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grains present in the quartzite. Jt has been reported that
sulfate-bearing solutions could effectively mobialize the
REE without fractionating them'®, In the uppermost fri-
ahle zones, a small flattening of HREE pattern has been
observed. This could be due to the possible presence of
carbonate complexes released by weathering of organic
matcrials in the presence of meteoric water and due to
the greater solubility of HREE 1in carbonate com-
plexes'®.

From the geochemical characteristics of the weather-
ing rinds of the Dclhi quartzites we infer that, (1) rare
carth elements can be mobilized in upper zones and re-
tained in the lower moderately weathered zones during
clay forming processes; (i) presence of acid and sulfate
ions in the weathering solutions can mobilize the REE
without any fractionation; (iii) similar weathering proc-
esses accompanied by sedimentary redistribution proc-
esses could result in the formation of silica-rich
quartzite with low REE abundance from their protoliths;
and (iv) longer time span for the weathering and redis-
tribution within the profile could have been an ymportant
process for the in siru maturation and production of sil-
ica-rich sediments, (e.g. mature quartzites) under stable
cratonic situations.
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In the Central Indian region, the Tirodi gneisses oc-
cur intimately associated with the Sausar Group me-
tasediments. The protoliths for these gneisses might
have originated by rift-related intracontinental felsic
A-type (anorogenic) magmatism. The geochemical
signatures in them like high Zr + Nb+ Y + Ce,
Ga/Al, ZrANi, Rb/Sr and Y/Sc¢, are quite similar to
the A-type granite characteristics and point to the
derivation of the protoliths by the melting of lower
crustal dehydrated assemblages at high temperatures
attained as a result of possible ponding of basaltic
magma/magma underplating. The occurrence of ma-
fic rocks related to subduction zone magmatism and
back-arc environment in the vicinity of these gneisses
in the Central Indian region attest to such an origin
for the protoliths of the Tirodi gneisses.

IN the Central Indian region, the Tirodi gneiss ts a major
lithological unit (Figure 1). These quartzo-feldspathic
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granitic gneisses are intimately associated with the me-
tasediments of the Sausar Group. The basement—cover
relationships of the granitic gneisses and the associated
metasediments are obscured by the extensive migmati-
zation at several places especially at the peripheries.
There exist two schools of thought regarding the mutual
relationships of the Tirodi gneisses and the metasedi-
ments of the Sausar Group. One school subscribes to the
theory that the Tirodi gneisses constitute the basement
on which the sediments of the Sausar Group have been
deposited, while the other group of workers are of the
opinion that the protoliths of the Tirodi gneisses in-
truded into the sediments of the Sausar Group'™. Rb-Sr
isotopic studies® could not help much in resolving this
issue. In the absence of reliable and quality trace and
rare earth element (REE) data, the limited studies so far
on the Tirodi gneisses, could not focus on the petroge-
netic aspects of the protoliths of these gneisses.

In this study, an attempt is made to throw some light
on the nature of the magmatism that led to the formation
of the protoliths of the Tirodi gneisses, based on a com-
prehensive new set of major and trace eclement
(including REE) data of 20 representative samples of the
Tirodi gneisses. Further the possible petrogenesis of the
protoliths is evaluated.

Tirodi gneiss is a part of the Central Indian gneissic
complex (Figure 1) and is exposed to the north of the
supposed Central Indian suture (CIS). The samples
studied are mainly from areas surrounding the mining
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Figure 1. Geological map of the Central Indian region, showmg the location of the Tirodi gneiss. 1, CIS/Mylonite zone; 2,
Deccan basalt and Lameta formation:; 3, Gondwana group; 4, Granites; 5, Tirodi gneiss; 6, Granulites; 7, Sausar metasedi-

ments; 8, Chattisgarh group; 9, Khairagarh group; 10, Ch11p1 group, 11, Nandagaon group; 12, Dongargarh granitoid; 13. Ma-
lanjkhand granitoid; 14, Sakoli group; 15, Amgaon gneisses; 16, Attitude of bedding.

