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Petrography and metamorphic conditions of a new
sapphirine-bearing assemblage from Kambam valley
are described. Temperature of formation of sapphi-
rine-bearing assemblages is high, around 850°C, and
pressures range from 7.5 to 5 kbars, suggesting that
sapphirine formation took place during decompression
events.

The sapphirine occurrence of the Kambam valley
is the southern most, reported so far in the southern
granulite terrain (SGT). Here we report the sapphirine
occurrences of the eastern Kodaikanal ranges cluster
around the Kambam fault, which hosts carbonatite.
In addition, numerous syenite bodies and alkaline
granites are common to the Kodaikanal ranges. The
age of garnet separates (Sm-Nd garnet/whole rock)

of Kambam valley and Kodaikanal ranges is around .-

550 to 520 Ma. This indirectly gives the age of sap-
phirine formation, as sapphirine develops after garnet.
The age of the carbonatite, syenite bodies and alkali
granites which occur along these intra-cratonic line-
aments ranges between 790 and 550 Ma. The close
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spatial association of the high temperature sapphirine-
bearing assemblages with the Kambam fault strongly
suggest that their formation is closely linked to Pan-
African tectonothermal event.

In this paper, we report sapphrine-bearing assemblage
from a new locality, south of the Kodaikanal ranges.
This locality lies in the Kambam valley and is the
southernmost sapphirine occurrence so far recorded from
southern India. However, this sapphirine assemblage can
be tied up with the numerous sapphirine occurrences
from the eastern Kodaikanal ranges. Stress is laid on
the tectonic significance of these sapphirine occurrences
restricted to a rather narrow zone; the timing of sapphirine
formation and the possible heat source.

The South Indian granulite terrain can be broadly
subdivided 1nto a late Proterozoic (Pan-African) southern
granulite terrain (SGT) and late Archaean northern
granulite terrain (NGT) with the fundamental Palghat—
Cauvery break, now a graben, separating the two. The
SGT 1s dominated by granulite grade supracrustal units,
in addition to the normal charnockite and two pyroxene
granulites. These litho units contain critical mineral
assemblages which are excellent tools in constraining
the metamorphic conditions and P-T—-t paths. High tem-
perature (900°C) silica-deficient sapphirine granulites
have been reported from several localities in SGT, viz.
Ganguvarpatti'™, Panrimalai®, Perumalmalai®’ and Usi-
lampatti®.

The wedge-shaped Kambam valley is bordered by the
Cardamom hills to the west and the Varushanad hills
to the east (Figure 1). This valley, the resultant of a
deep fault (the Kambam fault) trends in a NNE to NE
direction. As can be seen from the map, the Kambam
fault cuts across the eastern Kodaikanal ranges and
extends further northward across the Kadavur massif
anorthosite body of Proterozoic age.

The dominant rock types of the area include granulite
grade pelitic and calc-silicate lithologies, interbedded
with pyroxene granulite bodies amidst quartzofeldspathic

-charnockites. The terrain as a whole is punctured by

several granite bodies. Presence of syenite and late
carbonatite intrusives is significant.

Pelitic lithologies include both silica saturated (grt—
cord-bt—sil) and silica undersaturated (spr—crd—opx—bt—
spl-plag) varieties. Calc-silicate lithologies are intimately
intermixed with pyroxene granulite bodies on a decimeter
scale and contain wollastonite—scapolite—garnet—lino-
pyroxene associations. Charnockite is normally devoid
of garnet. The present study focuses on the silica-deficient
sapphirine-bearing assemblages. '

Silica-deficient pelitic granulites occur as in situ out-
crops of a few meters amidst charnockite. Pelitic and
calc-stlicate bands can be seen in the vicinity. Two
distinct mineral assemblages, viz. spr—crd-opx-bt—spl
(sapphirine present) and crd-opx-bt-plag (sapphirine
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absent) are noticed. Sapphire blue sapphirine and the
indigo blue cordierite grains (up to 0.8 cm across) can
be noticed even in hand specimens. Orthopyroxene and
biotite define the regional foliation (NE-SW) and sap-
phirine grains often athwart the foliation suggesting that
sapphirine is late.

