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ABSTRACT

Chandra R, Upadhayay R & Sinha AK 1999. Subduction and collision related magmatism in the
Shyok Suture and eastern Karakoram. Palaecobotanist 48(3) : 183-209.

The Shyok Suture is represented by distinct sets of volcano-plutonic rock assemblages. The high-Mg
tholeiitic basalt and calc-alkaline andesites of the Shyok Volcanics have a subduction zone chemical signa-
tures. The REE data on tholeiitic basalt suggest chemical affinity between primitive N-MORB to E-MORB.
The calc-alkaline andesites, however, resembles to transitional nature of basalt between E-MORB to OIB.
The geochemical data and regional tectonic setting suggest a close similarity between the Shyok Volcanics
of northern Ladakh and Chalt Volcanics of Kohistan.

The mildly deformed trondhjemite-tonalite-granodiorite of the Tirit Granitoids are composite plutons
located south of the Shyok Suture melange. These granitoids are subalkaline. I-type and represented by
volcanic arc chemical signatures. The regional tectonic setting. the nature of occurrence and the composi-
tion of Tirit Granitoids are similar to the plutonic suites of northern Kohistan (Gindai. Mawum Das and
Nomal plutons).

The eastern Karakoram Batholith is dominated by quartz monzonite-tonalite-granodiorite and granite.
The subalkaline to calc-alkaline Karakoram Batholith is constituted by both I-and S-type granitoids with
volcanic arc and syn-collision chemical signatures. REE data suggest that the 1-type granitoids of eastern
Karakoram are calc-alkaline magmatism of a subduction zone environment. In contrast, most of the S-type
granitoids are crust-derived peratluminous granitoids. New Rb/Sr isotopic whole rock age data indicates that
a S-type intrusive phase was active in the eastern Karakoram region during 83+9 Ma. The syn-collision
nature of these granitoids are similar to those of north Sost pluton and Karambar pluton of northern Kohistan.
This indicates that the collision between Kohistan-Ladakh arc and Karakoram block was active during 83+9
Ma.

Key-words—Subduction, Collision, Magmatism, Shyok Suture, Karakoram, India.
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INTRODUCTION

he sequence of magmatic events as envisaged by the

Indus Suture in Ladakh is believed to have started with a
northward-directed intra-oceanic subduction of the Neo-
Tethyan oceanic lithosphere in the Late Jurassic and Creta-
ceous (Honegger er al.. 1982). The Neo-Tethyan ocean prob-
ably closed along the Indus Suture around 50-60 Ma (Beck et
al., 1995; Sinha & Upadhyay, 1997; Upadhyay & Sinha, 1998).

The Ladakh block is in an intermediate position between
the Indian Plate in the south and the Karakoram-Tibetan Plate
in the north (Text-figure 1). To the west it is separated from
the Kohistan arc by the Nanga Parbat syntaxis, to the east it is
cut off from the Lhasa block by the Karakoram fault
(Text-figures I, 2). In the Ladakh block two important tec-
tonic structures have been recognised and described by Gansser
(1977) as the southern Indus Suture Zone (ISZ) and the north-
ern Shyok Suture Zone (SSZ) (Northern Suture in Pakistan)
(Text-figure 1). Located between the two sutures is the Trans-
Himalayan Ladakh Batholith with mainly Cretaceous and Ter-

tiary calc-alkaline intrusives which is subdivided from west
to east into the Kohistan arc. the Ladakh magmatic arc and
the Gangdese pluton of southeim Tibet. The basaltic to andesitic
Dras volcanics follow the Indus Suture and represent an is-
land arc, which was active between the Late Jurassic and the
Late Cretaceous (Honegger et af., 1982; Dietrich et al., 1983;
Sharma, 1990). The Ladakh Batholith is unconformably
overlain along its southern boundary by the molassic Indus
Group of Miocene-Pliocene age.

The arc-batholith growth in Ladakh is discussed in terms
of the Dras arc on the south side of the Ladakh Batholith
(Schorer er al., 1980; Dietrich et al., 1983: Sharma. 1990)
whereas in Kohistan it is related to the Chalt island arc
volcanics which are on the north side of the batholith
(Tahirkheli er al., 1979; Coward et al., 1986). Recently. it has
been suggested that the Kohistan island arc was inttiated off-
shore of Asia during the middle-Cretaceous and was sutured
to Asia along the Northern Suture between 100 and 85 Ma
(Petterson & Windley., 1985, 1991; Treloar et al., 1996). So
far very little is known about the subduction and closure of

la. Pandramic view of the Nubra-Shyok rivers confluence near the vil-
lage of Tirit and Sumur. At the confluence point the Tirit Granitoids
and associated rocks belong to Saltoro hills. The background snow
covered peaks belong to the Ladakh Batholith, the foreground moun-
Lain belongs 1o Shyok Volcanics and Saltoro Formation as scen ncar
the village of Diskit in Text-figure 2. View looking towards south-
wesl.

PLATE 1

—

Ib.  Outcrops of Shyok Volcanics as scen near the village of Diskit. View
looking towards southwest.

Te.  Panoramic view of the Nubra river valley showing the tectonoc juxti-
position of Shyok Ophiolitic Melange and Karakoram Batholith. View
looking towards northeast as seen from the village of Charasa in Text-
figure 2.
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Text-figure 1-General tectonic map of Pamir, Karakoram, Kohistan and Ladakh showing the location of the Indus and Shyok Sutures together with the
Kohistan and Ladakh arc terranes (modified after Gaetani (1997). Shaded box represent the area of study.

the Shyok Suture in northern Ladakh. Earlier, Rai (1982) pre-
sented evidence against subduction along the Shyok Suture.
Brookfield and Reynolds (1981) and Reynolds er al. (1983)
concluded that the Shyok Suture did not close until Miocene
and therefore considered it as younger than the southern In-
dus Suture. However, Thakur and Mishra (1984) suggested
that the Shyok Suture was the relict of a back-arc basin, whereas
Srimal (1986) thought that the Shyok tectonic belt is one among
several blocks that form a composite terrain between the north-
ern margin of the Indian Plate and the southern margin of the
Asian Plate and correlated the Shyok Suture with Jurassic-
Early Cretaceous Bangong-Nujiang Suture in Tibet. Based on
geological information from the poorly known Nubra-Shyok
region it appears that there are major stratigraphic and struc-
tural differences along the Shyok Suture Zone exposed in north-
ern Ladakh and Kohistan (Sinha & Upadhyay, 1997).

This paper deals primarily with the results of a recent
study on the Shyok Suture and adjoining eastern Karakoram
batholith exposed in the Shyok-Nubra valleys in northern
Ladakh, which forms an accretionary complex immediately
north of the Ladakh magmatic arc. We present new field ob-
servations together with regional geology. petrography,
geochemical and geochronological data on magmatism. We
also discuss these data to deduce tectonic setting and tectono-
magmatic evolution of the Shyok Suture and eastern

Karakoram Batholith . An attempt has also been made for
regional correlation of presently investigated area with the geo-
logically better known sections of northern Kohistan.

GEOLOGICAL SETTING

The rocks of the SSZ, trending northwest-southeast (Text-
figures., 2, 3) across the Nubra-Shyok valleys, occur in a
number of intensely deformed tectonic slices between the
Ladakh Batholith to the southwest and Karakoram Batholith
to the northeast (Text-figures 2,3, Plate | a, ¢). These tec-
tonic slices comprise a variety of sedimentary, volcanic and
plutonic rocks hence referred an accretionary complex (Sinha
& Upadhyay, 1997). To the south, the lowermost imbricate of
the Shyok Suture is built up by Late Jurassic to Early-middle
Cretaceous Saltoro Formation (Upadhyay et al.. 1999). The
Saltoro Formation is in tectonic contact along a steeply dip-
ping thrust with the calc-alkaline volcanics and volcanoclastics
of Khardung Formation of the ISZ (Text-figures 3. 4). The
tectonic contact between Shyok Ophiolitic Melange and
Karakoram Batholith mark the northern limit of the Shyok
Suture (Text-figures 2. 3, 4, Plate 1¢). Geological account of
Shyok Suture has recently been given and discussed elsewhere
(Rai, 1991; Upadhyay et «l., 1999). Apart {rom other rock
types the Shyok Suture is represented by a variety of different
sets of volcano-plutonic rock assemblages. For the purpose
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Text-figure 2-Geological map of the Shyok Suture Zone and eastern Karakoram in the Nubra-Shyok valley. northern Ludakh, India.

of present study, the occurrences of several Volcano-plutonic
bodies have been grouped and discussed as: |. Shyok
Volcanics; 2. Tirit Granitoids; 3. Karakoram Batholith.

