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ABSTRACT: Mansehra Granitic Complex (MGC) lies in the NW
Himalaya of Pakistan. The MGC magmatic rocks are peraluminous,
calc-alkaline S-type granitoids. Prior to this study the Mansehra
Granite had produced ages of 83 Ma by K/Ar, 215 Ma using Ar/
Ar on biotite, and 516 + 16 Ma, using the whole rock Rb/Sr method.
The Susalgali Granite Gneiss, a sheared facies of the Mansehra
Granite previously regarded as older than the Mansehra Granite,
was dated at 79 Ma using K/Ar on biotite. Hakale Granite, which
is intrusive into the Mansehra Granite, had yielded K/Ar muscovite
age of 165 Ma. The age of the leucogranites was not reported before
this contribution. We have presented the revised geochronology of
the MGC magmatic bodies, employing SHRIMP and LA-ICP-MS
U-Pb zircon chronometry, to constraint precise crystallization ages
and tectonic setting of the NW Himalaya, Pakistan. Dates of emplace-
ment of the Mansehra Granite, leucogranites and Hakale Granite
are ca. 478, 475 and 466 Ma, respectively. These new ages are compa-
rable to U-Pb zircon and Rb/Sr dates of other granites and granite
gneisses in the Lesser Himalaya to the east, in India, Nepal, south
Tibet and SW China. The age components of ca. 1900-1300, 985-920,
880-800 and 690-500 Ma are interpreted as inherited grains. Geo-
chronological and field evidence suggest that the MGC of the NW
Himalaya are the product of an Andean-type Cambro-Ordovician
accretional orogenesis with continental-continental settings along
the northen margin of east Gondwana. On the basis of new age data
of the MGC plutonic rocks it is inferred that Cambro-Ordovician
accretional event commenced from SW China and extends at least
up to NW Pakistan along the northern margin of east Gondwana.
However, granitic rocks of Pan African affiliation prevail in central
Iran and Turkey along northern and western margins of Gondwana.

Key words: Mansehra Granitic Complex, S-type granitoids, U-Pb zircon
chronometry, SHRIMP, LA-ICP-MS techniques, Gondwana, Pan African,
Cambro-Ordovician

1. INTRODUCTION

The Himalayan mountain range is about 2500 km long in
the East-West direction (Fig. 1). Western part of this range lies
in Pakistan which is characterized by intense deformation,
metamorphism, thrusting and plutonism (Baig et al., 1989;
Virjan et al., 2003). Magmatic bodies exposed in the NW
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Himalaya of Pakistan are named Mansehra Granitic Com-
plex (MGC) (Fig. 2). The rocks of this Complex are comprised
of Mansehra Granite (MG), Hakale Granite (HG), pegma-
tites, aplites and leucogranitic (LG) bodies (Shams, 1961;
1967; 1971; Ashraf, 1974; Ashraf and Chaudhry, 1976a, 1976b;
Naeem, 2013). Granitic bodies emplaced along the Himalayan
orogenic belt were previously assigned Paleozoic to late
Cenozoic ages on the basis of field relationships, nature of
xenoliths, structural trends, geochronological and geochemical
investigations, petrological properties, and degree of meta-
morphism (McMahon, 1884; Greisbach, 1893; Hayden, 1913;
Auden, 1932; Wadia, 1928, 1957). However, Shams (1967)
dated the “Susalgali Granite Gneiss” at 79 Ma using K/Ar
isotope systematic on biotite, which is interpreted as sheared
Mansehra Granite, and the main body of the Mansehra
Granite at 83 Ma. He also dated the Hakale Granite muscovite
by K/Ar technique at 165 Ma. However, these ages are incon-
sistent with the field relations of these rocks. The Hakale Gran-
ite was assigned an older age but intrudes the Mansehra
Granite suggesting that it is unlikely to be 516 + 16 Ma as
reported by Le Fort et al. (1980). Maluski and Matte (1984)
produced an age of 215 Ma of MG by using Ar/Ar method
on biotite. However, the age of the leucogranites was not
determined prior to this study. Radiometric dates of the MGC
magmatic bodies are poorly understood and their relation-
ship with time-equivalent plutonic rocks of the Himalaya in
India, Nepal and Tibet Plateau is not clearly known. We are
presenting the revised U-Pb zircon ages of the MGC plutonic
rocks. In situ zircon U/Pb is one of the most robust methods
for yielding magmatic ages of silicic igneous rocks.We have
used Sensitive High Resolution Ion Microprobe (SHRIMP)
and Laser Ablation Inductively Coupled Plasma Mass Spec-
trometer (LA-ICP-MS) to measure the U-Pb ratio for high
precision zircon geochronology of the MGC. The new U-Pb
zircon ages of the MGC magmatic bodies will contribute to
unravel their petrogenesis and tectonic setting along the north-
ern margin of Gondwana. Results of the study integrated
with previous work will furnish new evidence of an early
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Fig. 1. Geological map of the Himalaya indicating major tectonic divisions (modified from Ganser, 1964; Sorkhabi and Arita, 1997; Pau-

del and Arita, 2000).

Paleozoic orogenesis in the NW Himalaya of Pakistan.
2. GEOLOGICAL SETTING

The Himalayan mountain range, resulted from collision
between the Indian and Eurasian plates, has been divided into
four tectonic units. From the structural bottom to top, these
tectonic units are: Sub-Himalaya, Lesser Himalaya, Higher
Himalaya and Tethys Himalaya (Ganser, 1964; Le Fort, 1975;
Hodges, 2000). The Lesser Himalaya is delimited by the Main
Central Thrust (MCT) in the north and the Main Boundary
Thrust (MBT) in the south. The Lesser Himalaya is primarily
composed of igneous and metamorphic rocks of the Pre-
cambrian age. Igneous rocks are comprised of plutonic bod-
ies which constitute MGC in the Mansehra area. Magmatic
rocks of this complex occur as sub-concordant to discordant
batholith that has intruded and surrounded by metapelites,
psammites and quartzites of the Tanawal Formation (Fig. 2).
The metasedimentary rocks have undergone Barrovian type
regional metamorphism from greenschist to sillimanite-bear-
ing amphibolites facies (Shams, 1971; Le Fort et al., 1980; Baig
et al., 1989; Shah, 2009, Kohn, 2014). Field description of
the MGC magmatic rocks is described below.

