. Open symbols
are data from Nair and Santosh (1985) and closed symbols are from
this study. Data from Gough Island basalts (shaded area) and the
corresponding trends (dotted line) of crystal fractionation of these
basaltic magmas to generate intermediate rocks is also shown
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Calculated NBO/T (non bridging oxygens/tetrahe-
drally coordinated cations) ratios for the Puttetti
samples [(NBO/T)syenite/(NBO/T)pyroxenite=0.162–0.187;
Rajesh 1999; for calculation procedure see Eby 1980]
and linear HCD cation partitioning patterns indicate
that the HCD cations (except Zr, Nb) will be partitioned
into the basic melt as is observed by the trends of the
Puttetti syenite and pyroxenite (see Fig. 11a). The non-
linear cation partitioning patterns of Zr and Nb may be
due to the presence of solid phases, like zircon crystals,
which may have been present when immiscibility oc-
curred and could significantly distort the minor and
trace element partitioning patterns (Eby 1980). In
addition, minor amounts of CO2, Cl or F may be
effective in promoting immiscibility and HCD cations
tend to concentrate in the volatile-enriched phase (Eby
1980). The presence of CO2 is compatible with the
Puttetti pluton with CO2-rich fluid inclusions observed
in zircon crystals from syenite (Santosh 1985; Rajesh
1999).

The REE patterns of the Puttetti syenite and pyrox-
enite are parallel with negative Eu anomalies, LREE
enrichment and HREE depletion (Fig. 11b). Sim-

ilarity of REE distribution between the mixed rock,
having intermediate REE patterns between syenite and
pyroxenite, and syenite and pyroxenite is compatible
with unmixing. The REE abundance are higher in the
pyroxenite than in the syenite (Fig. 11b) in accordance
with the experimental work on immiscible liquids by
Ellison and Hess (1989) which showed that REE are
preferentially partitioned into the Fe-rich liquid. This is
contrary to any model involving fractionation or partial
melting, which, in either case, yields increasing enrich-
ment in the quartzofeldspathic member. There are
exceptions in the literature, like the Si-rich and Fe-rich
immiscible pairs in syenitic xenoliths from the Panno-
nian Basin (Hurai et al. 1998), where REE (especially
LREE) are partitioned into the Si-rich liquid (see
Fig. 11b) and is attributed to the extraction of a high-
iron-oxide melt from the system (see Hurai et al. 1998
for details). However, the fractionated REE patterns
with more pronounced Eu anomalies and LREE/HREE
ratios of the Puttetti syenite and pyroxenite in compar-
ison with the mixed-rock needs to be explained. Feldspar
crystallization can account for the more pronounced Sr
and Eu anomaly in Puttetti syenite. The difference in Eu

Fig. 11 a MORB normalized
element patterns for the Puttetti
syenite, pyroxenite and mixed-
rock samples. Si-rich–Fe-rich
immiscible pairs in syenitic
xenoliths (sample nos. HP-3
and PI-12) from Hurai et al.
(1998) is shown for comparison.
b Chondrite-normalized REE
patterns for the Puttetti syenite,
pyroxenite and mixed-rock
samples. Si-rich–Fe-rich
immiscible pairs in syenitic
xenoliths (sample nos. HP-3
and PI-12) from Hurai et al.
(1998) is shown for comparison
(see text for details)
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behavior reflects the similarity of divalent Eu to Sr ra-
ther than to the other trivalent REE. Indeed, during
liquid immiscibility, the REEs should behave in a
coherent fashion and exhibit similar two-liquid partition
coefficients (e.g. Watson 1976). But precipitation of an
accessory phase, like zircon (in this case), accompanying
silicate liquid immiscibility can produce a fractionated
REE pattern (similar to this study) as has been docu-
mented for lunar immiscible melts (e.g. Snyder et al.
1993). Hence, the immiscible separation of the Puttetti
mixed rock causes REE fractionation, resulting in the
LREE enriched and HREE depleted immiscible frac-
tions. It is also possible, that a late stage CO2 vapor (?)
could have affected the elemental distribution as evi-
denced by the widespread occurrence of calcite.