Shyok Volcanics

Under the heading of Shyok Volcanics we describe dif-
ferent occurrences of volcanics in the Nubra-Shyok valleys of

which we do not know their original palaecogeographic
position (Plate la, b). Sporadic outcrops occur below the
Saltoro Formation (Upadhyay er al., 1999) near Shukur (Text-
figure 2). Southeast of Diskit the Saltoro Formation is
tectonically overlain along a steeply dipping thrust by chlorite
schists, basic volcanics and cherts of the Shyok Volcanics
(Text-figures 2, 3). West of the Karakoram Fault they also
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Text-figure 3-Geological cross-section along line A-B on Text-figure 2.

occur tectonically sandwiched between the underlying Saltoro
Molasse and Ophiolitic Melange, above. East of the
Karakoram Fault, they crop out between the villages of
Panamik and Tirit and near confluence of the Nubra-Shyok
rivers (Plate 1a). Rai (1991) estimated that they are up to 4
km thick. consisting of a heterogeneous sequence of basalts
and andesites with ignimbrites. Individual flows could not be
traced across the inaccessible outcrops. At several places, the
Shyok Volcanics are intruded by granodiorite, tonalite to
gabbrodiorite plutonic bodies known as Tirit Granitoids (Text-
figures 2, 3, 4).

Compositionally, the Shyok Volcanics range from basalt,
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basaltic andesite to andesite. The basaltic rocks exposed near
the village of Shukur and Sati bridge are fine-to medium-
grained, massive and highly fractured, with rare vesicles. These
rocks are essentiatly made up of plagioclase, hornblende and
augite whereas olivine is present in accessory amount.
Plagioclase and augite occurs as minute radiating laths and
showing sub-ophitic texture. The basaltic andesites exposed
near the village of Trisha and Tegar are medium-grained.
agglomeratic and ophitic in texture; vesicles are well devel-
oped and vary from a few mm to | cm in diameter, which are
filled with calcite, zeolite and chlorite. The basaltic andesites
are strongly epidotised. These rocks are also cut by hydro-
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thermal veins rich in sulphide mineralisation, mainly
chalcopyrite and flaky hematite. These rocks are made up of
plagioclase, hornblende, biotite and quartz. Sphene, zircon.
epidote and chlorite present as secondary minerals. The
twinned plagioclase crystals are intensively altered. The
pyroxene and hornblende is also present in the fine-grained
groundmass which is dominated by plagioclase microlites. The
hornblende crystals show two distinct sets of cleavage. Flakes
of biotite represent characteristic diachroism from light brown
to deep brown. Black iron ore, opaques and chlorite are also
present. The andesites show well developed laths of
plagioclase phenocrysts showing porphyritic texture.
Plagioclase laths are zoned, clouded, twinned and are embed-
ded in fine—grained, epidotized groundmass. Augite occurs
as prismatic crystals. The groundmass is composed of micro-
phenocrysts and microlites of augite and plagioclase. Horn-
blende show typical bluish-green colour and exhibiting sim-
ple twinning.

Geochemistry of Shyok Volcanics

A total of 43 samples of Shyok Volcanics were analyzed
and are presented in Table 1. Major, trace and rare earth ele-
ments (REE) were determined by X-ray fluorescence
spectrometry (Siemens SRS 3000) and inductively coupled
plasma-atomic emission spectrometry (Jobin Yvon JY-70 plus)
at the Geochemical Laboratory of the Wadia Institute of
Himalayan Geology, Dehradun. International rock geo-stand-
ards BHVO-1, MBH and DGH were used for calibration.
Major elements have been used to determine the CIPW norms.

The Shyok Volcanics show a wide variation in their
geochemical ranges. On the basis of sampling from different
localities, the analysed samples have been classified and dis-
cussed as volcanic rocks from Shukur village, Tegar village
and Sati bridge. According to chemical classification proposed
by Peccerillo and Taylor (1976), Winchester and Flyod (1977)
and Cox et al. (1979) the Shyok Volcanics ranges from basalts,

Na20 + K20 {wt %)
(-]

% 40 44 48 52 56 60 64 68 72 76 BO 84
Si02 (w1 %)

Text-figure 5-Nu,0 + K,O versus Si0, chemical classificaton diagram for

Shyok Volcunics (plotied on the diagram after Cox ez al., 1979). B = basalt;

BA = basaltic andesite: A = andesite: D = dacite; TB = wrachy basalt; BTA =

hasaltic trachy andesite: TA = trachy andesite. Filled rhombus = Shukur

olcanics; cross = Tegur Volcanics: filled triangles = Sati bridge volcanics.

basaltic - andesite to andesites. The total alkali silica
(TAS) (Na,0 + K,0 % versus SiO,%) chemical classification
scheme (Cox er al., 1979) show that the Shyok Volcanics are
basalt, trachy-basalt, basaltic-andesite, basaltic {rachy-
andesite, andesite, trachy-andesite and dacite (Table 1: Text-
figure 5).

The basalt samples have a range of SiO, content from
47.16 to 52.57%. Similarly basaltic-andesite with 52.97 to
57.63 % and andesites 58.07 to 62.1 % (Table 1). The sys-
tematic increase in SiO, from basalt to andesite through ba-
saltic - andesite suggests that no compositional gap seems to
exist between the geochemical characters of Shyok Volcanics
which may represent a common parent magma. All the sam-
ples are characterised by low values of TiO, wt% which ranges
from 0.47 to 1.48%, and comparable with island arc volcanics.
These volcanics are moderately enriched in ALO, (13.96 to
17.58%), MgO (4.9 to 12.01%}) and total iron (Fe,0,) (4.15
to [1.27%). It is evident from petrography that rocks of the
Shyok Volcanics have suffered post magmatic secondary al-
terations and therefore have very high values of LOI (Table
1). This suggests that these rocks must have induced the ef-
fect of element mobilization, particularly the alkali elements
which are highly mobile and showing a wide range of their
concentrations. In most samples the Na, O content is gener-
ally higher than K O values and ranges from 0.44 to 5.88%.
The K,O values ranges from 0.01 1o 4.12 %. Some samples
are exceptionally enriched in their soda content (> 4%). This
may be due to spilitization of the volcanic rocks. The trace
element data (Table ) of these volcanics suggest that radio-
active elements, such as Rb, Th and U contents are very low.
These elements are generally associated with continental crust.
The Shyok Volcanics have very low values of Nb (0.1 to 26
ppm), Pb (5 to 24 ppm) and Ga (13 to 22 ppm). The depletion
of Nb is generally associated with calc-alkaline subduction
related magmatism. The Zn, Cu, Ni, Cr are moderately en-
riched in basalts and their concentration decreases toward
andesite samples. All the samples are moderately enriched in
Ba, Ni, Cr and Sr elements. Higher Sr content like 605 ppm
suggest either the fractionation of calc-plagioclase or the hy-
drothermal enrichment.

In major oxide versus MgO% plots (Text-figure 6) the
concentration of SiO,, AL,O,, Na,0 and K,O decreases with
increasing value of MgO%. Whereas, total iron FeZO](I), MnO
and TiO, shows a positive correlation with increasing value
of MgO%. All the samples are depleted in TiO, except for
high Mg volcanics of Shukur village. The total iron and TiO,
variation plots for Shukur village volcanics show a tholeiitic
to transitional tholeiitic/calc-alkaline nature of magma.
The samples from Tegar village and Sati bridge represent
calc-alkaline trend and a positive correlation with MgO%
(Table 1). The A (Na,0 + K,0) - F (FeO") - M (MgO) dia-
gram further confirm the tholeiitic and calc-alkaline charac-
ters for Shyok Volcanics.
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Table 1—Geochemical data for Shyok Volcanics

Locality Shukur village

S.No. SVR59 SV RS5S SV R66 SV R62 SV R63 SV R60 SV R65 SV R64
Rock Type B B B B B B B B
Major Oxides (wt%) ]
Si0, 47.16 47.87 48.27 48.64 49.1 49.16 49.23 52.22
TiO, 1.25 0.56 0.7 0.64 0.69 0.47 0.77 0.78
ALO, 16.12 14.08 14.61 15.49 14.81 14.59 14.77 15.05
FeO(t) 14.31 10.99 11.06 10.84 11.93 9.12 11.81 10.39
MnO 0.16 0.19 0.2 0.22 0.18 0.19 0.2 02
MgO 8.77 10.62 9.44 7.53 8.26 10.11 8.92 10.65
CaO 2.54 8.35 9.14 10.22 8.87 9.59 5.47 4.58
Na,0 1.85 1.66 32 3.131 2.23 1.74 2.5 2.85
KO 1.26 0.74 0.14 0.22 0.95 1.22 0.28 0.41
PO, 0.09 0.07 0.18 0.14 0.12 0.15 0.12 0.15
LOJ 6.43 3.73 3.8 4.6 3.8 37 5.59 3.75
Total 99.94 98.86 100.74 101.671 100.94 100.04 99.66 101.03
Trace Elements (ppm)

Ba n.d 261.6 764.1 195.4 296.8 230.9 154.4 n.d
Cr 156 430 147 126 248 233 86 132
Ni 77 242 24 18 109 57 27 144
Cu 137 109 122 33 148 27 567 1756
Zn 165 102 91 88 104 94 104 103
Ga 19 13 18 16 18 15 17 16
Pb 8 6 11 7 12 47 13 10
Th 1.24 1.32 67 1.6 0.99 3.57 3.15 2.01
Rb 42 28 n.d 10 19 41 14 20
U 0.86 1.06 0.53 0.96 0.55 1.65 0.85 1.05
Sr 90 119 530 810 225 164 556 351
Y 23 15 18 17 19 20 18 19
Zr 83 35 73 76 S8 67 80 69
Nb 5 4 1 1 2 1 1 1
Rare Earth Elements (ppm)