Sapphirine is strongly pleochroic in shades of blue
and green and i1s commonly intergrown with cordierite
(Figure 2 a). Occasionally, sapphirine contains inclusions
of spinel (XMg 0.70), cordierite and rare, calcic
plagioclase. Sapphirine also occurs as slender ribs grow-
ing across orthopyroxene plates (Figure 2 b). At places,

18°%0° 11°0°

/ 1;/ v I
: ,{,;d’,, , > 4
10°3¢° / " &y 2, /f{"}
' \ 10°0"
N TR
2 \\ P 18°0°
4
'KﬂﬂA.IKAH >- a
AR g §
Iy Pl {
[ ¢ . '
BT EN ¥
S l,*,, .' >
=t & 7 p /4
- z ' u-]\ wf :
= < ﬂ "y ¢ ? ¢
< i ¢ m S L A
sV | - <
10°0 g ’ ;< l "fa
M I L i
< / l "*"l\ \ |I<' I 9°30°
@) Kamfam hl [z |
ﬁ i ' ¢ @ ® di ’ |< / |
I | I T B+ L TN
R - N
e — \ ﬁ L
0O I8 Km. : 77°30°
é
77°0° 9°30°

— — G

sapphirine is found in complex intergrowth with
orthopyroxene, cordierite and biotite. Chemically the
sapphirines of Kambam plot between 221 and 793 in
the (MgO + Fe0)-Al,0,-Si0, diagram (Figure 3). XMg
varies from 0.87 to 0.91 which is slightly higher when
compared to sapphirines from other localities (XMg
0.73-0.87) in the eastern Kodaikanal ranges.

Two . generations of cordierite can be identified.
Cordierite included in sapphirine represents the first
generation (crdl). In sapphirine-absent assemblage, spec-
tacularly large (0.8 cm long and 0.5 cm across) cordierite
(crdl) has inclusions of biotite and corona of ortho-
pyroxene. Cordierite intergrown with sapphirine, ortho-
pyroxene and biotite forms the second generation (crd2).
The two generations of cordierite have similar chemistry.
Cordierite of different generations with similar chemistry
has been reported from Napier complex, Antarctica and
this phenomenon has been attributed to the retrograde
Mg—Fe re-equilibration®™'?, XMg value is around 0.95
and 1s comparable with those from other sapphirine
localities in the SGT.

O.5mm,
h——ﬁ

Figure 1. Map of the Kodaikanal ranges showing the different
sapphirine localities: 1, Panrimalai; 2, Perumalmalai; 3, Ganguvarpatli;
4, Usilampatti; 5, Kambam; C, Kambam carbonatite; ODM & KDV,
Oddanchatram & Kadavur massif anorthosite bodies. Inset - Key map;
NGT, Northern granulite terrain, SGT, Southern granulite terrain,

Fipure 2. a, Photomicrograph showing sapphirine + cordierite inter-
growth. Note included spinel (dark) in sapphirine (Spr). &, Sapphinne
ribs in Lupe platy orthopyroxene. Suritounding the octhopyroxene cor-
dierite gruins are seen.
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Strongly pleochroic orthopyroxene commonly occurs
as intergrowths with sapphirine and biotite. Ortho-
pyroxene which co-exists with biotite parallels the
recional foliation. They are well preserved in micro-
domains where sapphirine has not developed, as later
sapphirine growth disrupts them.

