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Abstract: The Paleoproterozoic Bomdila granites emplaced close to Main Central Thrust in the
amphibolite-grade metasedimentary rocks in the Arunachal Pradesh, North East Lesser Himalaya. On
the basis of field and petrological studies, two principle types of granites have been distinguished:
porphyritic biotite-muscovite (two-mica) granites and tourmaline-bearing leucogranites. Both the
types are subalkaline, strongly peraluminous (A/CNK > 1.1) and have >70% SiO,, Na,O + K,0=5.5
—8.5%, K,0/Na,O = 0.8 — 2.9. The two-mica granites show relatively more abundance of Rare Earth
Elements (REE) concentrations (up to 294 ppm) when compared to the tourmaline granites, which
have a lesser amount of REE contents (up to 67 ppm). However, both the types exhibit similar LREE
enriched and HREE depleted patterns with consistent moderate Eu negative anomalies (Ew/Eu* = 0.3
— 0.6). Comparison with experimental data and Q-Ab-Or-H,O phase relations in the haplogranite
system indicate the magmas for two-mica suite were generated by dehydration melting of biotite
under water-undersaturated conditions at temperatures of > 8000C and pressures less than 5 kbar, with
tourmaline-bearing samples representing near minimum melt compositions formed under low-extent
dehydration melting of muscovite. The Bomdila granites with peraluminous geochemical
characteristics and the presence of pelitic enclaves, probably exhibit the features of S-type granites,
and thus it is proposed that the granites may have been derived by dehydration partial melting of the
upper crust. Having high Rb contents and low Y + Nb abundances the granites plot mostly within the
Syn-Collision field, indicating that the granites in Bomdila formed in a continental collision tectonic
setting. These results support the hypothesis that the peraluminous S-type granites are generally
derived from partial melting of pelitic protoliths and further document a regional late Paleoproterozoic
collisional tectonic event, which is probably related to the welding of two ancient continental blocks
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Introduction

The study of granitic magmatism in any area is signif-
icant because any attempt to model the evolution of the
continental crust needs a detailed knowledge of the gran-
ite-forming events. All along the Lesser Himalaya, large
areas of Proterozoic and Paleozoic granitic rocks are ex-
posed and have been investigated in detail. More recent-
ly, petrological, geochronological and isotopic data have
been instrumental for the understanding of their role in
the tectonic evolution of the Lesser Himalaya (Sharma,
1983: Singh and Jain, 2003; Islam et al., 2005). These
granitic bodies reveal the presence of early to middle
Proterozoic and Paleozoic basement rocks in the whole
Lesser Himalaya. The ubiquitous character of the gran-
ites is their Peraluminous, collision-related, S-type nature
and the association with amphibolite-grade metasedi-
ments.

Peraluminous leucogranites, thought to have been de-
rived by melting of the continental crust, provide impor-
tant information toward understanding the evolution of
the continental crust. The obvious reason is that mantle
involvement in the generation of leucogranites is almost
negligible. The radiogenic and stable isotope studies of
different plutons (France-Lanord et al., 1988; Nablek et
al., 1992; Castelli and Lombardo, 1988; Inger and Harris,
1993; Friend et al., 2009) indicate that many are gener-
ated from heterogeneous sources. Negative gyg values
and very high 37Sr/3Sr ratios for most of the leucogran-
ites suggest that the sources had long crustal histories
(Vidal et al., 1982; France-Lanord and LeFort, 1988).

Remarkable contributions on the study of basement
granites from the northwest Himalaya are available but
much less attention has been paid in the northeast Hima-
laya. Early research was concentrated only on geological
and stratigraphical aspects of the region. In particular, ge-
ochemical work appears scarce. The Paleoproterozoic

Bomdila granite body, associated with the extensive de-
velopment of Proterozoic granitoids along a 2000 km lin-
ear belt in the Lesser Himalaya, was chosen for the
present study. The granite has been examined thoroughly
with a view toward understanding its petrogenesis, the re-
gional implications of the Proterozoic granitic magma-
tism and its contribution in the evolution of the continen-
tal crust in the Himalaya.