2.1. The Mansehra Granite

The MG is the most important member of the MGC Lesser

Himalayan Granite Belt in Pakistan (Fig. 2). It is a two-mica,
high-potash, medium to coarse-grained and porphyritic rock
containing K-feldspar phenocrysts of variable size and amount.
The matrix to phenocrysts ratio ranges from 70:30 to 95:05.
Phenocrysts are eumorphic and commonly show Carlsbad
twining. The groundmass is composed of K-feldspar, albite/
plagioclase, quartz and biotite with subordinate muscovite;
zircon, apatite, tourmaline, ilmenite and chlorite are accessory
minerals. The granite shows parallel to sub-parallel arrange-
ment of undeformed mica, quartz and K-feldspar phenocrysts,
which is typical for flow-foliation (Fig. 3a) resulting from
intrusion movements and superimposed flattening strain
pertaining to the load of sedmentary sequence (Fernandez,
1983). The granite is generally undeformed and massive but
intense shearing at local level has imparted mylonitic fabric
in Susalgali, Darband and Jhargali areas where parallel
arrangement of mica wrapping around deformed quartz and
augen-shaped K-feldspar phenocrysts typifies solid-state strain
(Fig. 3b). Ductile shear zones are superimposed on flow-
foliation.

2.2. The Hakale Granite

The HG is a leucocratic laccolith elongated in the NE-
SW direction, spreading over an area of 35 km?” (Fig. 2). The
rock is massive, medium to coarse-grained, non-porphyritic
to rarely porphyritc. The Hakale Granite has weak to no flow-
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Fig. 2. Geological map of the Mansehra area (modified after Calkins et al., 1975) with location of dated samples taken for this study

(see Table 1 for detail).

foliation. Tourmaline is ubiquitous. The matrix to phenocrysts

Mansehra Granite which is characterized by relatively fine-

ratio is 100:00 to 95:05. The HG has chilled contact with grained phenocrysts of the former (Fig. 3c). This contact
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Fig. 3. (a) Massive Mansehra Granite showing flow-foliation of K-feldspar phenocrysts (sample location: N34°26'06", E73°05'16"),
(b) Gneissic Mansehra Granite (ruler is 15 cm long) (sample location: N34°38'56", E72°59'42"), (c) Smaller size phenocrysts at the
chilled margin of Mansehra and Hakale Granites (sample location:N34°20'07", E73°11'13"), (d) Stretched and augen shaped K-feldspar
phenocrysts in leucogranitic body near Mansehra (sample location: N34°19'54", E73°07'53").

shows that HG has intruded into the main body of MG and
the country Tanawal Formation (Rehman, 1961; Shams, 1971).

2.3. Leucogranites

Leucocratic bodies of small extent are generally massive
and rarely contain K-feldspar phenocrysts that may or may
not define a flow-foliation. K-feldspar phenocrysts content
varies from 3 to 6% with size ranging between 1 and 4 cm.
The leucogranites have intrusive contacts with the MG. These
leucogranites have been locally sheared (Fig. 3d).

2.4. Other Magmatic Bodies

Minor basic dykes, aplites and leucocratic bodies have
intruded into the MG HG and the Tanawal Formation (Shams,
1961; 1967; Ashraf, 1974). Dolerite dykes are up to 40 m
thick and their length can be traced from few meters to 0.5 km.
Aplites occur as small veins in granites and associated metased-
iments.

3. PETROGRAPHY

In this section, we present the general petrography of the

MGC. Microcline, plagioclase, quartz, biotite and muscovite
are the main minerals in Mansehra Granite (MG) and Hakale
Granite (HG), whereas zircon, apatite, tourmaline, chlorite and
ilmenite are accessories. The main differences in the MGC
granitic bodies are:

3.1. Mansehra Granite

Mansehra Granite (MG) is the most widespread occurring
magmatic body of the MGC. The MG contains microcline
which is subhedral to anhedral, medium to coarse-grained
and constitutes 30-40% of the granite. It is microperthitic
and shows Carlsbad twinning (Fig. 4a). Alteration to seric-
ite is common. Plagioclase forms 10-20% of the rock. It is
fine to medium-grained, subhedral to anhedral, occasionally
twinned and encloses muscovite. At places, myrmekites are
developed between K-feldspar and plagioclase (Fig. 4b). Quartz
is fine to medium-grained, subhedral to anhedral, variably
strained grains showing undoluse extinction. Modal quartz
content varies in the range of 35-40%. Grains are interlocked
and exhibit mosaic texture. Strained and fractured quartz grains
have sutured contacts. Fine-grained quartz bands associated
with deformed muscovite and biotite flakes occur in shear
zones.
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Fig. 4. (a) Cross-hatched, twinned microcline associated with quartz and biotite in Mansehra Granite, (b) Myrmekites in Hakale Granite, (c)
Reddish-brown biotite flake encloses euhderal zircon crystals surrounded by dark haloes, (d) broken biotite flakes in Mansehra Granite.

Biotite constitutes 2—-10% of the granite. It is strongly pleo-
chroic with straw yellow to reddish brown colour, and occurs
as randomly oriented subhedral lath. Biotite encloses quartz
grains, prismatic apatite and ilmenite, and subhedral to euhe-
dral zircon which is surrounded by dark halos (Fig. 4c). Biotite
shows replacement by fine-grained muscovite.

Muscovite content is about 3—8%. Muscovite and biotite
flakes can be stretched, while feldspar and quartz grains are
fractured at places, which represent mild degree of defor-
mation (Fig. 4d). Tourmaline (1-2%) occurs as subhedral to
anhedral crystals. It is pleochroic from light yellow to deep
brown and replaces biotite, muscovite and feldspar. Apatite
is found as discrete euhedral to subhedral crystals (0.5%) in
biotite. Rutile occurs as acicular crystals. Chlorite (0.5%) is
witnessed as secondary mineral in few samples.

3.2. Hakale Granite

Hakale Granite (HG) is the second igneous body of the
MGC, which is exposed in Mansehra area. The HG has
microcline that is microperthitic, medium to coarse-grained
and varies between 30 and 40% of the granite. Plagioclase is

albite which constitutes 15-20% of the granite. It is medium-
grained and shows well-developed polysynthetic twinning.
Quartz forms 30-40% of the granite which generally shows
moderate to strong strain extinction. Quartz grains have sutured
contacts, and exhibit mild to intense marginal mylonization.
Biotite abundance of the Hakale Granite is in the range of
1-5%, whereas muscovite constitutes 3—7% of the granite.
Tourmaline (1-5%) is subhedral to anhedral, showing yellow
to dark brown pleochroism. Apatite (0.3%) is eumorphic and
included in biotite. Zircon and ilmenite are 0.5 and 0.4%,
respectively, whereas chlorite is present in traces.

