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metabasites. This study therefore supports the use
of metabasites as petrotectonic indicators in low- to
medium-grade metamorphic terranes.
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Appendix - Comparison of microprobe analyses with
published values of natural amphibole standards k-
HBand SC-HB

K-HB SC-HB

published  probe 5D, published probe 5D

value value value value
SiD, 03T 41.57 0.22 4063 0.2%
Tily 472 451 0.04 489 0.03
AlLQy 1490 1408 o 1291 007
Fel 10.92 10.60 0.09 1570 0.23
MnO .09 0.08 0.02 0y 002
MgO 1150 1256 0.0% .58 is
Cald 1030 10.08 0.08 10.27 0.07
Na 0 108 201 0.04 198 004
K0 0% 1] 0.04 1.15 0.04
” 9 5

S.D.= standard deviation; n=number of samples.
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Introduction

Santosh. M.. [ver, 5.5., Vasconcellos. M.B.A. and Enzweiler. J.. 1989. Late Precambnan alkahine plutons
in southwest India: Geochronologic and rare-carth element constraints on Pan-African magmatsm.
Lithos, 24: 65-79.

The Precambrian granulite facies terrain of southwestern India is intruded by a suite of aikah gramite
and svemite plutons. Rb-Sr whole-rock isotope data for the Angadimogar syenite ( AM ) and the Perali-
mala alkali granite ( PM ), belonging to this suite. define isochron ages of 638 = 28 and 750 = 40 Ma. re-
spectively, with initial *'Sr/*Sr rauos of 0.7032 = 0.0008 and 0.7031 = 0.0008. respecuvelv. These age
data, 1ogether with data from previous studies. demonsirate long-lived magmaiic acivity in the Lime span
frem the late Prolerozoic 1o the early Palaeozoc, broadly co yraneous with Pan-African events in
other fragments of the Gondwana supercontinent.

REE patierns are reported for four plutons of this Pan-African alkal granie-svenite suite: Chengannoor
{CR). Vellingiri { VL) and the two dated intrusions (AM and PM). CR and AM are charactensed by
high total REE. strongly LREE-ennched pauerns with no Eu anomaly. associated with low Sr. Rb. U and
Th. K,0. K,0/Na,0, K.0/MgO and the agpaitic index are lower for these plutons as compared to the
other two. The PM and VL intrusions have lower total REE and less strongly fracuonated REE patterns.
associated with high K,0. K,0/Na,0 and K,0/MgO rauios. high Sr and Rb levels. but low U and Th.
The geochemical patterns in these rocks compare them well with A-tvpe granites and their tectonic rela-
tions assign affinities 10 magmatism of within-plate type. The alkaline magmatism mamfests an exten-
sional phase associated with the pre-rift 1ectonics of the Indian continent within the Gondwana assem-
blage. A petrogenetic model is developed for these plutons. involving decompression-induced melting of
deep crustal source materials characterised by low initial *"Sr/**Sr and high K/Rb ratios.

{ Received October 3, 1987; accepled August 29, 1989)

studies of the petrology, geochemistry and geo-
chronology of various rock formations in the north-

{313 wz.m.w.m._.b:zcnrm AR/SP - |

A narrow transition zone separates the Archaean
of south India into a greenschist-amphibolite facies
terrain in the north and a granulite facies terrain the
south (Fig. 1. inset). The Kerala segment forms the
southwestern part of the high-grade terrain and 1s
represented dominantly by charnockites, granulite
facies metasediments and migmatitic gneisses.
These high-crade rocks are intruded by a number of
granitic and svenitic bodies, most of which lie on or
close to maror late Proterozoic lineaments (Fig. 1).
Within the last few vears. there have been several

ern segment of the South Indian craton. The south-
ern high-grade region has recently been the subject
of several investigations. mainly concerning ther-
mobarometnic and fluid-inclusion research. to con-
strain the genesis of granulites (e.g., Harris et al..
1982: Srikantappa et al., 1985: Santosh, 1986, 1987:
Hansen et al., 1987). However. concerning the 1g-
neous historv of the area. preliminary geochemical
studies and a few mineral ages are the only available
date (Odom. 1982; Santosh and Nair, 1983: Soman
etal.. 1983; Nair and Santosh. 1984: Santosh et al..