Geological Setting

Bomdila orthogneisses occurs in the Arunachal Hima-
laya, Arunachal Pradesh, which is the northeastern most
state of India. The study area, situated in the Lesser Hi-
malaya, West Kameng district of Arunachal Pradesh, is
bounded by many important thrust faults on either side
(Fig. 1). Although many workers have studied the area
and proposed different stratigraphic names (Acharya et
al., 1975, Verma and Tandon, 1976, Kumar, 1997), re-
cently, on the basis of lithostratigraphy, grade of regional
metamorphism and associated igneous intrusives, the
Proterozoic rocks of Arunachal Himalaya have been
grouped into three major tectono-stratigraphic units by
Srinivasan (2001).They are the Sela Group, Rupa Group
and the Bomdila Group. The Sela Group, which is con-
sidered to be the youngest sequence (late Proterozoic)
among the three, is best exposed around Se La pass along
Bomdila-Tawang road in western Arunachal Pradesh
close to Bhutan border. It consists of calc-silicates, mar-
ble, kyanite-sillimanite + staurolite polyphase deformed
schists, migmatites, high-grade ortho-augen gneisses and
amphibolites, etc. with younger intrusions of hornblende
granite (481 £23 Ma, Dikshitulu et al., 1995), tourmaline
granite (29 +7 Ma, Bhalla and Bishui, 1989), pegmatites
and aplites.
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Figure 1. Geological map
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Geological map of the Arunachal Pradesh (after Srinivasan, 2001) showing different lithostratigraphic units including

Bomdila orthgneisses.

The Rupa Group of rocks belong to Mesoproterozoic
which unconformably overlies the Bomdila Group in the
Lesser Himalaya. The Rupa Group constitutes a thick se-
quence of low- to medium-grade garnetiferous biotite-
muscovite schists, phyllites, sericite quartzites, calc-sili-
cates and tremolite-actinolite marbles. Main Crystalline
Thrust (MCT) separates the Sela group from Rupa group
of rocks and thus the former group belongs to the Higher
Himalayas. The Bomdila Group comprises essentially of
low- to mediumgrade metasedimentary rocks (mainly
phyllites, garnetiferous mica schists and quartzites) intru-
ded by Paleoproterozoic Bomdila augen gneisses and
mafic metavolcanics.

The Bomdila gneiss, which has been characterized as
orthogneiss on the basis of textural properties, is a

batholithic dimension body occupying ~500km? area in
the western Arunachal Pradesh, India. It is characterized
by medium- to coarse-grained, well-defined porphyritic
augen gneisses wherein the quartz/albite augens, measur-
ing 1-10 cm, are wrapped with biotite and muscovite.
The augen gneisses exposed around Bomdila town have
been dated as 1914 +23 by Rb/Sr technique by Dikshitulu
et al. (1995) and hence are considered to be Paleoproter-
ozoic in age. Mafic metavolcanics (amphibolite sills and
dykes) occur within the gneisses. The discordant field re-
lations and reaction zones noticed at number of places
with the gneisses clearly demonstrate that the metavol-
canics are younger than the gneisses and might have in-
truded into the basement rocks.
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A weakly foliated tourmaline-bearing leucogranite is
well exposed along Bomdila-Rupa road section. This
granite shows an intrusive relationship with the augen
gneisses, which further indicates that the leucogranites
are younger than augen gneisses. In places, the tourma-
line granites are associated with pegmatites and numbers
of aplite along with quartz veins. Metasedimentary (pelit-
ic schist) enclaves of different sizes have been found in
the augen gneisses, which is in agreement with the al-
ready established hypothesis that the collision-related, S-
type granites contain metasedimentary enclaves. This in
turn suggests that the metasediments might have had a
significant role in the petrogenesis of these granites. Ef-
forts were made to collect fresh and unweathered sam-
ples of the gneisses and granites mainly from road cut-
tings in and around Bomdila town.

Petrography

In general, the Bomdila Orthogneisses are foliated,
augen-bearing, medium to coarse grained, leucocratic
and consists of quartz, plagioclase (albite to oligoclase),
microcline, biotite and muscovite as essential minerals.
The substantial amount of felsic mineralogy strongly sug-
gests that they are leucogranite magmas, in agreement
with the common occurrence of other such leucogranites
in the Himalaya. On the basis of mineralogy (and field
observations), two principle types of granites are identi-
fied. They are tourmaline-free biotite-muscovite (here af-
ter referred to as two mica) granites, which constitutes
major part of the batholith and tourmaline-bearing gran-
ites (here after referred to as tourmaline granites). The
only mineralogical difference between the two types is in
the nature of the ferromagnesian phase, biotite in two-mi-
ca granites and tourmaline in tourmaline granites.

The gneissose structures with perfect alternate bands
of mica and quartzo-fedspathic minerals are preserved in
the two mica granites in which the augens are of quartz
and sodic plagioclase. They show porphyritic texture
with the development of K-feldspar and plagioclase phe-
nocrysts set in a groundmass of quartz, biotite and mus-
covite. In addition to perthite, myrmekite and graphic, in-
tergrowth textures were also developed in the two-mica
granites. Inclusional relationships and crystal morpholo-
gies have been used to constrain the crystallization se-
quence, which is very similar for both types. Plagioclase
showing tabular habit was perhaps the earliest mineral to
crystallize, whereas anhedral K-feldspar phenocrysts,