3.3. Leucogranites

Major minerals of the leucogranites (LG) are microcline,
albite, quartz and muscovite, whereas accessory minerals
include zircon, tourmaline and chlorite. Leucogranites con-
tain 45-60% modal albite which is the distinctive feature of
these rocks. Microcline is microperthitic, subhedral to anhe-
dral and varies in the range of 10-15%. Quartz constitutes
2-45% of the rock. Albite is partly replaced by fine-grained
muscovite. Muscovite ranges from 1 to 7% of the rock. Euhe-
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dral to subhedral zircon is enclosed in subhedral and dark
brown biotite. Occasionally subhedral to anhedral, yellow-
ish tourmaline is observed. Chlorite occurs in traces.

4. TECHNICAL AND ANALYTICAL PROCEDURES

For radiometric dating six representative samples of Mansehra
Granite, Hakale Granite and leucogranites, each weighing
5-10 kg, were collected from Jhargali (E72°59'37", N34°35'04"),
Susalgali (E73°05'02", N34°26'07"; E73°05'58", N34°25'55"),
Darband (E72°54'49", N34°25'18"), Karkale (E73°10'07",
N34°20'17") and Mansehra (E73°10'35", N34°20'19") areas.
Locations of samples are given in Table 1 and in Figure 2.
Rock samples were crushed and the material was passed
through a Frantz magnetic separator to concentrate the non-
magnetic fraction of minerals. Using methylene iodide the
heavy fraction was separated and individual euhedral zircon
crystals were hand-picked under binocular microscope.

The Cathodoluminescence (CL) Images study was carried
out at the ETH, Switzerland. Euhedral zircon crystals of the
MG, HG and LG were mounted by epoxy resin and polished
to reveal internal structure of the zircon crystals through SEM.

Although zircon morphology can be observed under optical
microscope but this technique does not reveal the internal
structure of these crystals. Multiple textural zoning and growths
can be deciphered through cathodoluminescence (CL) images
of the zircon crystals (e.g., Hanchar and Rudnick, 1995;
Varva et al., 1996). Hence, before in situ dating of the MGC,
zircon, cathodoluminescence (CL) imaging was carried out
to infer possible multiple textural growth relations within
zircons to correctly interpret the obtained U-Pb dates.

Table 1. Analyzed samples (plotted in Fig. 1) and their locations
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U-Pb Zircon dating of MG from Jhargali was carried out
with SHRIMP analysis, whereas, samples of MG, HG and
LG from Susalgali, Darband, Karkale and Mansehra were
analyzed with LA-ICP-MS technique. Cores and rims of the
zircon crystals were targeted. The data were plotted in the
Tera-Wasserburg (1972) Concordia diagrams to reveal inher-
ited and intrusive age components.

U-Pb zircon dating was carried out at ETH, Zurich, Swit-
zerland. The data obtained was processed by the method of
Williams (1998). Common Pb corrections were made through
measurements of Z*U/*%Pb and *’Pb/**Pb ratios proposed
by Tera-Wasserburg (1972). The plots were used to determine
concordant radiometric dates. The error ellips for each ana-
lyzed zircon crystals is given as 26 in the Concordia diagrams.
The upper and lower intercept ages and the concordant dates
are presented at 95% confidence level (Ludwig, 2001).

For the determination of major and selected trace elements
MG, HG and LG samples were crushed by using jaw crusher
at Pakistan Council of Scientific and Industrial Research
Laboratories Complex, Lahore. Crushed samples were care-
fully sorted, washed to remove dust particles and dried at
110 °C. Size of the crushed samples was further reduced by
roll crusher, which was thoroughly cleaned after each sam-
ple to avoid contamination. The ground material was passed
through sample splitter to get representative sample of each
rock type. About 200 g of each sample was powdered in
TEMA tungsten carbide grinding mill for chemical analysis.
Major and trace elements contents were determined by X-ray
Fluorescence (XRF) technique. For major elements fused lith-
ium tetraborate discs were prepared following the method of
Norish and Hutton (1969). For the determination of trace ele-

Sample Number Location Rock Unit Type
MG-1 N34°2027" E73°11'29" Mansehra Granite Massive
MG-7 N34°27'46" E73°19'58" Mansehra Granite Massive
MG-11 N34°27'51" E73°19'56" Mansehra Granite Massive

MG-14* N34°26'07" E73°05'02" Mansehra Granite Gneissic
MG-19? N34°25'55" E73°05'58" Mansehra Granite Gneissic
MG-44? N34°25'18" E72°54'49" Mansehra Granite Massive
MG-48 N34°19'07" E73°04'47" Mansehra Granite Massive
MG-52 N34°31'08" E73°12'06" Mansehra Granite Massive
MG-55 N34°23'51" E73°19'17" Mansehra Granite Massive
MG-113* N34°35'04" E72°59'37" Mansehra Granite Gneissic
MG-116 N34°2028" E72°52'16" Mansehra Granite Gneissic
HG-82° N34°20'17" E73°10'07" Hakale Granite Massive
HG-87 N34°2027" E73°10'49" Hakale Granite Massive
HG-98 N34°22'00" E73°11'14" Hakale Granite Massive
HG-100 N34°21'39" E73°11'43" Hakale Granite Massive
LG-69 N34°18'36" E73°05'45" Leucogranite Massive
LG-86° N34°20'19" E73°10'35" Leucogranite Massive

*Sample used for U-Pb zircon dating.
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ments, pressed pellets were prepared by using fusion machine
(Phoenix 4000 VFD, Australia). The analyses of pellets were
conducted by using wavelength-dispersive XRF spectrometer
(Pw 4400/24 Axios, PANalytical, Netherlands). Necessary cor-
rections for matrix effect and the spectral overlapping were
employed. Some of the major elements (Na, K) and trace
elements (Cr, Co, Ni and Cu) were determined by using a
duly standardized Atomic Absorption Spectrometer (Thermo
Scientific iCE 3000 Series, UK).

Moisture contents of the powdered samples were removed
at 110 °C and loss on Ignition (LOI) was determined by tak-
ing 5.0 g of each sample in a platinum crucible and heating
at 1050 °C for 6-8 hours in muftle furnace. FeO was deter-
mined by standard titration method following Furman (1962).

5. GEOCHEMISTRY
Sampling sites for geochronology and geochemistry are

plotted on Figure 2. A total eleven samples of Mansehra
Granite (MG-1, 7, 11, 14, 19, 44, 48, 52, 55, 113 and 116),
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four samples of Hakale Granite ( HG-82, 87, 98 and 100) and
two of leucogranite (LG-69 and 86) were analyzed. The major
oxides and trace elements contents in each type of granite
are presented in Table 2.