La n.d 5.2 15.6 13.5 17.5 17.3 n.d n.d
Ce n.d 8.2 29.8 21.1 30.9 28.7 n.d nd |
Nd n.d 5.5 15.5 12.1 15.8 143 n.d n.d
Sm n.d 1.81 4.15 322 4,18 3.48 n.d n.d
Eu n.d 0.519 1.01 0.975 1.17 1.06 n.d nd
Gd n.d 1.73 3.66 2.9 3.86 2.89 n.d n.d
Dy n.d 2.01 3.38 2.88 3.48 2.79 n.d n.d
Er n.d 1.3 2.13 1.78 2.04 1.69 n.d n.d
Yb nd 1.2 1.85 1.66 2.01 1.69 n.d n.d
Lu n.d 0.2 0.293 0.252 0.31 0.276 nd n.d
CIPW Norm

q 7.71 - - - - - 4.06 4.58
or 7.45 4.37 0.83 1.3 5.61 7.21 1.65 242
ab 16.65 14.05 27.08 26.49 18.27 14.72 21.35 24.12
an 12.01 28.78 25.09 27.57 27.6 28.4 26.35 21.74
hy 34.15 31.35 9.97 9.45 25.03 23.93 32.92 35.82
mt 5.6 4.29 4.32 4.23 4.67 3.57 4.61 4.06
it 2.37 1.06 1.33 1.22 1.31 0.89 1.46 1.48
ap 0.21 0.16 0.42 0.32 0.28 0.35 0.28 0.35
di - 9.8 15.38 18.02 12.67 14.59 - -
C 7.31 - - - - - 0.7 1.95
ol - 0.45 11.7 7.67 0.22 2.01 - -
ne - - - - - - - -
Plagioclase And3 An67 An48 An5l An59 An66 An55 And7

Contd.
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[Tocality Shukur village Sati bridge

| S.No. SV Ré61 SV Ré67 SV R78 SB R33 SB R34 SB R38 SB R31 SB R37
Rock Type BA BA A B B B B <« B
Major Oxides (wt %)
SiQ, 53.18 54.37 58.54 48.95 49.29 50.75 51.52 52.17
TiO, 0.77 0.93 0.61 0.96 1.11 0.85 1.07 0.97
AIZC-)3 15.24 15.14 16.22 16.49 14.63 15.56 14.62 15.27
Fe(t) 9.59 10.03 5.58 10.01 9.58 8.36 9.12 8.6
MnO 0.16 0.18 0.1 0.15 0.14 0.12 0.13 0.14
MgO 6.77 10.07 5.11 8.3 10.31 8.52 9.66 8.24
CaO 4.78 3.56 5.28 9.55 7.26 6.95 6.72 6.84
Na,O 3.16 3.08 2.72 0.44 3.1 2.95 3.14 343
K,O 0.39 0.05 2.65 5.03 1.17 1.14 1.31 1.92
P,0, 0.12 0.12 0.18 0.27 0.33 0.25 0.28 0.28
LOI 6.34 3.32 4.8 2.3 3.95 4.69 3.26 2.95
Totat 100.5 100.85 101.79 102.45 100.87 100.14 100.83 100.81
Trace Elements (ppm)
Ba 112.6 120.5 n.d n.d n.d 574.3 403.8 502.9
Cr 91 32 164 262 256 164 295 203
Ni 32 20 25 96 120 217 146 81
Cu 28 201 24 6 35 68 66 47
Zn 107 95 81 99 85 76 83 86
Ga 16 16 18 15 16 14 18 17
Pb 12 5 13 11 24 5 135 9
Th 1.41 1.6 3.23 39 4.97 5.8 6.07 4.31
Rb 15 7 88 152 39 53 47 71
U 0.98 0.64 2.54 4.19 1.56 1.9 1.74 2.24
Sr 119 154 220 176 477 5.1 389 380
Y 24 24 13 17 23 24 22 22
Zr 68 87 120 12] 136 124 139 149
Nb 4 4 6 7 7 8 7 8
Rare Earth Elements (ppm)
La n.d 8.89 n.d n.d n.d 18.9 222 18.1
Ce n.d 16.05 n.d n.d n.d 32.8 37.45 32.2
Nd n.d 10.94 n.d n.d n.d 18.3 21.7 17.4
Sm n.d 3.85 n.d nd n.d 4.41 5.04 4.07
| Eu n.d 1.06 n.d n.d n.d 1.33 1.4 1.22
Gd n.d 4.03 n.d n.d n.d 4.08 4.04 3.48
Dy n.d 4.69 n.d n.d n.d 39 348 3.39
Er n.d 2.86 n.d n.d n.d 1.95 1.59 1.69
Yb n.d 2.4 n.d n.d n.d 1.91 1.63 1.61
Lu n.d 0.349 n.d n.d n.d 0.284 0.248 0.237
CIPW Norm
q 9.46 10.02 12.06 - - 0.64 - -
or 2.3 0.3 15.66 29.73 6.91 6.74 7.74 11.35
ab 26.74 25.06 23.03 3.73 26.23 24.96 26.57 29.02
an 22.93 16.88 24.22 28.17 22.55 25.85 21.93 20.6
hy 25.32 33.75 17.38 428 13.82 25.57 23.99 15.97
mt 374 3.91 2.29 3.91 3.74 3.26 3.57 3.36
il 1.46 1.77 1.16 1.82 2.11 1.61 2.03 1.84
ap 0.28 0.28 0.42 0.63 0.76 0.58 0.65 0.65
di - - 0.64 14.06 9.05 5.61 7.66 9.23
C 1.22 3.83 - - - - - -
ol - - - 13.09 11.03 - 2.76 5.21
ne - - - } _ . ) _
Mlase An46 An39 An5l An88 And6 An5l And5 An42
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Locality Sati Bridge Tegar village

S.No. SB R36 SB R35 SB R32 SB R39 TV R74 DB R83 SB R82 CH R75
Rock Type B BA BA B B B B BA |
Major Oxides (wt%)

Sio, 52.3 52.57 57.49 50.71 50.71 51.01 51.94 52.97
TiO, 0.64 0.88 0.88 0.84 0.82 1.08 0.92 0.96
AlLO, 15.26 16.98 16.59 15.46 15.48 15.54 17.58 15.55
FeO(1) 8.59 8.64 6.66 8.31 7.6 8.41 6.67 6.96 |
MnO 0.15 0.12 0.09 0.12 0.06 0.11 0.07 0.08
MgO 8.41 7.02 5.77 8.49 12.01 10.59 8.3 9.64
CaO 6.31 7.66 6.13 6.92 3.04 8.32 6.17 2.98
Na,O 3.44 1.31 3.22 2.92 4.39 3.76 3.44 5.13
K, O 1.69 4.12 2 1.14 2.33 0.96 2.59 1.11
PZ_O5 0.27 0.27 0.28 0.25 0.16 0.26 0.23 0.19 |
LOI 2.89 1.99 2.05 4.97 32 2.78 3.78 4.7 |
Total 99.95 101.56 101.16 100.13 99.8 102.82 101.69 100.27 |
Trace EKlements (ppm)

Ba n.d n.d n.d 176 313.7 n.d n.d n.d
Cr 209 215 155 161 159 254 146 170
Ni 84 72 34 43 124 131 58 122
Cu 10 5 3 5 13 5 6 78
Zn 99 71 58 41 27 34 31 47 |
Ga 19 16 17 18 19 21 18 18
Pb 7 9 7 11 10 7 5 13
Th 5.15 6.52 10.23 3.64 4.45 4.04 3.02 4.04
Rb 62 132 67 49 58 19 67 26
§) 2.08 3.5 2.13 1.86 1.97 1.14 2.19 1.61
Sr 248 159 402 240 339 477 320 260
Y 22 17 21 20 18 21 20 17
Zr 154 142 184 160 182 142 148 191
Nb 8 7 9 6 6 7 7 5
Rare Earth Elements (ppm)