which contain abundant inclusions of other phases, oc-
curred later. Biotite is usually interstitial and commonly
intergrown with muscovite. However, albitic plagioclase
(An;,) phenocrysts with occurrence of abundant euhedral
biotite and muscovite inclusions (along cleavage planes)
suggest that the latter minerals began to crystallize early.
The quartz is generally interstitial but also commonly oc-
curs as rounded inclusions in plagioclase, K-feldspar, bi-
otite and muscovite, thus indicating an early crystalliza-
tion. Some samples, particularly those from the marginal
part of the main pluton, show fine- to medium-grained
cataclastic textures with abundant tectonic-related fea-
tures. For example, occurrence of ribbon quartz with un-
dulating extinction, bending in biotite, bending and
cracks in plagioclase which are invaded by plastically
mobilized quartz, efc. are some of the features indicative
of ductile shearing of the rocks at the contact zone. In ad-
dition to these features, the two mica granites also exhibit
mylonitization characteristics at the contact zone along
with the development of tectonically fractured garnets
where muscovite and quartz squeezed plastically into
cracks of the brittle garnets. Among the accessory miner-
als, iron oxides occur along with apatite, zircon and gar-
net.

The tourmaline granite consists of predominantly
quartz, K-feldspar, plagioclase, muscovite and tourma-
line. Biotite is either absent or very rarely found in the
thin sections. Tourmaline is euhedral to subhedral, slight-
ly broken and contains abundant inclusions of quartz,
muscovite and, in some cases, of apatite. Tourmaline is
also found as inclusions in euhedral plagioclases and an-
hedral quartz. The occurrence of penetrative relation be-
tween tourmaline and muscovite suggest a magmatic ori-
gin for these two minerals. Foliation is completely absent
in this granite, however few thin sections show weak fo-
liation. Textures are mainly equigranular, with occasional
plagioclase or K-feldspar megacrysts up to 4mm in
length. Quartz recrystallization along cleavage planes of
perthitic feldspar suggests that it has been subjected to
metamorphism during Tertiary Himalayan orogeny and
hence is considered to be older than Tertiary age. Zircon
and tourmaline occur as common accessory minerals.

Analytical notes

The major and trace element analyses, after appropri-
ate crushing, splitting, pulverization and homogenization
procedures, have been carried out by X-ray fluoresence
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(XRF) spectrophotometer (SIEMENS SRS 3000) on
pressed pellets at the Wadia Institute of Himalayan Geol-
ogy, Dehradun and by ICP-MS at the National Geophysi-
cal Research Institute (NGRI), Hyderabad, respectively.
The quality of the analyses was monitored by the simul-
taneous analysis of some in-house (DG-H) and interna-
tional standards (GSP-1, G-2, JG-2). The analytical pre-
cision, obtained on the basis of replicate analysis, is well
within 5-10% for trace elements and ~5% for major ox-
ides. Accuracy for most of the elements that were ana-
lysed was good (<5 % for major elements and <12 % for
trace elements).

Geochemistry

The major and trace element geochemical data of the
Bomdila Orthogneisses is presented in Table 1. The silica
content of the samples varies from 70-76 wt.%. Total al-
kali concentrations are generally variable and range from
5.5 to 8.5 wt.%, which are mainly controlled by K,0O
abundance. However, the tourmaline granites show
slightly higher total alkalies when compared to the two-
mica granites; this may be because the former are en-
riched in both K and Na contents. All the Bomdila sam-
ples are peraluminous with aluminium saturation index
[ASI, molecular Al,O3/CaO+Na,O+K,0] of more than
1.1 and also contain abundant normative corundum.

These characteristics and high Al,O5 (>13 wt.%) con-
tents indicate that they correspond to S-type granites of
Lachlan Fold Belt (Chappell and White, 1974). The perti-
nent major and trace element compositions of the gran-
ites are represented in Harker variation diagram for ease
of interpretation and comparison with data from the liter-
ature. Large variation in both the suites and intra- and in-
ter-suite variations in some of the elements can be ob-
served (Fig. 2) emphasizing the heterogeneity of the
granites. Moreover there are no discernible trends of the
major elements (with silica) which could potentially indi-
cate fractional crystallization. However, Al,O3;, Fe,O;
and MgO exhibit poor decreasing linear trends with in-
creasing silica, which may indicate fractionation of early
formed aluminous and ferromagnesian phases from the
magma. It is noteworthy that two-mica granites have low
silica content and high FeO+MgO content (up to 6 wt.%)
when compared to tourmaline granites, where the latter is
characterized by relatively high silica and low FeO +
MgO (up to 2 wt.%), TiO, and CaO abundances. Tour-
maline granites are enriched in K,O and hence in
normative Or/Ab in contrast to the other tourmaline bear-
ing granites. For example, in the Himalayan Badrinath-
Gangotri and Manaslu plutons, tourmaline is generally
confined to the most sodic granites (Scaillet et al., 1990;
France-Lanord and LeFort, 1988).