The MGC plutonic rocks have high SiO, contents, mean
values ranged between 70.75 and 74.93%. Al,O; varies from
14.79 to 16.26%. Mansehra Granite and Hakale Granite contain
relatively higher K,O contents (4.05-5.05%) as compared
with the leucogranites (1.01%). In contarary the leucogranites
show higher Na,O values (6.50%) relative to the Mansehra
Granite and Hakale Granite (2.90-3.34%). All these rocks
have lower CaO (0.94%), MgO (0.80%) and Na,O (3.44%)
as compared with K,O (4.35%) contents. A/CNK values are
in the range of 1.52-2.25 which indicate peraluminous nature
of the MGC magmatic bodies (Table 2). The magmatic bodies
show enrichment of Ba (mean 217 ppm) and Rb (mean 233
ppm) relative to Sr (mean 48 ppm). Rb/Sr and Rb/Ba ratio var-
ies in the range of 2.40-5.35 and 0.59-1.92, respectively.
The chemical data and modal mineralogical composition of
the MGC plutonic bodies were plotted in QAP and AFM

Table 2. Major and trace elements in percentage and ppm of Mansehra Granite (MG), Hakale Granite (HG) and leucogranites (LG)

gfl“d‘érs MG-1 MG-7MG-11MG-14MG-19MG-44MG-48 MG-52MG-55 MG-113 MG-116 HG-82HG-87HG-98 HG-100 LG-69 LG-86
Si0, 70.01 69.81 71.67 71.69 71.86 71.15 70.16 72.03 684 7158 6945 72.06 7423 74.68 74.94 74.85 71.00
ALO; 1443 1540 1538 15.14 1505 17.02 1504 1502 17.01 1565 1635 15.02 14.86 14.66 14.59 1535 17.16
Na,0 3.19 3.16 283 275 247 134 348 278 384 404 364 274 275 429 320 635 6.65
MgO 152 081 095 054 059 150 1.17 092 097 0.0 058 054 074 048 0.6 025 1.79
Ca0 124 1.18 120 101 1.19 104 147 137 140 041 083 101 106 071 056 0.4 008
K,O 509 519 491 529 535 432 471 459 478 540 586 528 452 248 423 111 0091
Fe,0; 071 1.67 046 117 028 096 089 058 074 042 034 117 004 063 094 001 0.09
FeO 211 132 121 105 193 08 172 170 172 103 163 081 091 076 056 041 0.68
MnO 009 009 008 014 0.0 007 005 009 010 002 004 010 006 007 006 002 001
P,0s 031 022 0.9 0.7 0.0 007 024 018 024 020 030 017 0.8 025 028 006 001
TiO, 083 049 054 034 036 092 058 044 044 045 027 033 042 016 013 018 0.51
LOI 047 065 056 069 068 062 043 028 033 069 069 077 017 083 034 124 1.10
SUM 100 99.99 99.98 99.98 99.96 99.90 99.94 99.98 99.97 99.99 99.98 100 99.94 100 99.99 99.97 99.99
ACNK 152 162 172 167 167 221 156 172 170 177 158 166 178 196 183 202 225
Trace Elements

Cct 8 54 20 17 18 17 16 36 34 8 10 65 52 21 19 1 14
Co 6 14 4 12 3 6 9 7 6 7 4 9 8 8 8 1

Ni 8 13 5 2 3 5 10 10 7 1 1 18 13 3 1 6

Cu 14 39 10 77 65 44 17 17 13 1 7 18 14 64 1 5

Rb 254 254 238 258 189 187 289 253 220 190 348 264 243 232 422 8 35
St 63 60 67 55 66 78 54 64 45 7 33 63 54 45 19 21 13

Y 29 27 25 23 26 31 27 28 20 10 30 28 26 19 2 10 4

Zr 139 148 128 104 105 183 125 129 103 13 94 126 114 58 44 146 136
Nb 14 15 13 13 9 15 15 15 13 7 17 14 13 14 17 17 18
Sn 34 37 32 33 27 29 35 35 33 33 43 38 37 55 60 48 35

Ba 248 279 354 337 320 269 250 281 180 29 187 316 248 121 116 117 37
Rb/Sr 4.03 423 355 469 286 240 535 395 489 2714 916 419 450 516 2221 390 2.69
Rb/Ba 1.02 091 067 077 059 070 116 090 122 655 186 084 098 192 364 070 095
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plot (Shand, 1943), (d) S-type granite classification diagram (Wang et al., 2013).

diagrams (Streckeisen, 1974; Irvin and Baragar, 1971) which
placed these rocks in calc-alkaline, granite fields (Figs. 5a
and b). Using the A/CNK plot (Shand, 1943) these granites
are peraluminous (Fig. 5¢). Plot of CaO, FeOt + MgO and
Al,03-(Na,O + K,0) in ternary diagram (Wang et al., 2013)
indicates S-type trait of the MGC magmatic rocks (Fig. 5d).
Chemical data of these plutonic rocks plot in syn-collision
domain of R1-R2 geotectonic diagram (Batchelor and Bowden,
1985; Fig. 6).

6. U-Pb ZIRCON GEOCHRONOLOGY
Zircon crystals of the Mansehra Granite from Jhargali (sam-

ple MG-113) are euhedral which vary from 200 to 300 pm
in length and 70-100 pm in width. About 70% of the zircon

crystals have length/width (I/w) ratios in the range of 1-3.
These crystals are nearly opaque, having off-white to yellow-
ish white colour and contain reddish brown to dark grey inclu-
sions with dark haloes due to radiation damage. A few (1-2%)
transparent zircon crystals were also observed. Zircon crys-
tals from Jhargali do not have core-rim structure (Fig. 7).

Mansehra Granite from Susalgali and Darband (MG-14,
MG-19 and MG-44), Hakale Granite from Karkale (HG-82)
and Leucogranite from Mansehra (LG-86) reveal the occur-
rence of euhedral zircon. These vary in length between 5 and
150 pm and from 20 to 50 um in width. Length to width ratio
(I/'w) 1-3 is common, wheras I/w in the range of 1-2 and 14
characterize few crystals. Zircon grains are either transparent
or opaque under the microscope. The transparent population
is comprised of 70-75% light brown and 15-20% reddish
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Fig. 7. Cathodoluminescence (CL) images of zircon from the Mansehra
Granite of Jhargali (N34°35'04", E72°59'37").
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brown grains, while the opaque component consists of 5—
10% off-white (milky) and about 5% reddish-brown grains.
The euhedral and transparent variety typifies a magmatic
origin (Pupin, 1980). Zircon crystals from Susalgali, Darband,
Karkale and Mansehra possess core—rim structures (Fig. 8).
Undisturbed oscillatory zoning in some crystals indicates
their magmatic affinity (Heuberger et al., 2007). Discordant
overgrowth with oscillatory zoning suggests recrystalliza-
tion during post-magmatic episodes (Corfu et al., 2003; Heu-
berger et al., 2007).