La n.d n.d n.d n.d 15.7 n.d n.d n.d
Ce n.d n.d n.d n.d 32.6 n.d n.d n.d
Nd n.d n.d nd n.d 16 n.d n.d n.d
Sm n.d n.d n.d n.d 443 n.d n.d n.d
Eu nd nd n.d n.d 0.848 n.d n.d n.d
Gd n.d n.d n.d n.d 3.67 n.d n.d n.d
Dy n.d n.d n.d n.d 3.27 n.d n.d n.d
Er n.d n.d n.d n.d 1.95 n.d n.d n.d
Yb n.d n.d n.d n.d 1.36 n.d n.d n.d
Lu n.d n.d n.d n.d 0.206 n.d n.d n.d
CIPW Norm

q - 1.48 8.56 0.9 - - - -
or 9.99 24.35 11.82 6.74 13.77 5.67 15.31 6.56
ab 29.11 11.08 27.25 24.71 36.75 31.82 29.11 43.4]
an 21.21 28.29 2491 25.71 14.04 22.69 24.88 13.54
hy 21.57 21.65 18.21 25.47 - 2.74 8.91 16.13
mt 3.35 3.38 2.6 3.25 2.9 3.29 2.61 2.71

il 1.79 1.67 1.67 1.6 1.56 2.05 1.75 1.82
ap 0.63 0.63 0.65 0.58 0.37 0.6 0.53 0.44
di , 6.68 6.41 2.95 5.6 - 13.5 3.37 -
C - - - - 0.59 - - 0.95
ol 241 - - - 25.8 [7.11 10.96 9.48
ne - - - - 0.22 - - -
Plagioclase An42 An72 An48 An5S1 An28 An4?2 And6 An24
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Locality Tegar village T
S.No. DV R84  SB R4l TV R69 SB R40 TV R72 CH R76 TV R68 CHK R81
Rock Type BA BA BA BA BA BA BA * BA
Major Oxides (wt %)
Si0, 52.98 53.38 54.65 54.9 55.27 56.44 56.84 56.97
TiO, 0.96 0.72 0.51 0.47 1.19 1.48 0.85 1.14
ALO, 15.77 13.96 14.18 17.08 15.37 16.18 14.76 16.61
FeO(t) 9.9 7.68 11.27 10.39 9.44 8.59 7.62 6.13
MnO 0.18 0.16 0.12 0.1 0.04 0.1 0.11 0.1t
MgO 7.92 8.5 5.31 4.9 6.58 5.55 7.12 7.16
Ca0 8.94 11.28 5.42 12.07 3.81 7.05 6 6.3
Na,O 221 3.8 4.02 1.37 4.36 3.34 4.53 3.6
K,0 2.29 0.17 0.01 1.01 0.97 1.64 1.18 1.73
PO, 0.2 0.16 0.17 0.2 0.19 0.3 0.15 0.34
LOI 3.35 1.31 4.7 1.25 2.31 2.3 2.7 2.71
Total 104.7 101.12 100.36 103.74 99.53 102.97 101.86 102.8
Trace Elements(ppm)
Ba n.d 266.5 81.06 299.7 187.1 234 n.d 435
Cr 156 234 88 230 188 139 168 209
Ni 30 28 29 29 98 19 46 101.4
Cu 64 57 7 0 35 49 13 20.3
| Zn 112 49 90 15 18 52 37 62.1
Ga 17 15 19 40 19 20 17 18.5
Pb 9 119 10 11 4 6 8 7
'I Th 45 2.44 1.77 1.24 2.54 5.86 0.48 3.9
Rb 84 5 6 31 33 40 60 35
U 2.75 0.9 0.29 1.77 1.37 1.62 2.07 !
St 420 495 114 495 295 503 207 605
Y 26 28 32 30 21 29 24 19
Zr 111 95 151 96 142 190 102 220
Nb 4 6 12 4 4 8 5 14
Rare Earth Elements (ppm)
La n.d n.d 21.1 33.2 16.5 21.8 n.d n.d
Ce n.d n.d 53 52.7 29 398 n.d n.d
Nd n.d n.d 28.9 21.9 18.06 21.1 n.d n.d
Sm n.d n.d 7.69 5.29 4.54 5.44 n.d n.d
Eu n.d n.d 1.19 1.37 1.03 1.65 n.d n.d
Gd n.d n.d 6.65 4.7 3.83 5.04 n.d n.d
Dy n.d n.d 6.36 4.81 35 4.64 n.d nd
Er n.d n.d 3.79 2.39 1.98 2.45 n.d nd
Yb n.d n.d 3.28 2.32 1.36 1.89 n.d n.d
Lu nd n.d 0.482 0.331 0215 0.289 n.d n.d
CIPW Norm
q 0.71 - 8.52 10.64 5.39 7.26 2.71 5.29
or 13.53 1 0.06 5.97 5.73 9.69 6.97 10.22
ab 18.7 32.15 34.02 11.59 36.89 28.26 38.33 30.46
an 26.35 20.53 20.62 37.47 17.66 24.3] 16.46 24.06
hy 21.27 9.81 21.63 13.31 23.78 16.62 19.31 20.29
mt 3.87 3 4.35 4.06 3.68 3.35 2.9 2.39
il 1.82 £.37 0.97 0.89 2.26 2.81 1.61 2.17
ap 0.46 0.37 03.9 0.46 0.44 0.7 0.35 0.79
di 13.46 27.52 4.24 17.32 - 7.02 9.9 3.96
C - - - - 0.68 - - -
ol 13.46 3.48 - - - -
ne - - - - - - - -
ilagioclase An58 An39 An38 An76 An32 And6 An30 And4
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Locality Tegar village

S.No. TV R70  SB R30 TV R71 CHK R80 SB R42 SB R29 SB R45
Rock Type BA BA BA A A A A
Major Oxides (wt%)

Si0, 57.4 57.51 57.63 58.07 58.53 6.04 60.37
TiO, 1.07 0.85 1.03 1.03 0.66 0.72 0.68
Algij 14.93 15.93 15.21 16.79 16.26 15.94 15.52
FeO(1) 7.81 8.82 6.87 6.29 5.99 54 4.76
MnO 0.05 0.25 0.05 0.09 0.06 0.1 0.07
MgO 7.14 5.89 7.62 6.33 5.52 5.41 5.13
CaO 7.13 6.02 5 5.67 3.5 5.78 4.92
Na,0 3.1 4.59 3.67 3.14 3.75 5.88 475
K,0 1.35 1.6 1.86 2.73 1.68 1.41 1.93
P,O, 02 0.19 0.2 0.26 0.25 0-.25 0.28
LOI 2.78 2.08 2.5 2.05 4.02 1.91 2.78
Total 102.96 103.73 101.64 102.45 100.22 102.84 101.19
Trace Elements (ppm)

Ba 124.6 230.2 176.9 735 n.d 232.1 n.d
Cr 252 142 188 190 157 182 n.d
Ni 65 25 71 109.6 28 18 30
Cu 7 12 188 18.7 30 5 47
Zn 23 86 25 74.2 39 17 45
Ga 18 19 16 19.2 17 18 18
Pb 9 13 6 5 13 13 9
Th 4.72 6.32 5.44 1.6 7.64 11.97 2.24
Rb 48 75 74 62 77 65 78
U 1.83 2.36 2.28 1.6 2.22 2.15 2.58
Sr 553 328 444 682 285 307 413
Y 23 44 19 20 17 47 25
Zr 129 172 127 189 192 225 [
Nb 6 15 5 11 7 26 4
Rare Earth Elements (ppm)

La 15.8 n.d 9.1 n.d n.d 27.8 n.d
Ce 29.7 n.d 16.5 n.d n.d 54.3 n.d
Nd 159 n.d 9.7 n.d n.d 28.1 n.d
Sm 4.53 n.d 2.84 n.d n.d 7.92 n.d
Eu 1.43 n.d 0.727 n.d n.d 1.16 n.d
Gd 4.3 n.d 2.63 n.d n.d 7.28 n.d
Dy 4.03 n.d 2.94 n.d n.d 8.88 n.d
Er 2.03 n.d 1.63 n.d n.d 5.15 n.d
Yb 1.44 n.d 1.14 n.d n.d 6.08 n.d
Lu 0.194 n.d 0.1496 n.d n.d 0.816 n.d
CIPW Norm

q 8.53 2.26 6.17 6.98 12.86 1.78 6.87
or 7.98 9.46 10.99 16.13 9.93 8.33 11.4]
ab 26.23 38.84 31.05 26.57 31.39 49.76 40.19
an 22.84 18.14 19.54 23.66 15.73 12.94 15.33
hy 19.48 18.34 22.62 19.36 18.65 12.37 15.76
mt 3.04 3.33 2.68 2.45 2.33 2.1 1.86
il 2.03 1.61 1.96 1.96 1.25 1.37 1.29
ap ' 0.46 0.44 0.46 0.6 0.58 0.58 0.65
di 9 8.5 3.16 2.22 - 11.29 5.86
C - - - - 2.46 - -
ol - - - - - - -
ne - - - - - - -
Plagioclase And7 An32 An39 And7 An33 An2| An28

6.85
65
2.22
398
21
169
6

n.d
n.d
n.d
n.d
n.d
n.d
nd
n.d
n.d
n.d

5.5
11.29
38.84

14
10.56
2.51
1.37
0.42
16.89

An27

Cond.
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Eocality Tegar village
S.No. SBR44 TV R73 SV R77
Rock Type A A A
Major Oxides (wt%)
SiO, 60.57 60.72 62.1
TiO, 0.68 0.62 0.52
AlLO, 15.56 14.7 15.64
FeO(1) 5.28 8.29 4.15
MnO 0.09 0.05 0.09
MeO 6.12 5.16 4.86
Ca0O 5.96 3.34 4.64
Na,O 4.85 4.19 4.17
K,O 1.33 1.57 1.35
PO, 0.17 0.15 0.17
LOI 1.45 2.78 32
Total 102.06 101.57 100.89
Trace Elements (ppm)
Ba 483.4 n.d 296.4
Cr 244 130 220
Ni 52 84 37
Cu 5 245 B
Zn 57 22 73
Ga 17 {8 19
Pb 13 8 10
Th 5.96 1.62 8.16
! Rb 42 73 43
U 1.77 2.25 1.57
| Sr 392 300 460
Y 16 17 12
Zr 137 134 129
Nb 5 4 S
| Rare Earth Elements (ppm)
| La 21.7 n.d 19.5
Ce 34.2 n.d 35.6
| Nd 193 n.d 5.1
Sm 4.24 n.d 2.95
| Eu 113 n.d 0.868
Gd 3.12 n.d 2.33
Dy 2.6l n.d 1.77
Er 1.33 n.d 0.673
Yb 1.01 n.d 0.868
Lu 0.169 n.d 0.144
CIPW Norm
q 6.46 12.63 14.85
or 7.86 9.28 7.98
ab 41.04 35.45 35.29
an 16.76 15.59 19.97
hy 15.01 20.07 14.74
mt 2.06 3.23 1.62
il 1.29 1018 0.99
ap 0.39 0.35 0.39
di 9.39 - 1.55
C - 0.39 -
ol - - -
ne - - -
Eﬂgioclase An29 An3l An36