Table 1. Major and trace element concentrations of Bomdila orthogneisses, Arunachal Pradesh, NE Lesser

Himalaya
Two-mica granites Tourmaline granites
BG-2 | BG-3 | BG4 | BG-6 | BG-8 | BG-28 | BG-1 | BG-2 |BG-3 |BG-3 | BG-3 | BG-3 | BG-36
0 0 3 3A 4 5

SiO, |73.13 |72.84 |76.17 |74.55 |74.71 |73.03 |70.16 |70.49 |74.97 |75.21 |75.16 |75.11 | 76.18
TiO, (044 |046 |0.13 |041 (023 ]0.23 0.55 (0.8 0.09 (0.12 |0.1 0.12 |0.11
Al,O3 | 13.4 | 13.5 |[13.45 |13.16 [13.79 | 1497 |[16.02 | 1546 |14.61 |14.24 | 14.58 | 14.11 | 13.61
Fe,O5 |3.85 [4.08 (127 [3.71 |25 2.89 516 |4.62 |134 |148 |1.45 |1.64 |1.37
MgO [0.67 [0.72 |0.18 |0.78 [0.45 |0.61 146 |1.55 [0.19 [037 |039 (042 |0.31
CaO |[132 [134 |063 |1.47 |0.89 |0.48 1.04 |1.11 (047 (036 |038 |036 |0.36
Na,O [2.51 [241 |2.66 |[2.53 |241 |[4.01 142 (234 |3.44 |3.01 |3.11 |293 |2.87
K,O [505 [466 |583 |386 |538 |3.23 4.1 3.7 502 |525 ([543 |529 |5.19
P,0Os (0.14 |0.15 [0.09 |[0.12 |0.11 |O0.11 0.09 (0.12 (0.2 0.16 (0.17 |0.15 |0.14
MnO |0.04 |0.05 [0.01 [0.05 [0.03 |0.03 0.02 (0.05 [0.02 [0.02 |0.02 |0.02 |0.02
Trace elements (ppm)
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Two-mica granites Tourmaline granites
Sc 576 592 [233 |548 |[391 |3.44 741 1692 |448 |4.16 |3.73 [4.66 |4.17
Rb 278.6 |308.2 [290.2 [273.3 [367.2 |177.59 [178.5 | 156.4 | 555.6 | 465.5 |426.0 |459.6 | 436.14

8 6 7 6 8 5 3 1 7 3 8
Sr 79.76 | 57.74 | 38.77 |52.67 |42.48 | 3139 [90.61 |109.0 |20.21 |21.14 |23.05 | 19.76 |20.90
2

Y 42.22 |46.55 | 17.69 |36.94 |48.65 |36.30 |[26.37 |28.67 |18.81 |19.24 | 18.21 |28.45 |21.47
Zr 360 (232 |3.10 |3.01 (247 |19.15 |290 |6.40 |3.27 |3.10 |3.62 |2.73 |3.27
Nb 11.75 | 12.18 |8.64 |[10.37 [939 |13.64 |10.51 |13.59 |14.37 |12.57 |8.96 |11.70 |10.27

Ba 696.3 |470.6 |211.9 |332.5 |374.3 [290.90 | 663.4 |599.2 |115.4 |128.8 |171.0 | 118.9 | 12541
1 1 0 0 3 6 0 2 9 5 0

Hf 0.19 |0.15 (0.12 |0.17 |0.15 |1.06 0.12 |023 |0.13 |0.14 |0.14 |0.12 |0.15
Ta 1.63 (235 |165 |1.82 |[1.56 |2.86 128 [1.68 [3.69 [254 |324 |3.85 |2.24
Pb 26.01 |25.88 [31.63 |21.94 |26.01 |14.97 |21.61 |23.74 |16.30 |15.25 |15.87 |14.22 | 16.59
Th 27.81 |28.18 | 13.57 | 26.19 |23.37 |21.19 |15.44 |2335 |6.68 |9.27 |831 [9.89 |9.79
U 591 |6.60 |3.00 |7.73 |639 |4.49 2.65 455 |[806 |[735 |[17.72 |30.15 |9.14
La 54.13 | 55.00 |24.77 |46.80 |35.10 |33.11 |49.93 |63.56 |830 |11.07 |12.61 |13.75 |12.35
Ce 113.0 | 113.9 |52.94 |97.40 |74.05 | 69.04 |[97.73 | 1303 |17.74 |23.48 |25.57 |26.09 |26.24