6.1. U-Pb Zircon Systematics

6.1.1. Sample MG-113 (E72°59'37", N34°35'04")

Mansehra Granite at Jhargali is a coarse-grained and gneissic
rock with well-developed foliation and augen-shaped K-feld-
spar phenocrysts. About 90% of the zircon crystals are rel-
atively opaque with dark haloes due to radiation damage.
These crystals make a homogeneous population with very high
U metamict zones and no inherited cores. Some domains
are strongly altered.15 spots on 10 zircon crystals were ana-
lyzed with the SHRIMP technique (Table 3). The Tera-Wass-
erburg (1972) plot of the analytical data displays a concordant
age at 490.1 + 6.7 Ma and 491.3 + 6.8 Ma with mean square
weighted deviation (MSWD) 3.5 and 3.8 at 95% confidence
level (c.l.). The intrusive age ranges between 477 + 17 Ma and
479 £+ 15 Ma (Figs. 9a and b). The average SHRIMP age of
the Mansehra Granite is 478 + 16 Ma.

6.1.2. Sample MG-14 (E73°05'02", N34°26'07")

Sample of the Mansehra Granite at Susalgali is medium-
grained, porphyritic, highly gneissic, showing alignment of
mica flakes along with stretched K-feldspar and deformed
quartz crystals. 14 spots, including rim and cores, were tar-
geted on 9 different zircon grains (Table 3) and Tera-Wasser-
burg diagrams (1972) of data are in Figures 10a and b. Inherited
components have ages of 500, 580, 840-860, 1300 Ma with
lower and upper intercepts age at 582 + 120 Ma and 1513 +
190 Ma, respectively. The Concordia isochrone reveals intrusion
age of 477 £ 11 Ma at 95% c.l. with MSWD equal to 2.0 and
probability at 0.14.

6.1.3. Sample MG-19 (E73°05'58", N34°25'55")

The Mansehra Granite collected in the Susalgali area is
medium-grained, porphyritic and gneissic. The tectonic foliation
is superimposed on flow-foliation. 15 spots on cores and rims
of 11 zircon crystals were analyzed (results in Table 3). Measure-
ments reveal inherited ages around 800-850 Ma and 985
Ma, while one discordant point yields *’Pb/*Pb age of 1.9
Ga. The lower and upper intercepts are at 650 = 120 Ma and
1791 + 260 Ma The Tera-Wasserburg isochrone indicates con-
cordant age at 482.8 £ 2.3 Ma at 95% c.l, and MSWD =
0.93 (Figs. 10c and d).
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Fig. 8. Cathodoluminescence (CL) images of zircon from Mansehra Granite (MG) of Susalgali (N34°26'07", E73°05'02") and Dar-
band (N34°25'55", E73°05'58"), Hakale Granite (HG) of Karkala (N34°20'17", E73°10'07") and Leucogranites (LG) from Mansehra
(N34°20'19", E73° 10'35").
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Table 3. Analytical results of SHRIMP and LA-ICP-MS zircon U-Pb dating of Mansehra Granite, Hakale Granite and Leucogranite from
Mansehra area

206 232 206ptsk ) () )] Q) Q) M
Spot (gt))c ( Um) ( T}Iln) 23;1;1}/ (pPrtr)l) W6pp28Y WP %Ph U/ % PP % Pb/ +% P°Pb'/ +% error
o) (Pp pp p Age(Ma)  Age (Ma) 206ppy” 206ppy* 2575 23877

Mansehra Granite (MG-113)
1.1 0.00 6397 10 0.00 453 5105+92 535+19 1213 19 0.05813 0.85 0.661 2.1 0.0824 1.9 910
2.1 0.04 6667 13 0.00 440 4765+87 461+20 13.04 19 0.05623 091 0.595 2.1 0.0767 1.9 .901
3.1 0.04 12266 35 0.00 864 507.7+93 478+16 1220 1.9 0.05665 0.72 0.640 2.0 0.0819 1.9 .935
22 025 1533 5 000 855 4045+78 404+59 1544 20 0.05480 2.6 0489 33 0.00648 2.0 .603
41 0.06 10151 22 000 719 5105+92 484=+19 1213 19 0.05680 0.85 0.645 2.1 0.0824 19 911
5.1 0.82 9587 211 0.02 632 472.7+8.6 485+35 13.14 19 0.05683 1.6 059 25 0.0761 19 .764
6.1 0.08 6447 11 0.00 450 503.2+92 47725 1232 19 0.05664 1.1 0.634 22 0.0812 1.9 .862
6.2 008 5390 11 0.00 353 472.6+88 472+24 13.14 19 005650 1.1 0.593 22 0.0761 1.9 .869
63 033 209 7 000 108 3747+72 318+69 1671 2.0 0.05280 3.0 0435 3.6 0.0599 2.0 .549
7.1 012 6941 17 0.00 477 4956+9.1 482+22 1251 19 0.05676 098 0.625 2.1 0.0799 19 .889
72 0.08 6677 13 0.00 454 490.6+9.0 476+25 12.65 19 0.05660 1.1 0.617 22 0.0791 19 .863
73 044 1569 5 0.00 935 4303+84 403+75 1448 2.0 005480 33 0.521 39 0.0690 2.0 .519
8.1 0.08 5349 9 0.00 363 4899491 446+26 1267 19 0.05584 1.1 0.608 22 0.0789 1.9 .860
9.1 0.15 5424 10 0.00 371 493.0+93 462+30 1258 2.0 0.05624 1.3 0616 24 0.0795 2.0 .826
10.1 0.17 7011 30 000 476 489.9+92 453+26 12.66 2.0 0.05601 12 0.610 23 0.0790 2.0 .861

ZiI'COl'l c /Rl 206Pb/238U 2O7Pb/235U 207Pb/206Pb 206Pb/238U 207Pb/235U 207Pb/206Pb
. ore/Rim
n Ratio R.S.D. Ratio R.S.D. Ratio R.S.D. Age(Ma)+2S.D. Age (Ma) +2 S.D. Age (Ma) +2 S.D.

grai
Mansehra Granite (MG-14)

1 Core 02251 0.67% 2.7150 1.32% 0.08895 0.81% 1308.6 159  1332.6 19.6 1402 32
Rim 0.1206 0.73% 1.0844 1.78% 0.06593 1.60%  733.8 10.2 745.8 18.8 804 66
Rim 0.0763 0.66% 0.5823 1.15% 0.05588 0.84% 474.1 6.0 465.9 8.6 446 38
Core  0.1393 0.55% 1.2574 0.82% 0.06765 0.47%  840.7 8.6 826.7 9.3 856 20
Rim 0.0806 0.54% 0.5936 0.69% 0.05554 0.68%  500.0 52 473.2 52 432 30
Rim 0.0799 0.59% 0.5988 0.71% 0.05686 0.58%  495.3 5.6 476.4 54 484 26
Rim 0.0776  0.64% 0.6088 0.89% 0.05648 0.88%  481.9 6.0 482.8 6.8 470 40