The trace element versus MgO% variation diagram show
consistent correlation between trace elements (Text-figure 7)
except Ba and Sr. The scattering of Sr/CaO is mainly attrib-
uted to post crystallization alteration or metamorphism. A
negative correlation can be seen in Rb, Zr, Ga. Th and U ele-
ments. The concentration of these elements decreases system-
atically with the increasing value of MgO%. A positive core-
lation can also be inferred for Ni versus MgO%. The total
iron and TiO, bivariation plots depicts that there is a
compositional _gap between the high Mg tholeiitic basalt of
Shukur village and low Mg calc-alkaline rocks of Tegar vil-
lage and Sati bridge. Stmilar geochemical gaps are also present
in Ni, Cr, Y and Nb. Hence, it is inferred that these volcanics
are either representing two different magma types or the ef-
fect of secondary alterations.

Nineteen representative samples were analyzed for Rare
Earth Elements (REE) (Table 1). The geochemical resuits are
compared with the Normal Mid Oceanic Ridge Basalt (N -
MORB), Enriched Mid Oceanic Ridge Basalt (E - MORB).
and Oceanic Island Basalt (OIB) (Sun and Mc Donough,
1989). [t is observed that some of the samples are moderately
enriched in all the REE, whereas, few samples show deple-
tion which is similar 1o those found in N- and E-MORB. Sam-
ples from Shukur village (Table I; Text-figure 8) are charac-
terised by depletion in all the REE {(Ce - Yb) = 1.85104.47}.
The samples {rom Tegar village and Sati bridge are moder-
ately enriched in REE. Volcanics of Tegar village show REE
enrichment from 101 -141 x chondrite for Light Rare Earth
Elements (LREE)and 9 - 14 x chondrite for Heavy Rare Earth
Elements (HREE) with low to moderate negative Eu anomaly
(Euw/Eu*=0.46 - 1.02) (Text-figure 9). The chondrite normal-
ized REE pattern of Sati bridge volcanics (Text-figure 10)
suggest that the LREE are comparatively less enriched with
ratio {(La/Sm)_ = 1.7 - 4.3} whereas in Shukur the ratio is
very low {(La/Sm) = 1.4 - 3.2}. The HREE contents are al-
most uniform for all the samples {(Gd/Yb), = 0.99 - 2.5].
The chondrite normalized REE pattern (Text-figure 8) for
Shukur volcanics indicate that these rocks may belong to a
primitive N - MORB to E - MORB. The Tegar village and
Sati bridge volcanics, however, resembles to transitional na-
ture of the basalts between E - MORB 10 OIB (Text-figures 9,
10). No radiometric data are available from the Shyok
Volcanics.

Tirit Granitoids

Several granitic plutons are exposed immediately in the
south of the Shyok Suture (Text-figures 2, 3, 4, Plate [a). We
call these WNW-ESE aligned plutons collectively the Tirit
Granitoids. They consist of mildly deformed medium-to
coarse-grained rocks, subleucocratic to mesocratic. relatively
rich in ferromagnesian minerals and compositionally ranging
from granodiorite-tonalite to gabbrodiorite. At several places
they were intruded by vertical, undeformed, NW-SE trending
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Text-figure 6-Major oxides versus MgO%

variation diagrams for Shyok Volcanics, Symbols as in Text-figure 5.
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Text-figure 8—Chondrite normalised REE pattern for Shukur volcanics (nor-
malising values and duta for N-MORB, E-MORB and OIB after Sun & Mc
Donough, 1989).

basic dykes that are 0.5-1 m thick. The granitoids are more
basic at their margins than in the core and show hybridization
and chilled margins along the intrusive contacts with the Shyok
Volcanics. Fine-to medium-grained mafic xenoliths with sharp
boundaries are common and range from a few mmto 50 ecm in
diameter. At some places metasedimentary enclaves are also
present.

The Tirit Granitoids consist of plagioclase (oligoclase-
andesine), K-feldspar, quartz and mafic minerals. Plagioclase
laths are euhedral and enclosed within subhedral grains of K-
feldspar and quartz. Most plagioclase crystals contain sec-
ondary sericite and epidote. Hornblende is abundantin diorites.
The granodiorites display graphic intergrowth between quartz
and feldspar, and plagioclase laths exhibit oscillatory zoning.
Biotite is partly altered to green chlorite. The tonalites have
lower K-feldspar and quartz contents than the granodiorites.
Zircon, apatite. opaques and epidote are common accessory
minerals.
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Text-figure 9-Chondrite normalised REE pattern for Tegar volcanics (nor-
malising values and data for N-MORB, E-MORB and OIB after Sun & Mc
Donough, 1989).
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Text-figure 10—Chondrite normalised REE pattern for Sati bridge volcanics
(normalising values and data for N-MORB. E-MORB and OIB after Sun &
Mc Donough, 1989).

Geochemistry of the Tirit Granitoids

A total of 31 samples of Tirit Granitoids were analyzed
and 10 representative examples are presented in Table 2. The
analytical procedures are the same as for the Shyok Volcanics.

The Tirit Granitoids have a wide range of SiO, content
(56.39 to 70.83 wt% , Table 2). The rocks thus raﬁge from
quartz-diorite to tonalite, granodiorite and granitic rocks (Text-
figure 11). The ALO, and CaO contents are generally high
(15.3to 17.08 wt% and 2.48 to 7.07 wt%, respectively). The
high concentration of Al,O, and CaO may be related to the
plagioclase composition that remains relatively calcic even in
silica-rich rocks. In most samples the relative concentration
of Na,O exceeds that of K,O. According to AFM (Na,0+K,O-
FeO*-Mg0O) and QBF dlaorams (Text-figures 12, 13) whexe
Q = {Si/3-(K+Na+2Ca/3)}, B = (Fe+Mg+Ti) and F = {555-
(Q+B)} the Tirit Granitoids reflect at least for their major part
asubalkaline trend intermediate between calcalkaline and al-
kaline.

Major element Harker variation diagrams (Text-figure
14) show a marked decrease in MgO with increasing SiO,
Similar trends are shown by Fe, O, and TiO,. Though a gen-
eral decrease is shown by A1LO,, CaO and P, O the trends are
not well defined. Both maJor alkall oxides (Na O and K,O)
increase with increasing values of SiO,, but the data points
are more scattered. The co-linear, smooth and coherent varia-
tion trends of most major oxides suggest magmatic differen-
tiation. In general. no compositional gap seems to exist among
the Tirit Granitoids. All rocks of this suite appear to be co-
magmatic.