Pr 11.96 |12.15 |5.73 |10.25 |7.85 |7.30 998 1346 |1.81 |241 |2.76 |2.95 |2.67
Nd 4545 146.04 | 21.18 |37.93 [29.01 |27.22 |36.62 |51.02 |691 |877 |10.25 |10.87 |9.63
Sm 870 |9.01 |484 |732 |6.14 |5.58 6.07 |828 |1.68 |1.79 |220 |2.42 |1.98
Eu .11 [ 1.05 |0.54 |0.83 |[0.62 |0.62 1.02 {141 (0.19 [0.21 |027 |0.25 |0.20
Gd 739 |7.65 375 |596 ([543 |4.77 464 633 |1.55 |l1.64 |[1.81 (222 |1.70
Tb 1.18 126 |0.60 |1.00 |[1.05 |0.87 0.68 (0.8 (035 [035 |[038 |[0.50 |0.39
Dy 738 |8.14 |338 |645 |749 ]6.03 424 1496 |2.75 |2.88 [2.82 [4.03 |3.04
Ho 0.78 10.88 |[031 |[0.67 |0.88 |0.66 047 1053 (032 (034 (032 (047 |0.37
Er 247 275 (0.88 (205 [2.85 |2.11 162 (173 |1.12 |123 |1.08 |1.59 |1.32
Tm 030 (034 |0.10 [024 |036 |0.25 021 (020 |0.17 |0.19 |0.15 |0.22 |0.19
Yb 286 329 1081 (227 [339 |[2.28 218 (200 |[1.88 |197 |156 |220 |2.08
Lu 045 (053 (012 |035 |051 |0.32 036 (030 (029 (030 (022 (032 |0.31

Ew/ 042 (039 039 (038 |033 |0.37 0.59 |060 |[0.35 |037 |041 [0.33 |0.33
Eu*

CIPW norms
Quartz| 0.50 0.53 0.47 0.56 |0.51 0.49 0.65 0.55 0.45 0.47 0.46 0.48 0.49

Ortho-| 0.43 039 1049 1033 045 ]0.28 035 (052 (042 (044 (046 (045 044
clase
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Two-mica granites

Tourmaline granites

Albite | 0.32 |0.31 |0.34 (032 [031 [0.52 0.18 [0.13 |044 |0.39 |0.40 |0.38 |[0.37
Anor- {0.09 |0.10 |0.04 |[0.10 [0.06 |0.03 0.07 005 |0.03 |0.03 |0.03 |0.03 |0.03
thite

Figure 2. Harker variation diagram (major elements vs.

silica)

generally depleted in Sc, Y and Nb (Table 1). The dis-
criminant Rb vs. (Nb + Y) diagram (Fig. 3) shows that

37 83 the tourmaline granite generally lies within the syn-colli-
5 02 4 - sion field (as do other Himalayan leucogranites), whereas
3 1 da E 1. ‘: ‘f + the two-mica granites straddles the field boundary be-
i 0.1 + o« . . . .
" . "_‘h s i 4 tween collision granite and volcanic-arc granite. The ex-
I e e B B B 10— 7171  tensive studies on Himalayan leucogranites by Harris et
. o - al. (1986), suggest that the granites that form in the syn-
6] 1+ collision zones are generally peraluminous leucogranites
o L, P 4 8 ..k and may be derived from the hydrated bases of continen-
— & - S
2 o] ’ 4 F o tal thrust sheets. Primitive mantle normalized spider-
n 7 & & . . . .
o o + 4 grams for the Bomdila rocks are presented in Fig. 4. Like
L ' P T T T T most crustal granitoids, they show negative Ti, Sr and Nb
¢ o 1 anomalies, reflecting the influence of some accessory
o ] . 5 I+ N phases such as rutile as a residual phase in high pressure
- L - . melting during the event that formed juvenile sialic crust
. |+ “ A 2 ] A :
N i #F i (Gill, 1981).
o T T T T T 11 0 I B B I R B . e .
Figure 3. Tectonic discrimination diagram
] "] 1000
20 . _‘+ C 5
15 o +
g o ] A & &1 Syn-COLG
] y
5 4 b, WPG
o I s s s e | 0 T T T T T T 100 +
70 72 T4 76 T8 Mmoo M4 T T8 i
5i02 $i02 Rb ppm
VAG
Harker variation diagram (major elements vs. silica) for
Bomdila orthogneisses. Solid triangles = two-mica 10 ¢ ORG
granites and Cross hair symbol = tourmaline-bearing C
leucogranite.
The Bomdila orthogneisses are enriched in incompati- |
ble elements such as Rb, Ba, K and Th, and depleted in 1 i i e
high field strength elements (HFSE) like Zr, Hf, Ta, Y (Y + Nb) ppm
and Nb (Table 1). The enrichment of the Bomdila sam-
ples in the incompatible elements and the depletion in the Tectonic discrimination diagram of Pearce et al.
HFSE strongly supports their postulated crustal source. (1984). Syn-COLG - syn-collision granites, WPG-with-
. . . L. in-plate granites, VAG-volcanic arc granites. Symbols
Both the granite suites are characterized by high incom- as in figure 2.
patible elements/HFSE ratios, which is in agreement with
many intra-crustally derived granites. Tourmaline gran-
ites are clearly distinguished by their low Sr and Ba con-
tents compared with the two-mica granites and are
The Precambrian granitic magmatism in the NE Himalaya: implications for ancient tectonics Page 8
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Figure 4. Primitive mantle normalized trace element spider
diagram

10000

1000 I

100 N

PM Normalised

A
7

Rb Ba Th U Nb K La Ce Pb Pr Sr Nd Zr Hf Sm Eu Ti Gd Tb Dy Y Er Yb Lu

Primitive mantle normalized trace element spider dia-
gram of Bomdila orthogneisses. Normalising values
after Sun and McDonough, 1989.