Core,old 0.1431 0.67% 1.6931 1.51% 0.08562 0.90%  862.2 10.9 1006 193 1328 34
Core  0.1397 0.81% 13013 2.05% 0.06835 1.55% 843.0 12.7 846.3 23.6 878 64
Core  0.1721 0.66% 1.7119 1.17% 0.07424 0.86% 1023.6 125 1013 15.0 1046 34
Rim 0.0940 0.72% 0.7867 1.10% 0.06095 0.88%  579.3 8.0 589.3 9.8 636 38
Core 02602 0.79% 3.6309 2.21% 0.10295 1.08% 1491.0 209  1556.3 352 1678 40
Rim 0.0821 0.63% 0.6374 0.76% 0.05856 0.63%  508.6 6.1 500.7 6.0 550 28
10 Rim 0.0764 0.82% 0.5893 2.25% 0.05666 1.81% 474.8 7.5 4704 17.0 478 80

Mansehra Granite (MG-19)

1 Rim 0.0777 0.53% 0.6087 0.71% 0.05762 0.64% 482.4 49 482.7 5.5 514 28
Core,old 0.1418 0.62% 1.3211 1.16% 0.06848 0.80%  855.0 9.9 855.0 134 882 32
Core,old 0.1458 0.66% 13174 2.15% 0.06783 1.37% 8773 10.8 853.4 249 862 56
Rim 0.0782 0.54% 0.6132 1.00% 0.05746 0.88%  485.6 5.1 485.6 7.7 508 40
Core,old 0.1335 0.62% 12689 1.33% 0.06848 1.24%  808.0 9.4 831.9 15.1 882 52
Core  0.0768 0.90% 0.5923 2.51% 0.05576 1.88% 476.8 8.3 4724 18.9 442 84
Rim 0.0775 0.64% 0.6633 0.86% 0.06205 0.80%  481.3 6.0 516.6 7.0 676 34
Core,old 0.1333 0.81% 1.1727 3.47% 0.06482 1.59%  806.7 12.2 787.9 38.0 768 66

Core,old 03105 0.49% 5.0062 2.65% 0.11552 0.86% 17432 15.1 18204 448 1888 30

O 00 N N N LW N =
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9 Core,old 0.1409 0.58% 12990 1.75% 0.06699 1.38%  849.7 9.2 845.3 20.1 836 56
9 Rim  0.0808 0.55% 0.6219 0.80% 0.05771 0.66%  500.7 53 491.0 6.2 518 28
10 Core,old 0.1649 0.56% 1.6404 1.43% 0.07184 1.15% 983.9 10.2 985.9 18.0 980 48
11 Core,old 0.1352 0.65% 12938 1.43% 0.06882 1.03% 817.3 9.9 843.0 16.4 892 42
11 Rim  0.1362 1.18% 1.3110 4.20% 0.06741 2.52% 8234 18.2 850.5 48.4 850 106
12 Rim  0.0779 047% 0.6024 0.88% 0.05688 0.69%  483.6 44 478.7 6.7 486 32

Mansehra Granite (MG-44)
1 Rim,old 0.1389 0.46% 13106 1.43% 0.06793 0.90% 838.4 7.3 850.4 16.4 866 38
2 Rim 0.0752 0.74% 0.5899 1.96% 0.05752 1.46% 467.6 6.7 470.8 14.8 510 64
5 Core,old 0.0792 0.70% 0.6328 1.28% 0.05819 0.92% 491.2 6.6 497.8 10.1 536 40
6 Rim 0.0764 0.43% 0.6037 1.10% 0.05649 0.82% 474.8 4.0 479.6 8.4 470 36
8 Core,old 0.2132 0.48% 2.5038 0.99% 0.08483 0.57% 12457 11.0  1273.1 143 1310 22
8 Core,old 0.1422 0.70% 13957 1.78% 0.07099 1.05%  857.0 11.3 887.1 21.0 956 44
10 Core  0.0761 0.77% 0.5845 2.72% 0.05654 2.12% 472.6 7.0 467.3 20.3 472 94
11 Core  0.1440 0.81% 1.3834 2.75% 0.06992 1.52% 8674 13.1 881.9 325 924 62

Hakale Granite (HG-82)
1  Rim,old 0.1530 0.63% 14761 241% 0.07111 1.72% 918.0 10.7 920.6 29.2 960 70

1 Core,old 0.1533 0.97% 13833 3.14% 0.06962 1.78%  919.5 16.6 881.8 37.0 916 72
3  Core,o0ld 0.1350 0.37% 12352 1.14% 0.06651 0.65%  816.3 5.7 816.7 12.8 822 28
4  Core,old 0.2824 0.58% 3.7759 1.66% 0.09929 0.89% 1603.3 164  1587.6  26.7 1610 32
5 Core,old 02903 035% 4.2656 0.98% 0.10684 0.50% 1642.8 10.1 1686.7 16.1 1746 18
5 Rim 0.0758 0.34% 0.5862 0.83% 0.05719 0.77% 4709 3.1 468.4 6.2 498 34
6 Core,old 02360 0.47% 2.8380 1.23% 0.08976 0.59% 1365.8 11.6 1365.6 18.4 1420 22
6 Rim 0.0747 0.34% 0.5861 0.74% 0.05703 0.62% 464.3 3.0 468.4 5.6 492 28
7  Core,old 0.1379 0.61% 13668 2.70% 0.07262 1.35% 832.7 9.6 874.8 31.6 1002 56
8 Core,old 0.1344 0.55% 1.2439 1.59% 0.06719 0.99%  812.9 8.5 820.6 17.8 842 42
9 Core  0.0744 0.76% 0.5685 2.86% 0.05564 2.00% 462.8 6.8 457.0 21.0 438 90
9 Rim 0.0747 0.48% 0.5895 0.92% 0.05693 0.80%  464.6 43 470.5 7.0 488 36
10 Rim 0.0747 0.44% 0.6029 1.30% 0.05802 1.09%  464.6 4.0 479.0 9.9 530 48