0024-4937/89:303.50  © 1989 Elsevier Science Publishers BV,

PEN



B

66

ANGADIMOGAR

AN

o

CALICUT

== MAJOR-FALLT LINEAMENTS

o

—— MNOR LINEAMENTS e '
BV~ BavaLl | YELLNGE _._1_
KB - KABANI | |
CL- CALICUT KIZHAKMANC HE RY _
MO - MOYTAR

MC - MERCARA
| MG~ MANGALORE
|MT - MATTUPPETTI
| BM = BHAVANI

1o - ipamag avaRr
_wv.n — PERIYAR

AT - ATTUR

AC ACHANKOVIL

Th- THENMALA

@ - LOCATION OF ALKALI GRANTES

1

L

TrnanoRUM [

E PHANEROZONC COVER
m.m GREENSTOMES

N

GRANITOWD GMEISS ﬁ

m CONMANTLY SRANULITES WATH |
LOCAL GNES S IMTERCAL ATION |
m CLOSEPET SRAMITE

e 0O 20 40%m
m NORTHEAN LIMIT OF GRAMULITES] Hﬂ_ i

Fig. 1. Locauion of alkaline plutons in the Kerala region in relation to major fault-lineaments. The inset shows the generalised

geology of south India.

o COMISSAL NAUONEL LE LN

.
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1986: Santosh and Drurv. 1988). Geochemical
studies have shown that the magmatism was alka-
line in nature. The few K-Ar and U-Pb dates on
mineral separates indicate late Precambrian-early
Palaeozoic ages { Odom. 1982: Nair et al., 1985).
The Rb-5r age of 678 Ma reported for the Ezhimala
granite ( Nair and Vidvadharan. 1982} provides no
details of the 1sochron or the imitial *’Sr/*Sr ratio.
Santosh ¢t al. (1986) reported a Rb-Sr age of
595 =20 Ma for the Ambalavaval granite in north-
ern Kerala. but were unable to accurately define the
initial *'Sr/%Sr ratio due to lack of analyucal
precision,

The late Proterozoic alkaline magmatic activity,
spatially related to regional lineaments. warrants
further detailed investigations on these plutons. to
determine their petrogenesis and tectonic sigmfi-
cance. This paper presents Rb-5r 1solopic age data
for two representative members of the group.
namely the Peralimala alkali granite (PM ) and the
Angadimogar svemite {AM). The rare-earth ele-
ment { REE ) geochemistry of these two plutons and
of Chengannoor (CR ) and Vellingiri { VL } plutons
is also presented. From the results, we attempt to
constrain the uming of the magmatic events and the
petrogenenc characteristics of the alkaline magma-
tism 5o as to address the tectonic implications of
these intrusives in a rnifted Gondwana fragment.

Analvtical techniques

The REE. U and Th analyses were carried out in
the laboratonies of IPEN and the Geochronological
Centre. University of Sao Paulo. Brazil. Major ele-
ments were analvsed by wet chemical techmques
and trace elements (including Rb and Sr) were de-
termined by X-ray fluorescence spectrometry
{XRF), the uncertainties in the ratios are esi-
mated as +2%. Strontium was separated by stan-
dard ion-exchange techniques in quartiz columns
using highly purified acids. Samples for Sr-isotope
analyses were loaded on a pre-heated single Ta fila-
ment with orthophosphoric acid and analysed in a
Varian TH 5 mass spectrometer. coupled to a mi-
cro-computer system for data acquisition and
processing { Kakazu et al.. 1986). *’Sr/**Sr ratios
were corrected for mass discrimination by normal-
ising to *Sr/**Sr=0.1196. Analytical details, pre-
ci1sion and accuracy are the same as those reported

IA NUCLEAR/SP - IPEN
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in Kakazu et al. {1986) and Iver and Santosh
(1990).