In contrast with other Himalayan leucogranites which
are generally characterized by unusually low REE con-
tents, the Bomdila rocks show higher concentrations of
all REEs than published averages from other such leu-
cogranites (Vidal ef al., 1982; Scaillet et al., 1990). The
two-mica granites show higher total REE concentrations
(up to 294 ppm) than the tourmaline granites (sum = 67
ppm). The REE contents of two suites indicate light REE
(LREE) enrichment over heavy REE (HREE) and have
variable LREE/HREE ratios [(La/Yb)y = 3-23]. The pat-
terns show steeply inclined LREEs with flatter and little-
fractionated HREEs resulting in overall concave patterns
(Fig. 5). The REE abundances of the Bomdila granites
coincide with typically crustally derived granites (i.e. La
= 20-100X chondrite, Yb = 0.5-8X chondrite, Holtz,
1989) and show consistent fractionation patterns within
the LREE group [(La/Sm)y = 3-5]. Negative Eu anoma-
lies are pronounced in both the suites and reveal a very
narrow range of difference (Eu/Eu* = 0.35—4) indicating
that plagioclase fractionation has been essential in their
petrogenesis.

Figure 5. Chondrite-normalised REE patterns of Bomdila
orthogneisses.

1000

Chondrite-Normalised

1

La Ce Prr- Nd Sm Eu Gd Tbh Dy Ho Er Tm Yb Lu

Chondrite-normalised REE patterns of Bomdila or-
thogneisses. Normalising values after Sun and McDo-
nough, 1989. Symbols as in figure 2.

Petrogenesis and Discussion

Although experimental studies suggest that leucogran-
ites can be generated by a variety of processes, both the
major and trace element characteristics of the Bomdila
leucogranites are better explained by varying degrees of
partial melting and fractionation. An overlap in the wide
concentration ranges of oxides, such as SiO,, CaO, MgO,
Fe,O3! and Sr (Table 1) of the two-mica and tourmaline
granite suites, with no discernable differentiation trends
on Harker variation diagram, precludes the derivation of
one suite from the other by differentiation following em-
placement. This, in turn, suggests that both suites may
have been derived from different sources. In order to de-
termine the phase equilibria conditions of the Bomdila
granites, the samples were projected onto the Q-Ab-Or
phase diagram (Fig. 6) which also contains 2 and 5 kbar
minima and eutectics of the haplogranite system with
varying aH,O in the melt (Holtz ef al., 1991). It can be
noticed in the diagram that the two-mica granites do not
cluster about a minimum-melt composition characteristic
of water-saturated haplogranite phase relations (Tuttle &
Bowen, 1958). Instead, they form a spread of composi-
tions with a trend defined by variable quartz/orthoclase
and orthoclase/albite ratios. Experimental work by Jo-
hannes & Holtz (1990) has demonstrated that quartz/or-
thoclase ratios increase as pressure decreases in water-
undersaturated melts. Further studies on granite indicated
that orthoclase/albite ratios of granite minimum melt
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compositions are greatly increased at decreased water ac-
tivities (Ebadi & Johannes, 1991). Experimental studies
on crystallization of leucogranite magmas (Scaillet et al.,
1995) suggest that two-mica granites and tourmaline
granites can be generated at low (between 5 and 7.5 wt%)
and high (>7 wt.%) initial water contents, respectively.
Therefore, the Bomdila two-mica granites with quartz-
rich compositions and plotting at decreased pressures (<5
kbars) and low water activities in the diagram, suggest
their derivation from an alumina-saturated source under
water-undersaturated condition at temperatures >800°C.
Whereas the tourmaline granite samples cluster around a
composition corresponding to minimum melt at ~3 kbar,
aH,0 =0.5. These values are consistent with thermobaro-
metric studies of the many well-studied leucogranites
from the Himalaya such as Manaslu (Guillot et al.,
1991), Langtang (Inger and Harris, 1993), efc.

Figure 6. Phase relations and minimum-melt compositions

Phase relations and minimum-melt compositions in
the system Quartz-Albite-Orthoclase +H,0. Minimum-
melt compositions are from Winkler (1979) and Ebadi
and Johannes (1991)., aH,O=1; O, aH,0=0.5; A,
aH>0=0.3. Qtz= Quartz, Ab= Albite, Or= Orthoclase.
Symbols as in figure 2.