10 Rim 0.0753 0.44% 0.5922 0.88% 0.05695 0.83%  468.1 4.0 472.3 6.7 488 36

Leucogranites (LG-86)
1 Core,old 02379 0.74% 3.0368 2.28% 0.08996 1.30% 1376 182 14169 348 1424 50
Rim  0.0775 0.58% 0.6164 1.41% 0.05810 1.11%  481.1 54 487.6 10.9 532 48
Rim  0.0760 0.49% 0.5880 1.13% 0.05606 0.90% 472.3 4.5 469.6 8.5 454 40
Core,old 0.1545 0.47% 1.5361 1.04% 0.07210 0.75% 926.4 8.1 945.0 12.8 988 32

Rim  0.0761 0.40% 0.5936 0.84% 0.05636 0.67% 4729 3.6 473.1 6.4 466 30
Core,old 0.1427 0.59% 13509 1.85% 0.06865 1.36%  860.1 9.5 868.0 21.6 888 56
Core,old 0.1456 0.50% 1.3509 0.81% 0.06792 0.71%  876.0 8.3 868.0 9.4 866 30
Core,old 0.1130 0.47% 09841 1.15% 0.06320 0.78%  690.3 6.2 695.7 11.6 714 32

Rim  0.0767 0.38% 0.5789 0.74% 0.05588 0.53% 476.7 3.5 463.7 5.5 446 24

Rim  0.0781 0.48% 0.6032 0.88% 0.05589 0.82% 4849 4.5 479.3 6.7 448 38
Core,old 0.1400 0.80% 12967 227% 0.06778 1.68%  844.6 12.6 844.2 26.0 860 70
Core,old 0.1413 0.59% 13314 1.71% 0.06769 1.18%  852.1 9.5 859.5 19.8 858 48
9 Rim  0.0769 043% 0.5872 0.74% 0.05626 0.62% 477.4 4.0 469.1 5.6 462 28

O 00 9 O O Lt AW W N~

Errors are 1-sigma; Pb and Pb” indicate the common and radiogenic portions, respectively.
Error in Standard calibration is 0.60%.
(1) Common Pb corrected using measured ***Pb.
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Fig. 9. (a) Concordia diagrams showing (a) intrusive and (b) mean intrusive ages of the Mansehra Granite.

6.1.4. Sample MG-44 (E72°54'49", N34°25'18"")

The Mansehra Granite at Darband is medium to coarse-
grained, porphyritic, having K-feldspar phenocrysts along
with poorly-developed flow-foliation. 7 zircon crystals were
targeted by 8 spots (Table 3). The Tera-Wasserburg plot of
the data exhibits an inherited component at 840-870 Ma.
Lower and upper intercepts indicate ages at 523 + 130 Ma
and 1234 + 180 Ma, respectively. Three rim ages yield the
concordant “Pb/**U age of 472.8 = 8.7 Ma at 95% c.1, MSWD
=1.7 (Figs. 10e and f).

Mean age of the Mansehra Granite of Susalgali and Dar-
band is 478 £+ 12 Ma. The upper intercept at 1234 + 180 Ma
indicate the age of older magmatic events.

6.1.5. Sample HG-82 (E73°10'07", N34°20'17")

This sample of Hakale Granite is medium to coarse-grained,
sub-porphyritic and contains K-feldspar phenocrysts. 9 zir-
con crystals were analyzed by 14 spots (Table 3). They yield
inherited segments at 820-830, 920 Ma, 1.3 Gaand 1.6-1.7 Ga.
Lower and upper intercepts of these components yield an
age of 589 + 150 Ma and 1549 + 180 Ma, respectively, which
indicate ages of older magmatic occurrences. The Tera-

Wasserburg Concordia diagram revealed 466.5 + 3.3 Ma from
cluster of six rim ages with MSWD = 2.7 at 95% c.l. (Figs.
11a and b).

6.1.6. Sample LG-86 (E73°10"35", N34°20'19")

The leucogranite sample collected near Mansehra city is
massive and non-foliated. 13 spots were analyzed on 9 zir-
con crystals by targeting the cores and rims (Table 3). The
data plotted on Tera-Wasserburg diagram indicates inherited
components at 690, 850-870 and 930 Ma, with lower and
upper intercepts at 581 £ 120 Ma and 1315 + 210 Ma, respec-
tively. Six rim ages cluster around 478 Ma and concordant
age of the leucogranite is 475.7 + 3.9 Ma with MSWD =
2.4, at 95% c.1 (Figs. 12a and b). Whereas, lower and upper
intercepts ages reveal the dates of pre-intrusive magmatic
episodes recorded in the zircon of the granite protolith.

7. DISCUSSION

The MGC magmatic rocks are calc-alkaline, peraluminous
S-type granitoids which have >1.1 A/CNK value. Lower
mean Na,O and CaO contents relative to K,O, enrichment
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Fig. 10. Concordia diagrams presenting inherited (a, ¢, and e) and intrusive age components (b, d, and f) of the Mansehra Granite (sam-

ples: MG-14, 19, and 44).

of Ba and Rb as compared with Sr along with Rb/Ba and other workers in similar cases (Haak et al., 1982; Miller, 1985;
Rb/Sr ratio (0.59-1.92 and >0.25) indicate S-type traits and Chappell and White, 1974; 1992; Williamson et al., 1997;
pelitic source of the MGC plutonic rocks as proposed by Jung et al., 2000).
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Fig. 12. Concordia diagrams presenting (a) inherited and (b) intrusive age segments of the leucogranite (sample: LG-86).

Interpreted U-Pb intrusive ages of the Mansehra Granite,
leucogranites and Hakale Granite are 478, 475 and 466 Ma,
respectively. These new dates are significantly different from
the previously determined ages of MG at 79, 83 Ma (Shams,
1967), 215 Ma (Maluski and Matte, 1984), 516 + 16 Ma (Le
Fort et al., 1980) and HG 165 Ma (Shams, 1967), whereas
radiometric date of leucogranite was not reported prior to
this study. Lower U-Pb age of the Hakale Granite (466 Ma)
is consistent with field evidence of chilled margin which indi-
cates that this granite is intrusive into the main body of
Mansehra Granite.

The older **Pb/**U age components of ca. 1900-1300,
880800, 985-920 and 690-500 Ma are interpreted as inherited

grains which most likely represent magmatic events expe-
rienced by zircon of the granite protolith revealed by dis-
cordant overgrowths in CL images of the MGC plutonic
rocks. These inherited ages suggest that detrital zircon grains
of the MGC magmatic bodies may have been derived from
plutonic, and or basement rocks of Gondwana affinity. The
U-Pb zircon age peaks at ca. 980, 800 Ma and 700-500 Ma
have also been reported from Lesser Himalayan granites
(Lie and Liang, 2010).