REE. U and Th were determined by instrumental
neutron activation analvsis (INAA) ( Vasconcellos
and Luna. 1978; Iver et al.. 1984), using both ther-
mal and epithermal irradiauons. In the case of the
thermal neutrons. a flux of 5-10"  n m~% s~ was
employed for 8 h, counting first after 7 days. and
then again after 14 davs of cooling. For epithermal
irradiation. the flux was of the same order, with ca.
24 harradiation time. and counting after cooling pe-
riods of 3 and 20 davs. Samples were counted along
with U.S. Geological Survey { U.S.(G.S.) standards.
using an Ortec Ge(Li) detector coupled to stan-
dard modular units for data acquisition and pro-
cessing. Based on duplicate analysis and compari-
son with results for U.S.G.S. standards. the accuracy
of the data presented can be 1aken 1o be of the order
of + 10% for most of the elements.

Salient features of the Kerala plutons

The general geological and mineralogical data
pertaining 1o the four plutons are summarised in
Table I. All the intrusives are small (20-60 km-),
E-W or NW-SE elongated elliptical bodies showing
sharp contacts with the couniry rocks. The CR plu-
ton intrudes charnockites. whereas PM. AM and VL
penetrate late Archaean gneisses intercalated with
granulites in north Kerala. CR is spatially related to
the NW-SE trending Achankovil lineament. consid-
ered 10 be a major strike-slip shear svstem by Drury
etal. (1983). The PM pluton lies on the Bavali lin-
eament, a major fault which has controlled the em-
placement of Proterozoic anorthosiie bodies. gab-
bros and granophyre { Nair and Santosh, 1983 ). AM
lies close 1o the intersection of the Mercara fault and
the Mangalore lineament. VL is spaually related to
the Bhavam lineament. a Proterozoic strike-slip
shear belt (Drury et al.. 1984), which has con-
trolled the emplacement of mafic and ulramafic
bodies along i1ts NE extension.

The dominant mineral constituent of all the plu-
tons is perthitic K-feldspar. In CR. the alkali feld-
spar 1s a coarse-grained mesoperthite. whereas in
others. the perthite lamellae vary from stringers and
braids 1o coarser flames and patches. Plagioclase is
subordinate, with a compositional range from al-
bite to oligoclase. Quartz is present In minor
amounts. The modal -4-F contents (Fig. 2) mainly
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TABLE !
Summary of geologic, logic and geoch 1 characters of the alkaline plutons
Name ol Related Country rock General mineralogy Age
pluton fault-hneament|s ] Ma)
Chengannoor Achankovii charnockite cEE.r._..&zuwﬂ._u_u-._cn.uw».zo..nq_n._an.»..o—:n.«u:n_._n S50
Peralimala Bavah MIgMaNC gneiss quarz-K-feldspar-piagioclase-alkaly k gamet-sphenc-biotie TS0
A ngad . Bavaii. M 1l migmatitic gnerss  guan:- K-feldspar-plagioclase-homblende, nebeckite-acmite-zircon-sphene Hh3E
Vellingin Bhavan migmatilic gnerss  quans-k-feidspa lase-alkal amphib garnet-sphene- nd

' phiogopite
nd.=not determined.
*'K-Ar (homblende b age {Soman et al., 1983},
“'Rb-Sr {1sochron ) age; this study,
TABLE 2
Sahem major- and trace-elernent charactensiics of the alkahine plutons of Kerala

Chengannoor Perahimala Angadimogar Vellingin

CR-2/1 CR-I/3 PM-A PM-C PME AM-104

aM

S1/B WL-1/2 0 VLA WL-IA4 0 VL-M1 VLRSI VL3R

Magor elerments (wi %0

e e 68 6371 8532 eldb
0,30 0.2 0.06 006 009
1478 1580 1782 1785 |E8T
.24 .88 140 086
0,90 0,79 1.04 0.7} 06l
0.03 0.03 0.06 004 006
0,45 X2} 0.96 0.4 96