A wide variation of trace elements has been measured
(Table 2, Text-figure 15) particularly in Ba (163 to 629 ppm),
Rb (5 to 158 ppm), Sr (237 to 507 ppm) and Zr (117 to 338
ppm) but also in Ni (3 to 33.2 ppm), Pb (1 to 28 ppm) and Cu
(1 to 57.3 ppm). The granitoids are depleted in Nb (5 to 14
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Table 2—Representative geochemical composition of Tirit granitoids.
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Rock Type mazdq,IV  dq,IV  mzdq, 1V gd, 1V ad,IV mzdq,IV gd, IV gd, IV gd, IV gd, 1V
S. No. R57 R2 R6 R9 R3 R16 R28 R12 R24  RI19
Major Oxides (wt%)
SiO, 56.39 57.16 65.62 66.18 66.59 67.72 68.3 69.04  69.09 70.19
TiO, 1.1 0.68 0.53 0.53 0.53 0.48 0.47 0.4 0.44 0.39
AII()T 16.11 15.88 16.54 16.25 15.96 16.15 16.1 16.13 15.98 15.5
Fe,O,(1) 8.25 7.27 3.93 4.03 3.9 3.59 2.67 2.61 2.6 2.81
MnQO 0.12 0.13 0.04 0.04 0.04 0.05 0.04 0.02 0.03 0.05
MgO 5.85 5.24 1.59 1.52 1.47 1.23 1.12 1.06 1.05 0.83
Ca0O 7.03 7.01 2.97 3.28 2.95 3.33 3.65 2.98 3.52 2.48
Na, O 3.05 3.7 4.36 431 4.04 4.34 4.62 5 4.84 4.17
K,0 2.63 2.13 4.07 3.62 4.11 3.71 3.37 3.6l 342 3.99
PO, 0.31 0.24 0.19 0.21 0.19 0.23 0.21 0.19 0.21 0.17
LOI 0.57 0.04 0.93 0.62 0.86 0.81 0.47 0.41 0.43 0.52
Total 101 .41 100.08  100.77 100.59  100.64 101.64 101.02 101.45 101.61 101.1
Trace Elements (ppm)
Ba 342 358 468 441 524 551 467 570 S13 572
| Ni 18.5 n.d 31 33 33 25 15 19 ) 18
Cu 57.3 n.d 10 27 22 8 6 7 5 6
| Zn 77.9 n.d 0 0 | 2 b.d b.d b.d 6
Ga 16 n.d 17 17 15 16 19 17 15 15
Pb 4 n.d 15.2 1.5 19.5 5.3 8.7 14.5 9 13.4
Th 1.6 n.d 26 30 28 21 17 20 16 19
Rb 117 n.d 158 146 149 125 81 96 76 127
U 0.9 n.d 8.4 7.3 7.8 6.1 3.1 4.3 2.7 6.7
| St 315 n.d 289 294 263 282 309 311 299 237
Y 20 n.d 34 31 31 31 31 27 30 24
Zr 117 n.d 239 219 237 206 211 182 200 173
Nb 6 n.d 8 7 7 6 5 7 6 5
Rare Earth Elements (ppm)
La n.d 29.3 36.8 342 43.6 23 23.8 17.6 21.9 21.5
Ce n.d 37.2 57.1 52.6 64.4 35.1 42 29.8 38 32.8
Nd n.d 15.7 24.1 20.5 25 15.8 19.3 13.3 17.1 14.1
Sm n.d 3.82 5.07 4.65 5.14 4.04 4.87 3.25 4.36 33
Eu n.d 1.15 1.08 0.88 0.99 0.9 1.06 0.76 | 0.78
Gd n.d 3.09 3.68 35 3.7 3.23 3.11 247 2.74 2.43
Dy n.d 2.63 35 32 3.34 3.17 3.44 242 3.12 2.36
Er n.d 1.61 1.96 1.85 1.93 1.74 1.99 1.4 1.79 1.37
Yb n.d 1.73 2 1.87 1.75 1.7 2.2 1.47 1.9 1.4
Lu n.d 0.246 0.281 0.259 0.259 0.237 0.283 0.197 0.25 0.2
CIPW Norm
q 4.94 5.23 15.09 17.24 19.09 18.97 19.5 18.4 194  23.58
or 15.54 12.59 24.05 21.39 24.29 21.93 19.92 2133 20.21 23.58
ab 25.81 31.13 36.89 36.47 34.19 36.72 39.09 42.31 4096 3529
an 22.5 20.43 13.49 14.3 13.28 13.63 13.24 10.91 11.78 11.19
di 8.36 10.33 - 0.49 0.09 1.15 2.86 2.16 3.53 0.22
C - - 0.02 - - - - - - -
hy 17.06 14.33 7.02 6.7 431 5.32 3.33 3.52 2.78 4.28
mt 3.22 2.84 1.54 1.57 5.65 1.39 1.04 1.01 1.01 1.09
il 2.09 1.29 1.01 1.01 1.01 0.91 0.89 0.76 0.84 0.74
ap 0.72 0.56 0.44 0.49 0.44 0.53 0.49 0.44 0.49 0.39
Plagioclase And7 An39 An27 An28 An28 An27 An25 An20 An2?2 An24
i’(_‘NK 0.67 0.74 0.97 0.96 0.97 0.94 0.9 0.92 0.88 0.99

n.d. = not determined
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TRONDHJEMITE GRANITES

Ab

Text-figure 11-An-Ab-Or classification diagram for the Tirit and Karakoram
Granitoids (plotted on the diagram after Q" Connor (1965). Dark triangles
= Tirit Granitoids: open circles=Karakoram granitoids.

ppm) which suggests arc magmatism. All the samples are rich
in Sr (237 to 507 ppm); the tonalite samples have very low
contents of Rb (5 to 59 ppm) and very high Sr contents (314
to 507 ppm). This may reflect the higher plagioclase percent-
age in these rocks. The Rb/Sr value for Tirit Granitoids is low
(<1). Similarly, the molar A/CNK value (Aluminous Satura-
tion Index (ASI) of Zen (1986); where molar A/CNK = A1,0,/
Na,0+K,0+CaO ratio) in the Tirit Granitoids ranges between
0.67 to 1.04 (Table 2) and suggests a metaluminous nature of
these intrusions. A similar relationship can also be evidenced
from a A/CNK versus SiO, % diagram (Text-figure 16) and
also by high normative diopside and corundum values
(Table 2). Furthermore, if we follow the classification scheme
of Chappel and White (1974) and plot our data. it could be

F (FeOt)

M
(Mg0O)

(NapO +Kp0)

Text-figure 12-AFM diagram for the Tirit and Karakoram granitoids. Dark
triangles=Tirit Granitoids: open circles = Karakoram granitoids.
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Text-figure 13-Q-B-F diagram shows the subalkaline to calcalkuline trend
with cafemic association for Tirit Granitoids, and cafemic and alumino-
cafemic associations for Karakoram Granitoids (plotted on the diagram af-
ter Debon & Le Fort 1983, 1988). Dark triangles = Tirit Granitoids: open
circle = Karakoram granitoids. Different rock types presented in the dia-
gram are: gr=granite, ad=adamellile, gd=granodiorile, to=tonalite. sq=quartz
syenite. mzq=quarlz monzonite. mzdq=quartz monzodiorite. dg=quartz
diorite, s=syenite. mz=monzonite, mzgo=monzogabbro, go=gabbro.

suggested that the Tirit Granitoids are [-type (Text-figure 16).
The Y/Nb ratio is > 2 what further suggests island arc
magmatism. The trace elements versus SiO, variation diagrams
for the Tirit Granitoids (Text-figure 15) mostly show that the
concentrations of Rb, Y, Zr, Zn, Nb, U and Ga are systemati-
cally decreasing with increasing contents of silica. The scat-
tering of some trace elements (Ba, Sr, Th) may be due to a
heterogeneous accumulation of some essential and accessory
mineral constituents which are rich in these elements (Pearce
& Norry, 1979).

The chondrite normalised (Sun & Mc Donough, 1989)
REE patterns (Text-figures 17 a, b) are similar for most sam-
ples. According to Holtz (1989) the REE concentration in a
batholith is strongly enriched in Light Rare Earth Etements
(LREE) (La = 20-100 x Chondrite) and depleted in Heavy
Rare Earth Elements (HREE) (Yb = 0.5-8 x Chondrite). In
the case of the Tirit Granitoids these values are: La = 17-43.6
x chondrite, and Yb = 1.4 -2.37 x chondrite which is consist-
ent with the values of granitoids. All the samples are moder-
ately fractionated in their REE contents {(La/Lu), = (8.05-
18.1)}. Over all the REE patterns show an enrichment and a
good fractionation in LREE {(La/Sm), = 2.92 to 5.47} than
HREE {(Gd/Lu), = (1.35-1.78)} with marked negative Eu
anomalies, which indicates feldspar fractionation. The Ew/Eu*
values range from 0.66 to 1.02. The chondrite normalised REE
patterns further show a flat MREE (Middle Rare Earth Ele-
ment)-HREE pattern with Gd =2.43-4.44 x chondrite and Yb
= 1.4-2.37 x chondrite. Such a MREE-HREE flat pattern is
due to the presence of garnet in the residue melt (Henderson,
1984). The depletion in HREE contents is mainly controlled
by the fractionation of garnet from the source melt. The primi-
tive mantle (Sun & Mc Donough, 1989) normalized trace-
element patterns (Text-figure 18) show a systematic deple-
tion in Ti, P, Sr, Nb and Ba. This depletion is typical of the
calcalkaline magmatism of a subduction zone environment.
The Nb versus Y, and Rb versus Y+Nb plots (Text-figure 19)

F % (Felasoor % + Musce

%)
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Text-figure 14-Harker variation diagrums for major oxides. Durk triangles = Tirit Granitoids; open circles = Karakoram granitoids.
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further confirm the volcanic arc origin of the Tirit Granitoids.

According to Pearce et al. (1984) this type of granitoid
may be designated as a post-collision granitoid which is formed
by melting of the lower crust as a result of thermal relaxation
followed by collision and/or also from the melting of the up-
per mantle due to adiabatic decompression which accompa-
nies post-collision uplift and erosion.