Table 1. Representative major and trace element compositions of the Tirodi gneiss*

Wt% MC52 MC53 MC67 MC76 MC77 MC80 MC97  MCI25
Si0, 59.07 69.05 72.47 75.49 62.95 68.20 63.66 75.69
Al,O; 16.18 1528 14.25 13.55 15.05 14.99 16.56 {3.83
TiO; 1.62 1.08 0.64 0.17 1.02 0.85 0.70 0.03
CaO 2.63 1.63  1.91 0.65 0.69 2.26 1.24 0.88
MgO 2.47 0.83  0.67 0.03 5.23 1.83 0.72 0.03
Fe, 03" 9.43 323 295 1.04 8.03 4.94 6.31 0.98
Na,O 3.07 246  3.06 2.79 1.79 2.78 3.31 3.57
K,O 5.04 6.85  4.96 6.58 6.00 4.62 8.14 5.21
MnO 0.06 0.04  0.03 0.02 0.05 0.06 0.14 0.05
P2Os 0.28 0.19 0.12 0.01 0.07 0.30 0.07 0.01
Total 99.85 100.64 101.06 100.33 100.88 100.83 100.84 100.28
A/CNK 1.06 103  1.08 1.06 1.40 1.09 1.00 1.05
(ppm)

Sc 18 4 13 6 IS 10 12 9

\Y 8 7 3 | 52 9 23 14
Cr 8 5 4 5 5\ 12 14 |1

Ni 3 3 4 5 26 9 7 16
Cu 3 3 ] t 20 2 2 |

Ga 71 18 33 24 26 31 67 14
Rb {27 129 226 295 277 218 177 182

Sr 153 250 59 34 34 202 22 72

Y 104 9 24 S 10 26 18 49

Zr 877 17 756 330 127 308 385 130
Nb 35 17 13 9 16 15 281 |

Cs | | 2 3 3 5 | 1

Ba 893 1713 260 112 429 503 83 26

Hf 20 ! ¥ 10 4 7 3 7

Ta 2 | ! | 3 2 1! 1

Th 100 ) 48 63 23 27 3 8

U s ! 7 7 3 } ! |

v

*Complete sct of data can be obtained from the authors.
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Table 2. Representative rare carth element compositions of the Tirodi gneiss

(ppm) MCS52 MC53 MCa7
La 264 .54 39.81 92.00
Ce 388.18 58.21 149.04
Pr 45.39 7.66 18.02
Nd 122.03 20,79 50.45
Sm 21.8] 3.94 .18
Eu 1.79 2.16 0.54
Gd 16.80 3.51 7.17
TH 2.99 0.37 1.31
Dy 18.91 1.69 8.63
Ho 2.50 0.31 1.87
Er 6.62 0.91 4.22
Tm 0.67 0.15 0.66
Yb 425 0.61 4.51
Lu 0.57 0.05 0.56
2 REE 897.07 140.17 347.86
Ratio

Lan/Ybn 46.50 46.90 14.60
Cen/Ybn 25.36 26.53 9.19
Lan/Smy 8.12 6.52 6.47
Gdn/Ybn 3.27 4.77 1.32
Eu/Eu* 0.28 1.78 1.20

MC76 MC77 MCE0 MC97 MCI25
45.16 40.82 58.12 96.75 5.21
98.81 7292 119.90 155.05 22.55
11.06 8.89 17.47 23.57 3.26
3032 30.58 32.79 83.15 9.34
6.44 6.84 5.67 15.38 3.05
0.37 0.97 0.76 0.49 0.59
4.70 4.26 5.03 10.55 2.66
0.86 0.83 0.94 1.98 0.68
3.59 2.75 6.47 12.18 5.13
1.29 0.37 0.57 1.86 1.07
3.64 1.23 1.65 5.68 3.05
0.46 0.17 0.25 0.62 (.46
4.08 0.5] 1.87 4.25 3.23
0.61 0.10 0.12 .65 (0.45
213.39 171.24  251.61 412.16 60.73
8.00 57.30 22.30 10.10 2.00
6.70 39.67 17.82 10.12 1.94
4.55 3.82 6.62 4.04 1.96
0.95 6.91 2.22 2.05 0.68
0.21 0.54 0.44 0.12 0.63

town of Tirodi. These granitic gneisses are divided into
grey and pink granitic gneisses which grade impercep-
tibly into each other. Pink gneisses cut across the grey
gneisses and both are traversed by aplites and pegma-
tites. These gneisses show E-W trending foliation de-
fined by parallelism of the micas and elongate feldspar
and quartz grains. Migmatites of pink and grey colour
are banded in appearance and are always associated with
granitic gneisses but are less frequent. Ptygmatic folds
of quartzo—feldspathic veins are common.