224 1.80 092 128 054
367 388 189 S.00
485 479 1131 T 54

007 007 002 002 006
K,0/Na,0 132 1 597 598 159 079
K:O/MgO 1010 T 48 ) i

(K+Na)/al  DES 064 I8 LT a8 09

Trace eiements {ppm b

Ba a1l 852 3253 3589 127 304
Sr 138 193 1580 527 [221] 248
Rb 112 106 154 148 162 63
Zr - - 44 52 48 -
K/Rb 3598 3755 3724 3802 4307 11028

6305 6121 6005 6481 6179 KlEa

017 017 a1l 0.02 0.65 0.7

17.84 15.80 1733 17.33 1733 16.42

1.00 373 259 47 1.58 11

0.60 Q.22 054 0.25 0.54 068
0.03 .07 0.02 0.01 0.08 )

.65 (.64 0.32 0B 48

136 403 .19 196 ERE

221 1.98 235 438 390

966 9493 1061 638 LS

0.03 0.04 0.0 0.02 0.02

0.59 426 5.02 451 2.1

396 1486 1582 3315 |7 98

0.86 1.0% 1.08 I 0.57
SO0 172 450 784 1948 480 1016
a7 1583 1609 14158 1276 i, 1291
73 16 154 155 148 162 168
- 120 30 2 500 400 420

781 691.4 580.3 04,5 5953 6163 $86.9

= =below detection lumit

fall in the quartz-alkali feldspar-svenite and quariz-
alkali feldspar-granite fields of Streckeisen (1976 ).
Greenish pleochroic hornblende, riebeckite. aegi-
rine and acmite occur in some of the samples. Gar-
net and sphene are common accessories in PM and
VL. Apaute. zircon. biotite and caicite are other ac-
cessories. Phlogopite occursin VL.

Out of these four plutons, age data are available

only for the CR. where K-Ar dating of hornblende
separates has vielded an age of 350 Ma (Soman et
al.. 1983). indicating an earlvy Palaeozoic magmatic
episode.

The salient geochemical features of the four plu-
tons are given in Table 2. Only data pertaining to
the samples selected for REE analyses are listed in
the 1able. but comprehensive studies show that there
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Fig. 2. {-4-F plots of the modal compositions of the four al-
caline piutons of the present study. The classification scheme
is after Streckeisen 1976},
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Fig. 3. 510, vs. log,o K;0/MgO) relationship in the aikaline
plutons. The calc-alkalic and alkaii granite fields are from
Rogers and Greenberg 1981 ).

1s little vanation in individual piutons (cf. Nair and
Santosh. 1984: Santosh and Nair, 1986; Santosh and
Drury. 1988). SiO; values are high in CR (up to
70.19%), whereas other plutons show moderate sil-
ica levels (60.15-65.32%). A notable feature is the
migh content of alkalies { K,O+ Na,Oupto 13.31%
i PM}. In all the plutons except AM, K.O exceeds
Na,O. with K,0/Na,O values ranging up 10 5.98 in
PM. K;O/MgO values are also high (7.11-47.13),
comparable with those of alkali granites in other
shield areas (Greenberg, 1981). In plots of
log,s{ K;0/MgO} vs. $i0, (Fig. 3), the Kerala plu-

t ENERGIA NUCLEAR/SP - IPEN
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tons fall close to the alkali granite field as deline-
ated by Rogers and Greenberg (1981 ). The agpai-
tic index [(K+Nai /Al atomic) ranges from (.84
in CR to .18 in PM and VL. Except for VL-2/2.
none of the samples are nepheline normanve. How-
ever. many of them contain significant normative
diopside and wollastomite. Low Mg (0.24-1.6% ),
low to moderate CaQ (0.34-3.03%) and high
Fe,0,/FeQ (upto 17.4 in VL) are other common
characteristics. Among the trace elements. CR and
AM show moderate 511 193-977 ppm ) and low Rb
{63-112ppm ). whereas PM and VL have generally
high Sr (up 1o 2228 ppm } with moderate Rb ( 1 16—
254 ppm). K/Rb values are high { 339-1102) in all
the plutons. VL shows a high Zr content (up to 300
ppm}.