Karakoram Batholith

201

The Karakoram Batholith, which lies immediately in the

north of the Shyok Suture Melange is one of the most impor-
tant terrane in the eastern Karakoram, which alongwith its
metamorphic assemblages represent the southern margin of
Asia (Sinha ef al., 1999) (Text-figures 2. 3, 4, Plate ic). The
batholith and its associated metamorphic rocks constitutes the
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Text-figure 15-Harker variation diagrams for trace elements. Dark triangles = Tirit Granitoids: opcn circles = Karakoram
Granitoids.
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Text-figure 16-SiO, versus A/CNK diagram for Tirit and Karukoram
Granitoids showing metaluminous, I-type and peraluminous, S-type
granitoids respectively (plotted on the diagram after White & Chappell 1977).
Dark triangles = Tirit Granitoids: open circles = Karakoram granitoids.

southern part of the eastern Karakoram. The southern contact
of the batholith is partly intrusive into, partly faulted against
the Shyok Suture Melange (Text-figures 2, 3, 4). The batholith
represents a morphologically elevated terrain in the north of
the Nubra-Shyok valleys, extending almost paraltel to the
Shyok Suture (Text-figures 2, 4, Plate 1c). At several places,
the sharp contact between the Shyok Suture and Karakoram
Batholith is defined by the NW-SE trending Karakoram strike-
slip fault zone, which is punctuated by hot springs. The south-
ern boundary of the Karakoram Batholith is defined by
mylonites and a ~ 50 m wide zone of metamorphic rocks. The
metamorphic rocks are strongly foliated carbonaceous slates,
marbles, metaconglomerates, quartzites, micaschist and
gneisses.

1000

i
4
I
&

Rock/Chondrite

1 1

SmEuiGd Oy &  Yb Lu

1
! La Ce Nd

Near the Shyok Suture Melange the Karakoram
Granitoids are leucocratic, coarse-grained. porphyritic ortho-
gneiss. The gneissic character of these rocks decreases north-
ward and the rocks gradually pass into porphyritic granites
and granodiorites. The most common rocks of the Karakoram
Batholith are weakly to moderately deformed muscovite- and
biotite-bearing two mica granites, hornblende-biotite
granitoids and medium- to coarse-grained K-feldspar rich gran-
ites, enclosing large xenoliths of metasedimentary and mafic
rocks. Compositionally, the Karakoram Batholith ranging from
granite to quartz monzonite, granodiorite, and tonalite (Text-
figure. 11). Aplites, pegmatite dykes, fine grained quartz-feld-
spathic veins and dykes of intermediate composition are com-
mon. The granitic batholith intruded the Carboniferous-
Permian sequence of the Karakoram Tethyan zone to the north
(Sinha et al., 1999).

Geochemistry of the Karakoram Batholith

Eighteen representative samples of Karakoram
Granitoids were analysed for major, trace and rare earth ele-
ments (REE); nine representative analyses are given in Table
3. The analytical procedures are the same as for the Shyok
Volcanics.

The Karakoram Granitoids have a range of SiO,-content
from 61.2t072.95 wt%. This composition ranges from quartz
monzonite to granodiorite and granite, they further show a
wide range in AIZO_1 (14.77 t0 16.67 wt%) and CaO (1.4 to
432 wt%). Granitoids with lower silica contents (61.22 to
64.7 wt%) have higher values of Al,0,(16.53 wt%), CaO (3.85

1000 — R16
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—— R16 ]
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—— Rzg]

T TT

100%

Rock/Chondrite

10 | _
L P
L 4
L J
1 l 1 1 1 1 1
1S Nd  SmeEuGd Dy & YbLlu

Text-figure 17a, b.-Chondrite-normalised REE plots for Tirit Granitoids (normalising values after Sun & Mc Donough 1989).
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Table 3—Representative geochemical composition of Karakoram granitoids.
Rock Type mzq, IV ad, I ed, II gd, IV gd, I1 gd, I1 ad, I1 ad, I ad, I
S.No. K20 K18 K14 K1t K9 K6 K17 K13 K4
Major Oxides (wt%)
Si0, 61.22 66.33 66.4 67.49 68.1 68.49 69.93 72.11 72.57
TiO, 0.76 0.5 0.5 045 0.45 0.33 0.29 0.23 0.2
ALC_)1 16.67 15.96 1541 15.47 15.46 16.46 15.63 15.13 14.77
Fe;O1(t) 6.11 3.89 4.3 3.6 3.22 2.36 2.35 1.87 1.51
| MnO 0.09 0.08 0.08 0.06 0.05 0.03 0.04 0.03 0.04
MgO 3.12 1.82 1.9 1.57 1.11 0.64 0.62 0.49 0.35
Ca0O 3.87 2.29 3.5 3.04 2.53 2.17 2.02 1.91 .14
Na,0 2.76 2.9 3.14 32 3.56 43 43 4.47 4.28
K,0 4.74 3.75 3.56 32 3.56 3.99 3.52 33 4.74
. PO, 0.32 0.15 0.15 0.15 0.15 0.1 0.08 0.07 0.1
LOI 0.62 2 1.8 1.7 1.04 0.7 0.8 0.8 0.7
Total 100.37 99.67 100.74 99.93 99.23 99.57 99.58 100.41 100.26
Trace Elements (ppm)
Ba 1531 933 841 804 702 1129 927 1004 893
Ni 13.3 1.3 (1.4 10.5 9 13.8 12.3 19.8 10.2
Cu 14.7 10.1 10.9 7.9 8.9 5.5 58 4.9 5.1
Zn 85.3 514 50.6 45.7 50.9 52.1 57 426 52.3 |
Ga 21.2 17.7 17.2 18.9 18.3 19.3 19 16.3 24.2
Pb 19 25 23 22 28 40 36 37 11.6
Th 16.3 239 15.2 11.8 13.4 25.9 24.8 27.2 11.8
Rb 364 150 139 116 170 181 136 119 447
U 3.1 5.3 43 22 4 37 33 3.8 6.1
Sr 579 654 430 509 343 511 402 496 303
Y 27 28 24 24 25 26 21 21 25 |
Zr 347 176 167 161 169 178 182 137 172 |
Nb 19 13 12 13 18 10 14 8 25
Rare Earth Elements (ppm)
La 113.1 62.2 424 36.5 39.35 41.9 31.1 333 52.2
Ce 221.2 125.3 78.9 62.9 69.3 76.3 60.8 63.3 96.2
Nd 72.8 38.9 28.1 25.7 27.6 28.8 21.2 22.7 353
Sm 12.2 6.99 5.54 5.98 6.24 5.86 3.1 42 6.33
Eu 2.08 1.17 1.07 1.204 0.995 0.964 0.505 0.963 0.904
Gd 7.6 4.81 4.27 3.89 4.11 3.45 2.08 2.73 34
Dy 4.18 3.39 34 3.06 3.14 1.97 0.94 1.59 1.82
Er 1.46 1.37 2.08 1.7 1.62 0.93 b.d 0.71 0.9
Yb 1.51 1.62 1.76 1.49 1.32 0.58 0.243 0.56 0.685
Lu 0.213 0.255 0.351 0.225 0.175 0.133 0.019 0.239 0.104
CIPW Norm
q 12.74 26.48 22.99 26.88 2595 22.04 25.25 28.16 26.29
or 28.01 22.16 21.04 18.91 21.04 23.58 20.8 19.5 28.0}
ab 23.35 24.54 26.57 27.08 30.12 36.39 36.39 37.82 36.22
an 17.11 10.38 16.38 14.1 11.57 10.11 9.5 9.02 5
di 0.73 3.33 0.39 1.57 1.51 1.36 1.57 0.9 0.77
hy 12.69 7.67 8.27 6.81 5.33 3.46 3.45 2.74 2.11
mt 2.38 1.52 1.68 1.41 1.16 0.87 0.92 0.72 0.58
il 1.44 0.95 0.95 0.85 0.85 0.63 0.55 0.44 0.38
ap 0.74 0.35 0.35 0.35 0.35 0.23 0.19 0.16 0.23
Plagioclase An42 An30 An38 An34 An28 An22 An2| Anl9 Anl2
A/CNK | 1.23 | 1.09 1.08 1.07 1.09 1.05 1.04
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wi%), TiO, (0.75 wi%), Fe,0.(1) (6.1 wt%) and P.O, (0.32
wi%) which suggests a quartz-monzonite composition, Ex-
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cept for the quartz monzonite, most of the major oxide versus
Si0, plots show a systematic decrease in major oxides with
incréusing values of silica (Table 3; Text-figure 144. Accord-
ing to the AFM and QBF diagrams (Text-figures 12. 13) the
Karakoram Granitoids are following both calcalkaline and
subalkaline trends. The Karakoram Granitoids have higher
A/CNK values which ranges between 0.96 to 1.23 and sug-
gests both a metaluminous and peraluminous nature (Table
3). According to Si0, versus A/CNK diagram (Text-ligure
16) the Karakoram Granitoids are both I- and S-types. Trace
elements versus SiO, variation diagrams (Text-figure 15) show
that Rb, Y. Zr. Sr and Nb elements systematically decrease
with increasing values of silica: Pb shows a good negative
correlation. Chondrite normalised REE patterns (Text-figures
20 a,b) suggest that all samples are strongly enriched in Light
Rare Earth Elements (LREE) (La=31.1-113.1 x Chondrite)
and depleted in Heavy Rare Earth Elements (HREE)
(Yb=0.56-1.76 x Chondrite). This indicates that the Karakoram
Granitoids are more LREE enriched than the Tirit Granitoids.
All the samples are highly ractionated in their total REE con-
tents with a (La/Lu) ratiool 12.9510 56.94. An enrichment in
LREE is also observed in the ratio (La/Sm) =3.94 10 5.98 and
a depletion in HREE in the ratio (Gd/LLl)N#l.4l to4.41. The
primitive mantle normalised trace-element patterns (Text-fig-
ure 21) show a systematic depletion in Ti. P, Si. Nb and Ba.
This depletion is typical of a calcalkaline magmatisim in a sub-
duction zone environment. Similarly the Nb versus Y, and Rb
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Text-figure 19-Nb-Y and Rb-Y+Nb tectonic discrimination diagrams showing volcanic arc granite (VAG) + syn-collision granite (Syn-COLG) setting for
the Tirit and Karakoram Granitoids respectively (plotied on the diagram afier. Pearce er af., 1984). Dark triangles = Tirit Granitoids: open circle = Karakoram
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Text-figure 20 a, b—Chondrite-normalised REE plots for the Karakoram Granitoids (normalised values after Sun & Mc Donough 1989).

versus Y+Nb diagrams (Text-figure 19) suggest that the
Karakoram Granitoids display chemical characters of both the
VAG (volcanic arc granite) and the Syn-COLG (syn-collision
granite).