The essential mineral assemblages in these gneisses
are quartz, microcline—microperthite and plagioclase.
Deformation is not significant and no deformation tex-
tures are noticed. Antiperthite, chess-board albite and
albite rims around plagioclase at the contact of k-
feldspar are present. The plagioclase in these rocks var-
ies from albite to andesine. The twin laws observed in
plagioclase suggest magmatic origin for the protoliths of
these gneisscs while those of migmatites favour a meta-
morphic origin tn the upper amphibolite facies. K-
feldspars show ex-solution perthites indicating the high
temperature condition of formation. Presence of anti-
perthites also suggests high grade metamorphic or
anatectic conditions. Both biotite and muscovite form
the micas. The accessories include zircon, apatite,
sphene, tourmaline and magnetite.

Twenty representative samples of the Tirodi gneiss
were analysed for major, trace and rare earth element
compositions. Selected analyses are given in Tables |
and 2. These gneisses are characterized by a wide range
of compositions with SiO, ranging from 59.07% to
75.69 wi% (Av. 70.59%); with moderate to high Al,O;
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(13.37 to 16.56%; Av. 14.86%); low to moderate con-
centrations of Ti10, (0.03 to 1.62%; Av. 0.53%); low
CaO (0.53 t0 2.88%; Av. 1.44%); low MgO (except one
sample which has high MgO concentration of 5.23%;
0.03 to 5.23%; Av. 0.82%); variable but moderate to
high levels of alkalies (Na,O range from 1.79 to 4.80%,
Av. 3.12%; K,0 varies from 1.51 to 8.14%; Av. 5.61%)
with low to moderate levels of Fe,O3' (0.85 to 9.43%;
Av. 3.57%). The average composition of these gneisses
are remarkably similar to the average A-type granite
(Table 3). Thus, these compositions reflect on the petro-
genetic aspects of these gneisses. Similarly the trace
element compositions exhibit stgnificant vartations,
particularly in the case of Rb, Sr, Y, Zr and to certain
extent in Nb, Cs, Ba, Hf and Ta as also U and Th (Table
1). The Na,0-K,O relationship in these gneisses assigns
a predominantly granite- to quartz-monzonite character
to them (Figure 2). On the AFM (Na,0O + K,0-Fe,0;'-
MgQO) plot they depict a calc-alkaline character
(Figure 3).

Lan/Smy which indicates LREE fractionation has a
positive correlation with Si0,. However, at higher 510,
levels the trend is not evident, with large variation in
Lay/Smy. On the other hand Cen/Yby tends to be low at
higher SiO, levels (Figure 4). Similarly Gdn/Ybn which
is indicative of HREE fractionation has a broad negative
correlation.

The chondrite-normalized rare earth element patterns
of these gneisses suggest overall fractionation of REE
(Figure 5); LREE enrichment and fractionation are
evident (Cen/Yby =0.79 to 49.98; Av. 14.77); signifi-
cant negative Eu anomalies are discernible except In

CURRENT SCIENCE, VOL. 76, NO. 9, 10 MAY 1999
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Table 3. Range and average chemical compositions of the Tirodi gneiss and average compositions of
different granite types

Tirodi gneiss

A-type [-type S-type
Wt% Min Max | Avg granite granite granite
$10; 59.07 75.69 70.59 73.60 67.98 69.08
Al,0; 13.37 16.56 14 .86 12.69 14.49 - 14.30
TiO; 0.03 1.62 0.53 0.33 0.45 0.55
CaO 0.53 2.88 1.44 1.09 3.78 2.49
MgO 0.03 5.23 0.82 0.33 1.75 1.82
Fe,0; 0.85% G.43% 3.57* 0.99 1.27 0.73
FeO - — - 1.72 .27 3.23
Na,O 1.79 4.80 3.12 3.34 2.95 2.20
K»O .51 8.14 5.61 4.51 3.05 3.69
MnQ 0.02 0.2} 0.06 0.06 0.08 0.06
P20s 0.01 0.30 0.09 0.09 0.11 0.13
A/CNK 1.00 1.47 - 1.08 1.03 0.96 1.18
Sc (ppm) 1.00 18.00 10.00 14.00 15.00 14.00
Vv 1.00 52.00 13.60 10.00 74.00 72.00
Cr 4.00 51.00 10.65 3.00 27.00 46.00
Ni 1.00 26.00 8.40 2.00 9.00 17.00
Cu 1.00 20.00 3.10 6.00 11.00 12.00
Ga 11.00 89.00 31.95 21.00 16.00 17.00
Rb 94.00 317.00 220.01 199.00 132.00 180.00
Sr 6.00 349.00 94.55 105.00 253.00 139.00
Y 9.00 111.00 50.90 76.00 27.00 32.00
Zr 17.00 877.00 346.60 342.00 143.00 170.00
Nb 1.00 281.00 31.30 - 22.00 9.00 11.00
Ba 83.00 1723.00 399.70 605.00 520.00 480.00
Th 1.00 100.00 35.60 105.00 16.00 19.00
U 1.00 14.00 4.15 23.00 3.00 3.00
La 3.21 264.54 76.63 55.00 29.00 31.00
Ce 12.83 388.13 130.93 134.00 63.00 69.00
Nd 7.38 122.03 47.78 56.00 23.00 25.00

*Fe,0O3 as total 1ron.