TABLE 3

Rb-5r anaivucal data for Peralimala and Angadimogar alkaline plu-
Lons, Kerala

Sampie No. Rb Sr “"Rb*sr “Sr./ Sr
I ppm b Ippm
Feraiimala:
PM-4 254 0.7082
PM-B 196 01077
PM-C 1Y 07174
PM-D 200 0. 7066
PM-E 162 0.7107
PM-F 154 0.7095
Angadimogar.
AM-1/4 LE] 248 04
AM-1/6 T4 126 1.553
AM-1/T 13 134 1427
AaM-1/8 73 4T 0.216
AM-1/9 &0 497 0,351
Rb-Sr isotope results

The analvuical data. Rb/Sr ratios and Sr-isotopic
composition for the PM and AM plutons are given
in Table 3. The rocks are generally rich in Sr rela-
tive to Rb. so that Rb/Sr ratios are low and rather
uniform. The Rb-Sr 1sotopic data are plotted in iso-
chron diagrams in Figs. 4 and 5. The decav constant
for *'Rb is taken as 1.42-10~ " a~" (Steiger and Ji-
ger. 1977}, When the data points are regressed ac-
cording to the model of York (1969), the following
results are obtained:
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Angadimogar sveniie

Age: 638 - 24 Ma
1575 **Sr ), 0.7032 £ 0.0008
MSWD: 0.6

Perafimaia alkali granue.

Age: 750+ 40 Ma
(¥Se/™Sry,: 0.7031£0.0008
MSWD: 1.02

The 1sochrons are well fitted, with MSWD-values
lower than the upper limit of 2.5 set for acceptable
isochrons by Brooks etal. {(1977).

The ages of the two plutons are distinct. and to-
gether with previous age delerminations in the re-
gon. indicate a time span of about 200 Ma for the
alkaline magmatic activity from ca. 750 to 550 Ma.
The late Proterozoic ages are also correlatable with

¢ ENERSIA NUCLEAR/SP - IPEN

Fig. 6. Compilation of available geochronologic data for the southwestern Indian Shicld penaining to Pan-African magmatism.

the emplacement of carbonatites and other alkaline
complexes in south India { Deans and Powell. 1968:
Borodin et al.. 1971 ). Whether the period 750-550
Ma represents one episode of conlinuous lectono-
magmalic activity or more than one episode must
be determined by further geochronological studies.
The available ages on the granites and syenites in
the southwestern Indian Shield are compiled and
shown in Fig. 6. The data indicate that the alkaline
magmatism in the region spans the late Protero-
zoic-early Paleozoic boundary, broadly comcident
with age data for the Pan-African rocks of other
Gondwana fragments.

The initial Sr-isotope ratios are low for the PM
(0.7031 +0.0008 ) and AM (0.7032£0.0008 ) plu-
tons. For VL. the Sr-isotope ratios were calculated
based on an assumed age of 700 Ma. as the Rb/5Sr-
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values were low with little dispersion. The caleula-
tions show a range between 0.706 and 0.707. It has
been observed that within the late Pan-African of
Arabia. initial *’Sr/*Sr ratios range from 0.7032 to
0.7093 (Gass. 1981 ). The values obtained for the
Kerala plutons are in good agreement with these,

In addition to the classification of granites into [
and S types. anorogenic alkali granites are now
classified as A-type (Loiselle and Wones. 1979:
White. 1979: Collins et al.. 1982), which represent
rift-related magmatism in shield areas. Alkah gran-
ites. 1n general. have a considerable range of initial
818r /%St ratios (0.703-0.712: Pitcher. 1982). the
higher values signifying remelting of continental
crustal rocks or contamnation of mantle-denved
magmas by crustal material. The low initial *'Sr/
#Sr ratios in the alkaline plutons reported here 1n-
dicate Rb-depleted lower-crustal or upper-mantie
SOUTCE.