In the present locality, orthopyroxene with 5% alumina
i1s common and orthopyroxene with high alumina contents
(8-12%) is not noticed. High alumina orthopyroxene
has been reported 1n sapphirine assemblages tfrom
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Figure 3. (MgO + FeO)-A},0,-5i0, diagram showing the composition

of Kambam sapphirines intermediate to 22t and 793.
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Perumalmalai®’ and Ganguvarpatti’. It is noteworthy that
these high alumina orthopyroxenes with patches of
sapphirine and green spinel are commonly found as
breakdown product of garnet. In the above two areas
large plates of orthopyroxenes with a lower alumina
content (5%) also occur surrounding cordierite—sapphirine
symplectites (see photographs in ref. 5). Absence of
high alumina orthopyroxene in sapphirine-bearing
assemblages in the Kambam locality may be because
of their resorption during sapphirine formation.

Biotite is the most dominant mineral making up to
60% modally. Two generations of biotite which differ
in texture and chemistry are identified. The prograde
biotite (btl) occurs as inclusions in cordierite or as laths
defining foliation. They have higher TiO, content (3.5-
4%). Second generation biotite (bt2) forms as an altera-
tion product of orthopyroxene along its margin and has
lower TiO, content (1.5-2%).

Table 1 gives the representative analyses of sapphlrme
cordierite, orthopyroxene, biotite and spinel.

The assemblage sapphirine—cordierite—orthopyroxene—
biotite—spinel falls within the KFMASH system. The
representative mineral analyses are plotted in the trilinear
diagram with apices 5i10,-6(K,0 + Na,Q), (FeO +MgO),
(AL, O,~Cr,0,-Fe,0,), (Figure 4). Mineral reactions are
deduced from textural relations in conjunction with the
above phase diagram.

Table 1. Representative mineral analyses of sapphirine-bearing granulites. Sapphirine recalcu-
lated on the basis of 10 oxygen atoms; orthopyroxene, 6 oxygen atoms; cordierite, 18 oxygen
atoms,; spl, 4 oxygen atoms and biotite, 22 oxygen atoms
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1 2 3 4

Spr Spr spr OpX
Si0, 13.66 1388 1424 5477
1‘:0z 0.04 004 006 007
ALO, 6266 6329 6155  5.40
FeO 3.38 3.16 3.35 6.94
MnO 0.01 0.01 0.06  0.09
MgO 19.46 1896  19.55 3251
Ca0 0.04 0.01 0.01 0.07
Na,0 0.00 002 002 0.0l
K,O 0.01 0.01 0.00  0.02
Cr 0, 0.19 0.10 004  0.00
Total 99.45 9949  98.88  99.88
Si 0.802 0.813 0.840  1.893
Ti 0.002  0.002 0.003  0.002
Al 4338 4368 4281  0.220
Fe 0.166 0.155 0.165  0.201
Mn 0.000 0.000 0.003  0.003
Mg 1,703 1654 1719  1.674
Ca 0.003 0.001 0001  0.003
Na 0.000 0002 0002 0.001
K 0.001  0.001 0.000  0.001
Cr 0009 0005 0002  0.000
Total 7.023  7.001 7017  3.996
XMg 0911 0914 0912  0.893
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5 6 7 8 S
opX crd crd spl bt1
5566 4950 4963 0.06 39.14
0.08 0.01 0.02 0.04 3.62
4.96 33.73 34.05 65.26 16.28
6.85 0.96 0.97 14.74 5.24
0.08 0.03 0.01 0.04 0.00
32.87 12.91 12.70 19.43 20.85
0.06 0.03 0.01 0.00 0.00
0.01 0.22 0.11 0.00 1.07
0.00 0.01 0.00 0.01 8.06
0.00 0.00 0.01 0.07 0.05
100.57 97.40 97.51 99.65 94.31
1.908 4.978 4980  0.002 5.584
0.002  0.001 0.002  0.001 (.388
0.200 3999  4.028 1.960 2.738
0.196  0.081 0.081 0.314 0.625
0.002  0.003 0.001 0.001 0.000
1.679 1.935 1.899  0.738 4.433
0.002  0.003 0.001 0.000 0.000
0.001 0.043 0.021 0.000 0.256
0.000¢  0.001 0.000  0.000 1.467
0.000 0.000 Q.Q0l1 0.001 0.006
3890 11.044 11.015 3.017 5.537
0.895 0960 0959  0.701 0.876
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+Kfs
+H.,0

FeO +MgO

(MgO + FeO)-(ALO, + Cr,0,-K,0 + Na,0)-(5i0,~6K,0)
diagram showing the phase relations for the sapphirine assemblage of
Kambam. Projection from potash feldspar is preferred as the paragenetic
relation between cordierite and orthopyroxene can be better represented
unlike in AKF diagram, where they fall on the same line.