Therefore the phase-equilibria considerations and geo-
chemical variation of the two suites of Bomdila gneisses
suggest that the dominant petrogenetic process was
partial melting rather than large scale post-emplacement

differentiation. Further, the peraluminous geochemistry,
S-type character, negative Ti, Sr and Nb anomalies of the
rocks in primitive mantle normalized diagram and the
presence of metasedimentary enclaves strongly support a
crustal source, possibly a pelitic protolith for these gran-
ites. Harris & Inger (1992) tried to evaluate the melt reac-
tions involved in the generation of granitic melts from
pelitic rocks and have given different models such as: 1)
fluid-saturated muscovite melting, 2) fluid-absent musco-
vite melting, and 3) fluid-absent biotite melting. For
these models, trace elements such as Rb, Sr and Ba and
their corresponding ratios may act as diagnostic. A linear
negative trend can be observed in the diagram (Fig. 7),
particularly in the Rb/Sr vs. Sr plot and show systematic
variation between tourmaline-free and tourmaline-bear-
ing samples. The negative trend clearly corresponds to
removal of K-feldspar. The higher concentrations of Ba
(up to 952 ppm) in two-mica granites are consistent with
biotite melting in the source. The Kd (biotite/melt) value
(~6, Hanson, 1978) implies that if more than ~20% bio-
tite 1s in the residue, most of the Ba from the source will
remain in the residue. According to McDermott’s et al.
(1996) model, biotite dehydration melting is mainly con-
trolled by the presence of plagioclase or biotite minerals
in the source. If the abundance of plagioclase in pelite-
dominated sources limits the maximum degree of partial
melting, then the melt is enriched in Sr relative to both
Rb and Ba. Any increase in the proportion of the grey-
wacke end-member in the source would lower the melt
fraction because melting is then limited by the availabili-
ty of biotite. The melt then becomes enriched in Rb and
Ba relative to Sr resulting in high Rb/Sr and Ba/Sr ratios.
Thus, it can be inferred from the above discussion that bi-
otite-limited, vapour-absent biotite dehydration melting
is the probable mechanism which can best explain the
combination of high Rb/Sr, Ba/Sr and Fe,O5; + MgO (up
to 11 wt.%) contents of the two-mica granites.
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Figure 7. Rb/Sr vs. Sr
orthogneisses.
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Rb/Sr vs. Sr and Ba plot for Bomdila orthogneisses.
Symbols as in figure 2.

In addition to partial melting, fractional crystallization
may also have played an essential role in the generation
of two-mica granites as evident from fractionation trends
displayed by the granites. For example, decreasing
Fe,O5t and MgO (Fig. 2) and increasing Rb/Sr ratios
with increase in SiO, (Fig. 8) exhibited by the granites
substantiate the above inference. On the contrary, it is
prominently seen that tourmaline granite suite with al-
most negligible silica range (75-76 wt.%), shows vertical
variation in these diagrams, suggesting the insignificant
role of fractional crystallization during their formation.
The P,05 abundance will be increased progressively with
fractional crystallization in the S-type granites because
apatite is soluble in strongly peraluminous and felsic

melts (London, 1992). Other elements that occur in phos-
phate accessory minerals, such as Th, La and Y, decrease
in abundance with continuing fractional crystallisation of
S-type melts (Chappell 1999), because of the low solubil-
ity of monazite. The progressive increasing trend of P,O5
(Fig. 2) and decreasing trend of Th, La and Y shown by
the two-mica granites (Fig. 8) further confirms the role of
fractional crystallization.
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Figure 8. SiO, vs. Rb/Sr, La, Y and Th plot
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SiO5 vs. Rb/Sr, La, Y and Th plot for Bomdila orthog-
neisses. Symbols as in figure 2. Note the prominent
Rb/Sr positive correlation and negative correlation of
La, Y and Th with SiO, of two-mica granites.

The phase equilibria and geochemistry of the tourma-
line granites represent melting conditions of 2700°C low

water activity (Fig. 6) and possibly pressures <5 kbar.
The low concentrations of TiO, (~0.1 wt.%) and Ba in
the tourmaline granites suggest a lack of extensive melt-
ing of biotite. On the other hand, the high K,O (>5 wt.
%), Rb and low CaO (~0.4 wt.%), total iron (~1.5 wt.%),
MgO (=0.5 wt.%) and Sr contents indicate that melts
were derived from the incongruent dehydration melting
of muscovite (Harris ef al., 1993). Various mineral analy-
ses have shown that after tourmaline, muscovite is the
most important site for boron in granitic rocks (Rockhold
et al., 1987). Dehydration melting of muscovite in pelites
is likely to lead to B-rich melts and it has been estimated
that 10% fusion of a pelitic schist with 100ppm B will
lead to ~1000ppm boron in the melt, enough to produce
approximately 3.5% tourmaline (Nablek et al. 1992).
This in turn indicates that the petrogenetic process pro-
posed for Bomdila tourmaline granites is consistent with
many such other leucogranites from the Himalaya. The
ascent of the hot melts of two-mica granites may have
triggered low extent muscovite dehydration melting of
pelites (most probably schists) higher in the crust produc-
ing the boron-rich low-Ti melts (Nabelek et al., 1992)
similar to Bomdila tourmaline leucogranites.