TABLE 4

Rare-carth clements. U and Th analyses of the alkaline plutons of Kerala
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Rare-earth elements (REE)

Analvses aw. REE. U and Th in representative
samples from the four plutons are presented in Ta-
ble 4. The CR and AM plutons have distinctly higher
REE compared to PM and VL. and the REE con-
centration levels as well as light REE /heavy REE
(LREE/HREE) ranos of these plutons show an ap-
parent negative correlation with the agpaitic in-
dices of the rocks. Thus, the more alkalic plutons
like PM and VL have considerably lower total REE
compared to the less alkaline CR and AM intrusives.

The chondrite-normalised REE patterns of the
four plutons ( normalisation values after Jahn et al..
1980 ) are shown in Fig. 7. CR and AM exhibit sim-
ilar REE patterns. charactenised by steep slopes from
LREE to HREE [average (Ce/Yb), ratios 31.5and
27.1. respectively ). suggesting a highly fractionated

Chengannoor Peraimaia Angadimogar
CR-2/1 CR-2/3 PM-1 PM-7 PM-11 AM-1 4 AM-18
Laippm) a7 49 138 E7 36 124 hd
Ce 100 LA] 156 171 1.0 182
Sm 6.3 42 1% LS 129
Eu 1.3 L5 1.0% 0.30 12
Th 0.52 0.43 0n.84 - .65
Yb 0.82 n.a. 1.58 062 12
Lu 015 a1s 0.34 012 024
u 140 1.33 - 30 n.a.
Th 136 101 1.5%4 1.5% 19.4
(La/Luj, 46.3 LN} T4 16 4.7 B6.6
(Eu/Sm1, 0.1 0.36 0.39 074 0.70 .56
(Ce/Yb, s - 4.5 L 4.5 313
Vellingiri
¥L-1/2 VL-1/1 VL-2/4 ¥L-3/1 VL-3/2 VL-3/3
La (ppm ) 6.5 LX) 53 6.9 41 57
Ce 157 220 0.7 10.9 6.8 13.6
Sm 3 3.5 4.8 0.66 0.89 L
Eu 0.64 1.42 i3 0.24 034 067
Th 0.27 153 213 - 0.25 .66
Yb 123 19.0 122 058 .44 1.62
Lu 0.20 4.06 13 012 0.07 .31
u - na na. n.a - na.
Th 51 na na n.a. 1.1% na
(La/Lui, 33 0.16 0.23 58 5.9 1.9
{Eu/Sm, 0.74 067 .64 087 1.02 0.62
{CeiYbi, 33 0.30 0.43 48 40 21

- =below detection limit; n.a = not analvsed.
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Fig. 7. Chondnie-normalised REE patterns for the alkaline plutons of Kerala.

nature for these rocks. in marked contrast to PM
and VL [average (Ce/Yb), 3.9 and 2.5, respec-
tvely ]. Two samples of the VL pluton (VL-2/2 and
2/4 show positive slopes from La to Lu, indicating
a marked ennchment in HREE. Modal analysis of
these sampies has shown significant contents of gar-

LE ENERGIA NUCLEAR/SP - IPEN

net and zircon. These accessories are known to con-
centrate HREE in gramitic rocks ( Arth, 1976: Han-
son. 1978 ). so that the presence of these phases may
account for the high HREE levels in these samples.
The (Eu/Sm ),-values show a limited range in CR
{0.21-0.36) and AM (0.47-0.56), whereas in PM
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(0.39-0.74) and VL (0.62-1.02) the ranges are
sigmiiicant. The majority of the REE plots of PM
and VL show moderate negative Eu anomalies. in-
dicating plagioclase fractionation. CR and AM lack
Euanomaly.

Among the radioactive elements. PM and VL
show low U. Th and Th/U-values. whereas CR and
AM have high Th. low U and consequently high Th/
U-values, The U and Th values of all the samples of
these alkaline plutons are lower than the values of
>5and > 20 ppm. respectively, considered typical

1984).