Conditions of crystallization

Temperature estimates based on zircon solubilities in
felsic liquids (Watson and Harrison 1983) range from
�980 to �900 �C for the Puttetti syenite. There is no
evidence for inherited zircon as separates used by previous
geochronological studies show euhedral prismatic zircon
crystals of magmatic origin. Similar high temperatures
were obtained when compared with the Fe-Ti oxide sat-
uration isotherms of Green and Pearson (1986). Rela-
tively high temperatures >900 �C—typical of water-
deficient alkali granitoid—are indicated by simple zircon
morphology (combinations of first-order pyramidal [101]
and prismatic [100] forms; Pupin 1980). Comparison with
experimental studies suggests the composition of the
Puttetti syenite would be consistent with liquidus tem-
peratures in the range of 900–1,000 �C (Tuttle and Bowen
1958; James and Hamilton 1969; Nekvasil and Lindsley
1990). Such high temperatures suggest a relatively early
stage of differentiation of the parent magma.

Isotope systematics and tectonic scenario

U-Pb zircon ages of 580±10 Ma (Odom 1982) and
572±2 Ma (Kovach et al. 1998) have been reported for
the syenite. Interestingly, this age is similar to the Rb-Sr
age (572 Ma; initial 87Sr/86Sr ratio=0.7098) reported for
the ultrapotassic syenite-pyroxenite association from
Triunfo pluton, northeastern Brazil considered to be an
example for large-scale silicate liquid immiscibility
(Ferreira et al. 1994). Radiogenic isotope ratios in
associated syenite and pyroxenite rocks provide a nec-
essary condition for an origin as immiscible liquid
fractions: at the time of unmixing, immiscible fractions
must have the same ratios of parent and daughter iso-
topes. Initial isotope ratios should be independent of
crystal fractionation. Sr-isotopic analyses of Puttetti
samples were performed on an MAT261 mass spec-
trometer equipped with five Faraday cups following the
analytical procedure described by Kagami et al. (1987).
The measured 87Sr/86Sr ratio of NBS987 during this

study (0.710239) compared favourably with that
reported for NBS987 by Kagami et al. (1987).

Rb/Sr analyses of Puttetti syenite and pyroxenite
samples give initial Sr isotope ratios of 0.70717–
0.70846 at 572 Ma (Table 3). Because the syenite and
pyroxenite have similar strontium isotopic initial values,
they could be related by a common process.

Eby (1992) suggested that the Y/Nb ratio could dis-
tinguish among A-type granitoids with mantle (Y/
Nb<1.2) or crustal (Y/Nb>1.2) origins. Most of the
Puttetti syenite samples have Y/Nb<1.2, implying that
they are largely mantle in origin. Further they belong to
the A1 sub group of Eby (1992), which includes anoro-
genic granitoids that are mantle derived and emplaced
during extension or continental rifting. Conventional
tectonic discrimination diagrams of Pearce (1996) indi-
cate that the majority of the Puttetti syenite samples
have within-plate characteristics with some samples
straddling the boundary between the fields of WPG and
VAG, similar to Pan-African post-collisional potassic
granitoids from NE Africa (see Küster and Harms
1998), syenites from Madagascar (Nédélec et al. 1995),
and syenites from Yamato mountains, East Antarctica
(Zhao et al. 1995; Fig. 12). In a super continent frame-
work, the 572 Ma Puttetti syenite belongs to the most
intensive period of A-type granitoid activity (580–
540 Ma; see Rajesh 2003) along the Gondwana suture
[the continuation of the East African orogen (Stern
1994) into the East Antarctic orogen (Jacobs et al. 1998)]
in a post-collisional extensional setting, the collision
being that of fragments of East and West Gondwana.