Figure 2. Na;0O-K;O relationship in the Tirodi gneiss depicting a
granitic- 10 quartz-monzonite character except one sample which

shows tonalite character.

80

onc Sample w”]_‘l mgmhcanl P,{JSIEWG ‘anamuly Figure 3. Alkalies = total iron as Fe -MgO (AFM) ternary dia-
(Euw/Bu* = 0.04-1.78, Av. 0.43). 2LREE varies from gram showing mainly calk-alkaline fractionation tread for the pro-
49.89 to 897.07 ppm with an average of 305.89 ppm. toliths of the Tirodi gneiss,
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Figore 4. Vanation diagram showing the relationship of S10; with
Th. Nb. U and Hf and REE ratios.

K/Rb in these gneisses varies from 82 to 441, with an
average K/Rb of 224, which is quite similar to the re-
ported upper crustal K/Rb of 230. These gneisses are
characterized by relatively enriched large ion lithophile
elements (LILE) like K, Rb, Ba, Cs, U and Th, similar
to the acid igneous rocks of the upper crustal regions.

These variations suggest that the LILE geochemistry
is probably not significantly affected by post-
formational changes and reflect their original nature,
since these gneisses are not characterized by metamor-
phism of any significantly high grade. Moreover, the
variations in the high field strength (HFS) elements as
also the REE compositions suggest derivation from
mixed and evolved source regions.

These gneisses can be divided into three groups with
respect to their total REE contents and chondrite-
normalized rare earth element patterns, i.e. a high REE
group, a moderate REE group and a low REE group
(Figure 5). Almost all the groups exhibit negative Eu
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Figure §. Chondrite normalized REE patterns of the Tirodi gneiss

with all the three groups showing negative Eu anomalies of varying
degrees.

anomalies (with the exception of one sample), though of
different extent 1n the three groups, and varying degrees
of LREE and HREE fractionation.

Based on the relationship of 10000*Ga/Al vs Nb, Ce,
Zr and Y, most of the samples fall in the A-type granite
field, with only a few samples tending to be I- and S-
type granites (Figure 6). Similarly the plot of
Zr + Nb+ Ce + Y vs 10000*Ga/Al suggest an A-type
character for these gneisses (Figure 7). On the tectonic
discrimination plots, these gneisses indicate a within-
plate granite (WPQG) character’, with only a few samples
straddling the volcanic arc granites (VAG) and syn-
collision granite (syn-COLG) fields (Figure 8). On the
ternary plot involving Y-Nb-3Ga, these gneisses over-
whelmingly fall in the A2 group of the A-type granites
(figure not shown). They are characterized by high 510,,
Na,O, K;O and are relatively low in MgO, CaO and
P,0s. Similarly, among trace elements Rb, Zr, Y, Nb,
LREE and Ga are enriched in these gneisses, while Sr,
Eu, Sc, V, Ni and Cr are relatively low (Tables 1 and 2).
Negative Eu anomalies, high ratios of Rb/Sr, K/Rb,
Ga/Al, Zr/Ni, Y/Sc and high Zr + Nb + Y + Ce are re-
corded, which distinguish these gneisses from I- and S-
type magmas® '>. All the samples have consistently high
Ga values (ranging from 11 to 89 ppm) and usually high
ratios of 10000*Ga/Al (1.48-10.46). The average com-
position of the Tirodi gneisses resembles the average
‘A-type granite’ in several respects (Table 3), apart from
most of the samples falling in the A-type granite field

CURRENT SCIENCE, VOL. 76, NO. 9, 10 MAY 1999
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Figure 7. Zr + Nb + Ce + Y vs 10000*Ga/Al 1n the Tirodi gneisses
indicating the predominantly A-type character of thesc gneisses. FG,
Fractionated Granites; OGT, Other granite types.

and the ‘within plate granite’ side in the tectonic dis-
crimination diagrams®. Enrichment in high field strength
elements (HFSE) is a characteristic feature of these
gneisses. The concentrations and ratios of several HES
elements which are considered relatively immobile dur-
ing most alteration and metamorphic processes may be
more reliable'?.