of peralkaline granites by Taylor et al. (1980).
Pearce et al. { 1984) examined possible methods
of distinguishing gramtes from a vaniety of tectonic
settings and proposed a method of normalising
trace-element abundances relative to an appropri-
ate standard. The synthetic ocean-ridge granite
(ORG) chosen by Pearce et al. {1984} has been
taken 1o construct the patterns of the Kerala plu-
tons in Fig. 8a. where they are compared with the
ORG-normalised patterns of volcanic-arc (VAG)
and within-plate (WPG) granites (Fig. 8b and c).
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The lack of a pronounced negative anomaly for Ba
and the low abundances of Ce. Zr. Sm and Yb sug-
gest affinities with VAG and COLG (colhission-
zone ) granites. However. the petrogenetic model-
ing of Pearce et al. {1984 ) assumes that all granitic
magmas derive from parents with a mantle source
region. Where granites are emplaced in thick older
crust. as is demonstrably the case in Kerala. con-
tamination bv earlier sial is expected. at the very
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least. Crustal contaminants would cause a WPG to
be misclassified as VAG or COLG (cf. Santosh and
Drury. 1988). From actual field setung of these
plutons, they correspond more closely to WPG type.

On geochemical charactenstics. the alkaline plu-
tons of Kerala could be divided into two distinct
groups, as identified from the present results. One
has lower K,0, K,0/Na,0, K,;0/Mg( and agpa-
itic indices. and high (Ce/Yb), ratios with no Eu
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anomaly. This group has low U and high Th values
and it includes the CR and AM plutons. The PM
and VL granites. on the other hand. have high K.,O.
K.0/Na,O, K.O/MgO and agpaitic indices. and
therr REE characteristics contrast with CR and AM
in that thev have low {Ce/Yb), and significant
negative anomalies. Two samples even show LREE-
depleted patterns. U and Th values are consistently
low in these rocks.

The REE patterns of the four plutons are com-
pared with those of subalkaline and peralkaline sil-
icic rocks from different regions in Fig. 9. Light REE
{LREE 1 enrichment patterns are charactenstic fea-
tures of such rocks and the Kerala granites are sim-
ilar 1o them. However. lack of prominent negative
Eu anomalv and the rather steep LREE-ennched
patterns of CR. and AM distinguish these plutons
from those of the Arabian Shield iJackson et al.
1984). the peraikaline Median gramite of Saudi
Arabia { Harris and Marriner. 1980) and the Nige-
nan peralkaline granites (Bowden and Whitley.
1974 3, Nevertheless. their REE patterns are simular
to those of a peralkaline ultrapotassic svenite from
west Morway { Furnes et al., 1982). a peralkaline
nepheline svenite in Sudan { Harms et al., (983) as
well as some peralkaline and subalkaline granie
plutons of the Llevn Peninsula. North Wales. UK.
{Croudace. 1982). The normalised patterns of PM
and VL compare well with those of peralkaline plu-
tons from Nigeria and the U.S.S.R. {Bowden and
Whitley. 1974, Two samples of the VL pluton (2
2 and 2/4) deviate from other patterns in having
LREE-depleted patierns {i.e. (Ce/Yb),<1): these
are stmilar to the patterns in albitised nebeckite
granites reported by Bowden and Whitley (1974).
As mentioned earlier. the high modal contents of
garnet and zircon in these two samples may account
for their higher LREE levels.

Discassion and conclusions

1t is now widely recognised that the tectoncther-
mal event throughout Africa at the end of the Pre-
cambrian. for which Kennedy (1964) coined the
term Pan-African, is widely represented throughout
the Gondwana continents (Kroner, 1979, 1980.
1981). In NE Africa and Arabia. the final stages of
cratonization in the Pan-African were marked by 2
switch from calc-alkaline 10 peraikaline magma-
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usm i Gass. 1981). The ca. 750-550 Ma ages of the
Kerala plutons are broadlv coincident with those
found in the Pan-African of the Afro-Arabian shield.
Hence these plutons are envisaged to be ymprints of
a sitmilar tectonothermal event in south India and
suggest that the Pan-African thermal actiaty was an
important aspect of the Precambrian evolution of
the Indian Shieid. In the context of south India’s
former posinion at the centre ot the Gondwana su-
percontinent. the Kerala plutons warrant detailed
studies in terms of geochemistry and geochronology
in order to characterise the petrogenetic and tec-
tomic history of the Indian Pan-African.