Petrogenetic implications

It has now become clear that the generation of A-type
granitoids involve multiple processes, including partial
melting, fractional crystallization, metasomatism, liquid
immiscibility, crustal contamination, halide complexing
and thermo-gravitational diffusion (see Collins et al.
1982 and references therein). Previous studies on
southwestern Indian A-type granitoids (e.g. Rajesh,
2000) have suggested that diversification of these A-type
granitoid magmas would largely depend upon the source
characteristics, extent of partial melting, and modifica-

Table 3 Rb-Sr isotopic data for the Puttetti syenite and pyroxenite

Sample Rb (ppm) Sr (ppm) 87Rb/86Sr 87Sr/86Sr Sr I (572 Ma)

PU-1sa 26.89 160.91 0.48366 0.71111 0.70717
PU-2s 72.50 224.20 0.93628 0.71513 0.70750
PU-3s 91.03 203.99 1.29238 0.71774 0.70720
PU-4s 27.46 133.43 0.59571 0.71245 0.70759
PU-5s 137.30 406.91 0.97699 0.71541 0.70745
PU-1pb 18.52 146.64 0.36552 0.71094 0.70796
PU-2p 16.21 161.12 0.29116 0.71012 0.70775
PU-3p 21.24 169.31 0.36309 0.71142 0.70846

aSyenite
bPyroxenite
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tion of the melt by fractional crystallization, with each
taking lead at a particular stage of magma evolution.
Silicate liquid immiscibility, although not often
suggested for A-type granitoid petrogenesis, is a viable
model for the origin of the Puttetti syenite (A-type
granitoid) and associated pyroxenite.

Field evidence for the contemporaneous nature of
syenitic and pyroxenitic liquids, the occurrence of the
mixed-rock with an emulsion-like texture, and the
occurrence of pyroxenite globules in syenite, may rea-
sonably be interpreted as relics of immiscible magmas
with the unmixing of the mixed-rock liquid initiated by
the separation of rounded globules of the pyroxenitic
phase in a syenitic matrix. Both syenite and pyroxenite

show similar mineral assemblage (with major minerals
having overlapping chemical compositions), but the
relative proportions differ. Overlapping mineral
compositions are consistent with petrogenesis by liquid
immiscibility, i.e., identical compositions in rocks de-
rived from felsic and mafic magmas, are extremely un-
likely if the rocks are unrelated or are related by
fractional crystallization, partial melting, assimilation,
etc. Major element partitioning trends and the presence
of a compositional gap in a pseudo-ternary Greig dia-
gram are in accord with the silicate liquid immiscibility
model of origin. In most cases, the partitioning behavior
of the trace elements agrees with behavior either pre-
dicted or measured for immiscible melts in experimental
and/or natural systems. Immiscibility can also account
for the REE distribution difference between the syenite
and pyroxenite, with the more pronounced Eu anoma-
lies and LREE/HREE ratios of syenite and pyroxenite
(relative to the mixed-rock) related to fractionation
caused by immiscible separation. Further both syenite
and pyroxenite have similar Sr isotopic compositions.
Thus the proposed origin of the Puttetti pluton involves
the intrusion of a mixed-rock magma whose bulk com-
position is that of approximately 70% syenitic and 30%
pyroxenitic units. This melt behaved immiscibly and
split into two fractions, which produced the syenite and
pyroxenite rocks.

Comparison with recent experimental studies allows
reasonable approximations regarding the nature of the
possible source for the Puttetti mixed-rock. In the vari-
ous discriminant diagrams available for volcanic rocks,
the mixed-rock samples fall in the basaltic field (e.g.
Fig. 13) and along the trend of crystal fractionation
from alkali basalt (e.g. Figs. 3, 13). Models involving
fractional crystallization from basaltic parent magma
require that depletion of compatible elements must oc-
cur along with enrichment in incompatible elements.
Fractionation of basalt to intermediate compositions