CURRENT SCIENCE, VOL, 76, NO. 9, 10 MAY 1999
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Figure 8. Tectonic discrimination diagrams (A =Y + Nb vs Rb;
B = Yb vs Ta) for the Tirodi gneisses, indicating their predominantly
within plate granite nature. VAG, Volicanic arc granite; syn-COLG,
Syn-colhision granites.

As A-type granites occur in non-orogenic settings,
both within plate and along margins during the waning
stages of subduction related magmatism, the possibility
of a petrogenetic link between these granitic gneisses
and the accretionary tectonics of the Central Indian re-
gion cannot be ruled out. The Dongargarh Super Group
metavolcanics, particularly the Khairagarh volcanics are
stratigraphically equivalent to the Sausars. They are
considered to be the products of subduction related vol-
canism'>'®. The emplacement of the volcanics might
have supplied the necessary heat required for melting
the lower crustal rocks. The occurrence of granulites in
close proximity to these gneisses also supports the ori-
gin of the protoliths for the Tirodi gneisses from lower
crustal source region. The protoliths of the Tirodi gneis-
scs could be products of lower crustal melting. The nec-
essary fluids required for enabling the resultant melt get
enriched in the incompatible and HFS elecments might
have been provided by the basic magma. The Nb-Y-3Ga
relationship as also the Nb-Y-Ce relationship in these
gneisses suggest that they possibly belong to the A2-
type granites which can form by the involvement of
magma gencrated by continental margin and 1sland-arc
basalts, possibly during the waning stages of subduction
or non-orogenic setting in a marginal basin environment.
Such felsic magmas are normally produced during the
rapid development of island arc/back-arc basin system
via extension within the margin of a pre-existing older
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continental crust. Sedimentation and magmatic activity
within the basin ceases on closure of the back-arc basin
and accretion of the crust in the Proterozoic'.

A-type granite plutonism usually, though not exclu-
sively, occurs in rift related environments in continental
crustal regions. The production of anorogenic granite
magma requires: (i) a source of dehydrated, reasonably
salic crust; (i1) a source of heat sufficient to partially
melt this crust; and (iii) a conduit to lead the magma to a
higher level’'®. Such a scenario could be envisaged for
the petrogenesis of the protoliths of the Tirodi gneisses.
A plausible petrogenetic model for the origin of the
protoliths for these granitic gneisses could be their deri-
vation by extended fractional crystallization of a melt
generated at lower crustal levels, contemporaneous with
basalt emplacement 1n a rift-related extensional envi-
ronment. Initial deposition of the sedimentary sequence
of the Sausar Group might have started prior to the em-
placement of the granitic melt, leading to a limited as-
similation of the sediments already in place. That is
possibly why some samples of the Tirodi gneiss unit
tend towards the ‘syn-collision’ and ‘volcanic arc’ gran-
ite fields on the tectonic discrimination diagrams
(Figure 8) and show a limited affinity towards the I- and
S-type granites (Figure 6), though the overall A-type
character is evident. There is a general high degree of
concordance between Y/Nb and Yb/Ta ratios, which is
the case In several A-type granite suites. Similarly Y-Yb
and Nb-Ta show geochemically similar behaviour and
these pairs of elements show concordance, as is also the
case in several A-type granites. A detailed look at the
overall and average compositions of the Tirodi gneiss
unit brings out the remarkable similarities in several
respects to the A-type granite (Table 3). The similarities
are more striking in the case of CaO, Iron, Na,0, K0,
Ga, Rb, Y, Zr, La, Ce and Nd. Enrichment of HFS ele-
ments 1s a characteristic feature of these gneisses like in
the A-type granites. The geochemical fingerprints in the
Tirodi gneisses as mentioned above are consistent with
the mixing of a newly mantle-derived component with
an older crustal component through lower crustal assimi-
lation and possibly the sediments of the Sausar Group
on a limited scale, as suggested by the somewhat lower
levels of Ba, U and Th and the moderate-to-high Al;O;
levels in these gneisses compared to the average A-type
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granite and the fact that some samples of these gneisses
fall outside the "A-type granite’ and ‘within plate gran-
ite” fields (Figure 6). The lithological configuration of
the Central Indian craton suggests such a tectonic envi-
ronment as can be seen from the occurrence of the sub-
duction-related basic volcanism and the amphibolites
which exhibit formation in a continental margin tectonic
setting and a back-arc basin tectonic environment re-
spectively'®!’.
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