The volcanic arc granitoids of the Karakoram also show
a close compositional affinity with the continental arc pluton-
ism recorded from the Chile arc (Baldwin & Pearce. 1982),
which is further supported by the occurrence of both the I-
and S-type granitoid signatures and the depletion in Ti, P, Sr,

Nb, and Ba (Text-figure 21). Similarly, samples K4 and K20’

(Table 2) from the Karakoram Granitoids show a significant
enrichment in Rb, Ba, Large lon Lithophile Elements (LILE)
and a strong depletion in High Field Strength Elements
(HFSE), which suggests a chemical signature similar to those
of syn-collision granitoids.

We have dated three samples of the S-type granite col-
lected from the middle part of eastern Karakoram Batholith
by using Rb/Sr isotopic whole rock technique. These samples
document syn-collisional arc magmatic signatures {Rakesh
Chandra, 1999). This S-type granite 1s 83 =9 Ma old with an
initial 87Sr/*Sr ratio of 0.7994 + 0.00023 (Sinha et al.. 1997)
(Text-figure 22).

Tectonic implication and Discussion

In the Shyok Suture Zone the high-Mg tholeiitic basalt
and calc-alkaline andesites of the Shyok Volcanics have a sub-
duction zone chemical signature; the calcalkaline andesites

are intruded by the Tirit Granitoids, whereas the high-Mg
tholeiitic basalt are overlain by Albian-Aptian Orbitolina-bear-
ing limestones and ufrbidites of the Saltoro Formation
(Upadhyay er al., 1999). REE data on Shyok Volcanics indi-
cate that at Shukur village these rocks show chemical signa-
tures intermediate between primitive N-MORB to E-MORB).
The Tegar village and Sati bridge volcanics, however, resem-
bles to transitional nature of basalt between E-MORB to OIB.
Interestingly, if we look into the data from the Northern Su-
ture in Kohistan (Petterson & Windley, 1985, 1991; Pudsey ,
1686; Coward er al., 1986; Treloar er al., 1996; Khan er al..
1998), itappears that the Chait Volcanics and overlying Aptian-
Albian sediments (limestone and turbidites) of the Yasin group
have a close similarity with the Shyok Volcanics and the Saltoro
Formation (Upadhyay ef al., 1999).

Petterson and Windley (1985) stated that the arc-batholith
growth in Ladakh is characterised by the Dras volcanic arc on
the south side of the Ladakh Batholith, whereas in Kohistan
the Chalt island arc volcanics are on the north side of the
batholith. However, our data show that the Shyok Volcanics
are exposed on the north side of the Ladakh Batholith which
further suggest a correlation between the Chalt volcanics and
Shyok Volcanics.

The mildly deformed trondhjemite-tonalite-granodiorite-
and granite of the Tirit Granitoids are composite plutons lo-
cated south of the Shyok Suture Melange. They intrude the
Shyok Volcanics and Shyok Suture Melange. These granitoids
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Text-figure 21-Primitive mantle normalised trace element plots for the
Karakoram Granitoids (normalised values after Sun & Mc Donough 1989).

are subalkaline, I-type with volcanic arc chemical signatures.
Incidently, the regional tectonic setting, the nature of occur-
rence and the composition of the Tirit Granitoids are very simi-
lar to the plutonic suites of northern Kohistan (Gindai, Matum
Das and Nomal plutons of Petterson & Windley 1985, 1991,
Debon et al. 1987). The northern Kohistan plutonic suites are
also located immediately south of the Northern Suture Zone
and intrude the Chalt Volcanics (Coward et al., 1986), a tec-
tonic situation similar to that of the Tirit Granitoids. This in-
fers that similarity exist between the Tirit Granitoids and the
plutonic suites of northern Kohistan. If this is true then the
Tirit Granitoids should also yield ages similar to those reported
by Petterson and Windley (1985) for the northern Kohistan
plutons as 102 + 12 Ma, 54 = 4 Ma and 40 + 6 Ma. No radio-
metric data are available on the Tirit Granitoids.

The eastern Karakoram Batholith is dominated by quartz
monzonite-tonalite-granodiorite and granite. Unlike the Tirit
Granitoids, the subalkaline to calcalkaline Karakoram
Batholith is constituted by both I- and S- type granitoids with
volcanic arc and syn-collision chemical signatures. Based on
REE patterns the I-type granitoids document typical
calcalkaline magmatism of a subduction zone environment.
In contrast, most of the S-type granitoids are crust-derived,
anatectic peraluminous granites.

Age datarecorded from the Karakoram Batholith exposed
along the Karakoram highway in northern Pakistan range
mostly between the Jurassic & Early Cretaceous to Eocene
and the Miocene (Brookfield and Reynolds, 1981; Reynold
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et al., 1983; Le Fort et al., 1983; Debon er al., 1987; Zeitler,
1985). The occurrence of Eocene to Miocene ages from the
Karakoram Batholith has been interpreted by some workers
to indicate that the Northern Suture of Kohistan and the Shyok
Suture of Ladakh are younger than the 50-60 Ma Indus Suture
(Brookfield & Reynolds. 1981). However, based on Rb-Sr
and A/ Ar data, Scimal er al. (1987) suggested an age range
between 130 and 50 Ma for the eastern Karakoram batholith.
According to them the composite Karakoram batholith repre-
sents at least two major sources for the magmas. The earlier
Jurassic-Early Cretaceous phase represents a continental mar-
gin arc magmatism (I-type with & 'O values < + 8 %o0) and
results from subduction along the North Saltoro (Shyok Su-
ture) — Bangong-Nujiang Zone. The later Miocene S-type gran-
ites (8 '*O value > + 9.5 %o) are derived from crustal anatexis
in the Miocene due to intracontinental thrusting along the re-
juvenated North Saltoro Suture following the India-Asia col-
lision. Recently, Ogasawara er al. (1994) dated hornblende
and biotite from the Khunjerab pluton as 107 + 5 Ma and 96.9
+4.8 Ma respectively. A slightly younger K-Ar biotite ages of
84.2 +4.2 and 85.9 + 4.3 Ma have been obtained by them for
the north Sost pluton. Similarly, Debon and Khan (1996) ob-
tained Rb-Sr age of 88+4 Ma (¥St/%Sr = 0.70440 + 7) for the
Karakoram Batholith located along the Karambar valley in
northern Pakistan.

Recently acquired isotopic age data by us on three S-
type granite samples of Karakoram batholith (Sinha er al.,
1997) indicates that this intrusive phase is 83 + 9 Ma with an
initial ¥Sr/%Sr ratio of 0.7994 + 0.00023 (Text-figure 22).
This new age datum suggests a close similarity with the north
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Text-figure 22-Rb-5r whole rock isotopic data for Karakoram granitoid.
§Rb/*Rb versus SSrSr isochron for three S-type Karakoram granitoid
samples. Age = 8349 Ma; initial ratio = 0.70994 + 0.00023.
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Sost pluton and Karambar valley pluton of main Karakoram
Axial batholith exposed in northern Kohistan. The syn-colli-
sion nature (Rakesh Chandra, 1999) of these granitoids may
indicate that the collision between Kohistan-Ladakh arc and
Karakoram block was active 83 + 9 Ma; which is in close
agreement with the age of suturing of the Kohistan and Asia
between 100 and 85 Ma (Petterson & Windley, 1991; Treloar
et al.. 1996) . The above datum is also compatible with the
fact that subduction-related magmatism may continue after
initial collision for a period of as long as 30-50 Ma (Bonin,
1990). The above mentioned points further suggest that there
are at [east three stages of batholith growth in the eastern
Karakoram region. The Jurassic-Early Cretaceous 1-type
granitoids most likely formed during subduction of the north-
ern Ladakh margin beneath the Karakoram block followed by
the collision-related S-type plutonism during 83 + 9 Ma. The
younger Miocene granitoids may perhaps indicate crustal
anatexis along the Shyok Suture following the collision of
Indian Plate along the Indus Suture during 50-60 Ma. The
different stages of plutonic activity and batholith growth along
the Shyok Suture and eastern Karakoram may represent an
example of stitching pluton and accretion of terrane between
Indian and Asian plates.
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