Fig. 12 Rb vs. Y+Nb tectonic discrimination diagram (Pearce
1996) for Puttetti syenite. Data from Pan-African post-collisional
potassic granitoids from NE-Africa (average values compiled by
Küster and Harms 1998), syenites from Madagascar (Nédélec et al.
1995) and syenites from Yamato mountains, East Antarctica (Zhao
et al. 1995) are also shown

Fig. 13 Mixed-rock
compositions in a cation
percentage triplot of Al, (total
Fe+Ti) and Mg showing the
classification of volcanic rocks,
and in a normative an–ab-or
ternary diagram. Data from
Gough Island basalts (shaded
area) and the corresponding
trends (dotted line) of crystal
fractionation of these basaltic
magmas to generate
intermediate rocks is also
shown
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would involve removal of plagioclase, producing a
negative Eu anomaly and depletion of Sr, which has
occurred in the Puttetti mixed-rock. Likewise, generally
good major and trace element matches are found
between the fractionation trends of basalt (e.g. Gough
island basalts; Le Roex 1985) and Puttetti mixed rock,
lending support to a fractionation model (e.g. see
Figs. 6, 10, 13). Thus a period of basaltic under plating
is favored, with the ponding of mafic magmas, the
fractionation of which results in the formation of the
Puttetti mixed-rock.

As far as the extent of this silicate liquid immiscbility is
concerned, Ferreira et al. (1994) pointed out that the large
scale silicate liquid immiscibility they reported between
the ultrapotassic syenite and pyroxenite in the Triunfo
batholith (the largest of the plutons in the Cachoeirinha-
Salgueiro fold belt (CSF) northeastern Brazil) may be a
major magmatic process in the generation of other ultra-
potassic syenite plutons in the CSF. In South India, this
study accounts for silicate liquid immiscibility between
syenite and pyroxenite at an outcrop scale near Puttetti,
less extensive than in the case of Triunfo batholith. A
number of alkaline plutons (e.g. Yelagiri, Sevattur plu-
tons) comprising syenite, pyroxenite and carbonatite have
been reported from the northeastern part of the South
Indian shield and are located along a major NE–SW
tending lineament (Grady 1971). Miyazaki et al. (2000)
reported similar Sr initial isotope characteristics for sye-
nite and pyroxenite of the Sevattur pluton at 756 Ma.
They also reported a whole-rock Rb-Sr isochron age of
757 Ma for the Yelagiri syenite too, but no isotope study
was done on the pyroxenite body. Although field relations
are not clear and detailed geochemical studies needs to be
done on these plutons, silicate liquid immiscibility seems
an interesting petrogenetic option to be tested. Silicate
liquid immiscibility may have been much more common
than previously supposed during late Precambrian times.
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Pironon J, Lipka J (1998) Immiscible separation of metallifer-
ous Fe/Ti-oxide melts from fractionating alkali basalt: P–T–fO2

conditions and two-liquid elemental partitioning. Contrib
Mineral Petrol 133:12–29

Jacobs J, Fanning CM, Henjes-Kunst F, Olesch M, Paech H-J
(1998) Continuation of the Mozambique belt into East Ant-
arctica: Grenville-age metamorphism and polyphase Pan-Afri-
can high-grade events in central Dronning Maud Land. J Geol
106:385–406

James RS, Hamilton DL (1969) Phase relations in the system
NaAlSi3O8–KAlSi3O8–CaAl2Si2O8 at 1 kb vapor pressure.
Contrib Mineral Petrol 21:111–141

Kagami H, Iwata M, Sano S, Honma H (1987) Sr and Nd isotopic
compositions and Rb, Sr, Sm and Nd concentrations of
standard samples. Tech Rep ISEI, Okayama Univ Ser
B4:165–177

Kovach VP, Santosh M, Salnikova EB, Berezhnaya NG, Bindu
RS, Yoshida M, Kotov AB (1998) U-Pb zircon age of the
Puttetti alkali syenite, southern India. Gond Res 1:408–410

Kuscu GG, Floyd PA (2001) Mineral compositional and textural
evidence for magma mingling in the Saraykent volcanics. Lithos
56:207–230
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