Figure 4.

Inclusions of biotite in orthopyroxene and cordierite
suggest their formation by the prograde reactions:

Bt+qtz = Opx +Kfs + V (1)
Bt+Sil+Qtz=Crd +Kis +V (2)

In general, formation of sapphirines in eastern Kodaikanal
ranges, especially in the Perumalmalai and Ganguvarpatti
Jocalities, can be explained by the following reactions:

Grt = Spr + Opx + Crd - (3)
Mg Tschermark of Opx = Opx + Spr " (4)
Spl + Crd = Spr + Opx (5)
Bt + Crd = Opx + Spr. (6)

Reactions (5) and (6) pertain to the present locality as
can be seen from the topology of KFMASH diagram.
Presence of inclusions of spinel and cordierite in
sapphrine and the complex intergrowth of sapphirine,
orthopyroxene, cordierite and biotite confirms the above
reactions. Though garnet and high alumina orthopyroxene
(= 9%) seem to be absent in the present locality, reactions
(3) and (4) inferred as sapphirine-orthopyroxene-
cordierite intergrowths are common. It is quite probable
that these terminal reactions have proceeded to near
completion, consuming all the garnet and high alumina
orthopyroxene. More important is that, these
sapphirine-forming reactions are decompression reactions,

Estimates of temperature for sapphirine-bearing
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granulites using spinel-cordierite'' and orthopyroxene—
biotite pairs'®'’ are 950°C and 800-830°C respectively.
These values agree with the estimates using garnet-
cordierite and garnet-biotite pairs of pelites and garnet—
orthopyroxene-plagioclase—quartz of charnockites of
Kambam valley (850-950°C). Thus, the area in general
has witnessed a dominant high temperature granulite
grade metamorphism.

Pressures are deduced from spinel-cordierite—ortho-
pyroxene-biotite assemblage using TWEEQU program',
The pressure estimated using inclusion phases in
sapphirine-like spinel, cordierite and biotite gives a
maximum of 7.5 kbar, while that deduced from phases
co-existing with sapphirine is lower around 5 kbar, sug-
gesting that sapphirine formation was associated with
decompression events. These pressure estimates are in
good agreement with those obtained from garnet-bearing
pelitic and charnockite assemblages of the area (5-
& kbar). The pressure estimates for garnet-bearing
sapphirine assemblages of Kodaikanal ranges are only
slichtly higher (8-5 kbar)**”,

From petrography and mineral reactions, it is clear
that the formation of orthopyroxene and sapphirine in
Kambam valley and in general in the Kodaikanal ranges
is at the expense of garnet. In garnetiferous two pyroxene
granulites and charnockites, the garnets often breakdown
to form orthopyroxene—alcic plagioclase symplectites.
We stress on this aspect as the garnets from the charno-
ckite and pyroxene granulite bodies of -Palni ranges
forming the eastern part of the Kodaikanal ranges give
ages of 550 Ma and 520 Ma, respectively'>. In the present
locality, garnet separates from charnockites give ages
of ca 520 Ma by the Sm-Nd garnet/whole rock method
(Janardhan and Peucat, pers. comm.; the work was
carried out in the University of Rennes, labs). We are
aware of the fact that these ages represent cooling ages,
and not the actual age of garnet formation. For the
present study, what is important is that the dominant
granulite metamorphism in the SGT is around 550 Ma,
given by garnet in charnockites which does not show
any symplectitic breakdown" and by other methods'.
Sapphirine formation should have taken place slightly

later than 550 Ma.