A-1vpe granites. which the Kerala plutons resem-
ble most. are thought to be the products of crvstal-
lization of primary magmas produced by the parual
meiting of relatively anhvdrous lower-crustal rocks
{ Barker et al.. 1975: Collins et al.. 1982 Jackson et
al.. 1984). The Collins et al. (1982) model pro-
pose¢s partial melting of A-lype granite magmas at
elevaled temperatures from a source depleted in
water by the previous extraction of minimum-meit
[-1vpe magma. A-tvpe magmatism 1s thus character-
1sed by a source of sialic. dehvdrated crust. a source
of heat sufficient to parually melt this crust and a
means of migration of the resulting magma.

The high K/Rb ratios (359-1102) of the Kerala
plutons and their low initial *’Sr/**Sr levels (07031
and 0.7032) indicate Rb-depleted lower-crustal or
upper-mantle source for the magma. Although the
associated granulites {in which the alkaline plutons
are emplaced) are not commonly depleted in Rb
relative to K at their present-day level of exposure.
deeper-level charnockites of different ages from the
Nilgiri Hills and many other terrains have high K/
Rb ratios. Hence, generation of the Kerala plutons
by crustal melting cannot be ruled out. The rela-
tively quartz-poor alkaline nature of many of the
plutons may indicate deep melting because of the
movement of the granite minimum in the Q-Ab-Or
svstem to more alkaline compositions with increas-
ing pressure (Santosh and Drury, 1988).

Hams and Marmnner (1980) suggested that
slightly peralkaline magmas can be generated by
deep crustal partial melting under a high flux of
mantle-derived volatiles. Such gas-flux transports
thermal energy to produce a steep transient geo-
therm and abnormally high temperatures at inter-
mediate crustal levels { Harms et al.. 1982). in ad-
dition to carrying elements scavenged from along
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its path. In the case of a CO. flux driving water va-
por before 1. as suggested for the carbomc meta-
morphism of south Indian charnockites { Santosh.
1986 ). high temperatures and high Py, would in-
duce melung at different crustal levels ahead of the
dehvdrauon front as it moves progressively 1o higher
crustal levels. represented by the Kerala charnock-
ies {Santosh and Drury, 1988 ). Of particular in-
terest in this context are the recent carbon stable
1sotope studies of fluid inclusions. Thermal decre-
pitation of fluid inclusions in the Kerala plutons and
stable 1sotope analvsis of the released CO,-rich fluid
vield 8'*C-values in the range of —13.6 to —7.3%e
{cf. Santosh. 1990). Carbon 1sotopes of fluid inclu-
sions 1n the Kerala charnockites show a closely
comparable range ( — 12.3 10 —7.5%o: Santosh et al..
19881, indicating the possibility of a common
“mantle connection™ for the entrapped fluids.

The generauion of alkaline magmas withi
orogenic zones of crustal fractures has been ob-
served by various workers ( Murthy and Venkatar-
aman. 1964: Bowden, 1973}, The spatial relation-
ship of the Kerala granites with regional lineaments
needs emphasis. Many of these lineaments are deep-
seated faults or shears and are rift-related in nature
1Grady. 1971: Katz. 1978: Drurv et al.. 1984). Per-
alkaline plutonism 15 a ubiguitous feature of pre-rift
tectorics and is especially important in the early
stages of extensional tectonics. Abnormal ennch-
ment of alkalies is considered to be a key-note of
rift-related magmansm (Bailey. 1974). Crustal
fractures act as conduits for heat and volatile trans-
fer from the underlying mantle. The volatile influx
brings with 1t mobile elements, especially alkalies.
A number of syenite masses. sodic anorthosites and
carbonautes with Pan-African ages are emplaced
along the major lineament systems in south India
{ Deans and Powell. 1968: Borodin et al.. 1971).
Since the most probable mechanism of crustal ana-
texis within the continental plate is decompression
melting. tnggered by extensional tectonics. it 1s in-
ferred that the alkaline magmatic regime in the In-
dian Shield represents repeated attempts of the crust
1o break apart in the Gondwana supercontinent
during the Pan-African times.
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