From the above discussion, it an be convincingly ar-
gued that the two suites of the peraluminous Bomdila or-
thogneiss were predominantly formed by partial melting
and fractional crystallization (in the case of two-mica
granites) of pelitic rocks from the upper crust. Presence
of metasedimentary enclaves (pelitic schists) in the two-
mica granites and the crystallization of magmatic tourma-
line in tourmaline granites are also consistent with a met-
asedimentary source (Bernard et al., 1985). An attempt is
made in this paper to explore the possible source rocks
for these granites. In this perspective, the mica schists
with whom the granites are associated offer potential
source lithologies. A striking similarity between the com-
position of proposed source lithology and the average
Bomdila orthogneiss is clearly evident in the diagram
(Fig. 9), supporting the assumption that metasedimentary
rock (similar to the micaschists) exposed along with
granites are the most likely source for the Bomdila or-
thogneisses.
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Figure 9. Trace element abundances in mica schists
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Trace element abundances in mica schists, normal-
ized against average Bomdila leucogranites.

Implications for ancient tectonics in the
Himalaya

The Paleoproterozoic (1900 £200 Ma) granitic mag-
matism has been reported from all along the 2000km
Lesser Himalayan belt staring from the Besham gneiss in
the Lower Swat Valley, NW Himalaya to the Bomdila
gneiss in the NE Himalaya (Sharma, 1998). The exten-
sive studies of these granites (Sharma, 1983; Gupta et al.,
1994; Prabha and Rawat, 1999; Sharma and Rashid,
2001) indicate that they have unequivocal similarities in
terms of their geological setting, tectonic setting and geo-
chemistry. All of these studies show that the granites are
formed during syn-collisional tectonic environment, sug-
gesting that collision of two continental blocks might
have occurred during Proterozoic period along this linear
belt, similar to the already established Paleozoic Lesser
Himalayan granitoid belt (Le Fort et al., 1986) related to
Pan-African orogeny. This further implies an episode of
significant Proterozoic orogenic events in the Lesser Hi-
malaya: and, possibly the later tectonics exposed these
granites to weathering and provided detritus to the then
formed large Proterozoic sedimentary basins in the Less-
er Himalaya. This deduction is in strong agreement with
the inference drawn by many researchers who, on the ba-
sis of textural and geochemical investigations of the Pro-
terozoic sediments from the Lesser Himalaya (Rashid,
2002, 2005), suggested that the sediments were derived
exclusively from felsic (leuco-, S-type-granitic) sources
occurring in close proximity or adjacent to the basins.

This argument rules out the hypothesis that the relatively
mafic, I-type-granitic plutons from the Peninsular India,
such as Bundelkhand granite and granites from Aravalli
region, may have contributed sediments to the Lesser Hi-
malayan sedimentary basins.

Conclusions

The Paleoproterozoic Bomdila orthogneisses exposed
in the Arunachal Pradesh, NE Lesser Himalaya are medi-
um- to coarse-grained pelite-derived leucogranites em-
placed in the amphibolite-facies schistose rocks. The
main pluton consists of two suites, i.e. two-mica granite
and tourmaline-bearing granite. The chemical composi-
tions are similar to those of other Himalayan leucogran-
ites, being typical for melts generated through anatexis of
upper crustal material. Trace element composition and
the presence of pelitic enclaves suggest that Bomdila leu-
cogranites formed by vapour-absent anatexis of metape-
lites (mica schists) similar to those exposed in the Bom-
dila area. Phase equilibria considerations and compari-
sons with experimental data indicate that the magmas for
two-mica suite were generated by dehydration melting of
biotite under water-undersaturated conditions at tempera-
tures of >800°C and pressures less than 5 kbar, with tour-
maline-bearing samples representing near minimum melt
compositions formed under low-extent dehydration melt-
ing of muscovite. The high Rb and low Y+Nb concentra-
tions of the granites are consistent with syn-collisional
tectonic setting, which might have resulted in the em-
placement of leucogranites during periods of crustal
thickening. Thus the indicated syn-collisional tectonic
setting of the granites has noteworthy implications by
documenting a strong evidence for the existence of a Pro-
terozoic orogenic event in the Lesser Himalaya.
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