Kambam carbonatite gives an age of around 520 Ma
by Sm-Nd and Rb-Sr whole rock methods (Anil Kumar,
unpublished data). This 520 Ma age could possibly be
a metamorphic age. We make this statement since the
ages of carbonatites of Tamil Nadu (Sevattur, Pakkanadu
localities) are around 790 Ma (ref. 17). The age of
Munnar alkaline granite of 740 Ma (ref. 18) is signiticant.
The age range of 800-550 Ma is commonly described
as Pan-African events elsewhere'.

The age of sapphirine formation in the Euastern Ghats
is suggested to be around 1000 Ma (ref. 20). Recent
ages of 950 Ma (ref. 21) for the granulite event of the
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Eastern Ghats support the above data. Thus, sapphirine
formation in the Eastern ghats and in the SGT probably
took place at different times and this has a great bearing
on the tectonic evolution of these two granulite terrains.

From Figure 1, it can be seen that all the sapphirine
localities from eastern Kodaikanal ranges cluster around
the Kambam fault extending from Kambam and cutting
across the eastern Kodaikanal ranges. The present car-
bonatite and sapphirine locality lies at the southern
extremity of the Kambam fault which trends in a NNE
to NE direction.

It is to be noted that in northern Tamil Nadu, the
carbonatite—syenite associations also occur along NNE
trending major faults*’. Hence, Kambam fault is com-
parable to the above major faults and sapphirine formation
is closely linked to the Pan-African rifting and high
temperature magmatism. |

Thus, the present study describes a new sapphirine
occurrence from Kambam valley which forms part of
the SGT. This study also brings out the fact that most
of the sapphirine assemblages of the Kodaikanal ranges,
including the well-described Ganguvarpatti and Perumal-
malai ones occur in a rather narrow tract, paralleling
the NNE trending Kambam fault. The other well-known
reports of Kiranur, Ellamankovilpatti and the Sittampundi
also occur in the Palghat-Cauvery fundamental break.

The Kambam fault is akin to the major NNE trending
deep crustal faults in northern Tamil Nadu and can be
extended further northward to the Attur fault zone of
Grady?®?, which lies east of Tiruvannamalai. Incidentally,
sapphirine-bearing assemblages have also been reported
from Ponnakadu, 7km west of Tiruvannamalai®. Car-
bonatite—syenite-shonkinite intrusives closely associated
with these major crustal breaks, range in age from 300
to 670 Ma. Hence, these faults could well represent
intracratonic lineaments of the Pan-African age.

The close spatial and temporal association of the
sapphirine granulites to the deep crustal Kambam fault,
which hosts carbonatite and syenite, strongly suggests
that the sapphirine formation in the Kodaikanal ranges
can be linked to the Pan-African tectonothermal event.
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On the seismic vulnerability of
Jabalpur region: Evidence from deep
seismic imaging

P. R. Reddy, Kalachand Sain and A. S. N. Murty
National Geophysical Research Institute, Hyderabad 500 007, India

In light of our limitations in ‘short-term earthquake
prediction’, detailed structural results from seismic
studies could act as parametric inputs, in our pursuit
for better understanding the seismicity of a region.
A synthesis of seismic refraction/wide-angle reflection
results of Hirapur-Mandla profile with other geo-
logical and geophysical signatures in central India,
occurrence of seismic activity indicate presence of
neotectonic activity. This assumes significance in light
of the recent earthquake in Jabalpur region. Intense
fracturing associated with the boundary fault near
Jabalpur might have been responsible for the release
of stress accumulated due to continuous northward
movement of the Indian plate. It is suggested that
detailed seismic surveillance is undertaken in and
around the Narmada-Son lineament to more specifi-
cally pinpoint seismic vulnerability of the region.

The controlled source seismic experiment is a powerful
tool to image the crustal structure (faults/fracture zones)
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