U-Pb zircon dates (ca. 478-466 Ma) of the MGC magmatic
rocks are consistent with ca. 480-500 Ma Rb/Sr and U-Pb
zircon ages of other magmatic complexes and gneisses
emplaced in the Lesser Himalaya to the east in India (Jaeger
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Fig. 13. Shows the age data, listed in Table 4, of early Paleozoic granitic rocks from China (SW Yunnan) to Turkey. Red line indicates
the impact of Cambro-Ordovician orogeny along the eastern margin of northern Gondwana (modified after Wang et al., 2013).

etal., 1971; Ferrara et al., 1983; Trivedi et al., 1984; Le Fort
et al., 1986; Hodges et al., 1996; DeCelles et al., 1998, 2000;
Miller et al., 2001; Wang et al., 2013). Radiometric age data
of plutonic rocks along the northern margins of east Gond-
wana is presented in Table 4. These ages also correspond
with ca. 492-460 Ma U-Pb zircon dates of the corrundum
normative and peraluminous S-type granites of SW Yunnan,
China emplaced along the eastern margin of Gondwana. U-Pb
zircon ages of the MGC at ca. 478-466 Ma suggest late
Cambrian to middle Ordovician plutonism in the Mansehra
area, NW Hmalaya of Pakistan. Geochronological and field
evidence revealed the occurrence of Cambrian to early Ordo-
vician felsic magmatism and coeval Barrovian type meta-
morphism in NW India, Nepal, Tibet, China (e.g., DeCelles
et al., 2004; Xu et al., 2005; Cawood et al., 2007; Zhu et al.,
2012; Wang et al., 2013) and NW Himalaya of Pakistan. In
many parts of the Himalaya Cambrian and Ordovician strati-
graphic sequences are separated by an angular unconformity

(e.g., Le Fort et al., 1994; Hughes, 2002; Zhou et al., 2004;
Myrow et al., 2006a, 2006b). In NW India, Nepal and south
Tibet the Ordovician conglomerates/arkosic sandstone overlies
the fine-grained marine sediments (e.g., Kumar et al., 1978;
Stocklin, 1980; Myrow et al., 2006a, 2006b). An angular
unconformity between Ordovician basal conglomerates and
Cambrian—lower Ordovician sediments was recorded in China
(Wang, 2000). Likewise in Himalayan tectonostrigraphic basin
of northern Pakistan the Ordovician basal conglomerates of
Misri Banda quartzite unconformably overly the Cambrian
sequence of Ambar Formation (Shah, 2009), which indicate
an early Paleozoic orogenesis in the NW Himalaya. Geo-
chronological and field evidence demarcate the occurrence
of a regional-level orogenic event in the Himalaya that extend
from SW Yunnan (China) up to al least NW Hiamlaya, Paki-
stan through Tibet, Nepal and India along the northern margin
of east Gondwana (Fig. 13). This Cambro-Ordovician felsic
plutonism has affinity with an Andean-type thermotectonic
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Table 4. Radiometric dates of plutonic rocks along the eastern and northern Gondwana (modified after Miller et al., 2001 and Wang et
al., 2013)
Location Lithology Method  Age (Ma) References
Gemlik, Pontides, NW Turkey Metagranite Zircon U-Pb 585  Okay et al. (2008)
Pamukova, Pontides, NW Turkey Metagranite Zircon Pb/Pb 543 Okay et al. (2008)
Dogruyol, Bitlis, SE Turkey Peraluminous metagranite ~ Zircon U-Pb 572 Ustadmer et al. (2012)

Saltanich Mountain, South and East Zanjan, Central Iran Foliated biotite granite Zircon U-Pb 544  Hassanzadeh et al. (2008)
Leucogranite Zircon U-Pb 567
Beige leucogranite Zircon U-Pb 559
Kuh-e Molhedou, Central Iran Foliated leucogranite Zircon U-Pb 534
Kuh-e Sefid Sang, Central Iran Biotite—garnet granite Zircon U-Pb 522
SW Langarud, Central Itan Pink biotite granite Zircon U-Pb 551  Lam (2002)
Mansehra, Northern Pakistan Mansehra Granite Zircon U-Pb 478  This study
Mansehra, Northern Pakistan Hakale Granite Zircon U-Pb 466  This study
Mansehra, Northern Pakistan Leucogranite Zircon U-Pb 475  This study
Tso-Morari, NW India Granite Zircon U-Pb 479  Girard and Bussy (1999)
Rupshu, Ldakh Granite Zircon U-Pb 483  Girard and Bussy (1999)
Tsu Morari, Ladakh Granite Zircon U-Pb 479  Girard and Bussy (1999)
Tsu Morari, Ladakh Gneiss Zircon U-Pb 479  Girard and Bussy (1999)
Kangan, Zanskar Granite Rb-Sr/U-Pb 480  Trivedi (1990)
Mandu Khola, far-west Nepal Granite Zircon U-Pb 473 Gebhrels et al. (2006b)
Mandu Khola, far-west Nepal Granite Zircon U-Pb 484  Gebhrels et al. (2006b)
Ruwa, far-west Nepal Granite Zircon U-Pb 474  Gehrels et al. (2006a)
Ruwa, far-west Nepal Granite Zircon U-Pb 484  Gehrels et al. (2006a)
Ruwa, far-west Nepal Granitic dike Zircon U-Pb 474 Gehrels et al. (2006a)
Bhimphedi, far-west Nepal Granite Zircon U-Pb 476  Gehrels et al. (2006b)
Agra, far-west Nepal Granite Zircon U-Pb 480  Gehrels et al. (2006b)
Palung, Nepal Granite Rb-Sr/U-Pb 486  Trivedi (1990)
Palung, Nepal Granite Zircon U-Pb 470  Schérer and Allégre (1983)
Simchar Granite Zircon U-Pb 471  Johnson et al. (2001)
Kathmandu Granite Zircon U-Pb 477  Cawood et al. (2007)
Kathmandu Granite Zircon U-Pb 478  Cawood et al. (2007)
Dadeldhura Granite Zircon U-Pb 478  DeCelles et al. (2000)
Namche Barwa Granet-bearing gneiss Zircon U-Pb 490  Zhang et al. (2008)
Namche Barwa (Pai) Garnet-, mica-bearing gneiss Zircon U-Pb 493  Zhang et al. (2008)
Namche Barwa Granitic gneiss Zircon U-Pb 490  Zhang et al. (2008)
Amdo basement Granitic gneiss Zircon U-Pb 468  Guynnetal. (2012)
Amdo basement Granodioritic gneiss Zircon U-Pb 483  Guynnetal. (2012)
Amdo basement Granitic gneiss Zircon U-Pb 498  Guynnetal. (2012)
Amdo basement Granitic gneiss Zircon U-Pb 487  Guynnetal. (2012)
Central Lhasa terrane Metarhyolite Zircon U-Pb 491  Zhuetal. (2012)
Central Lhasa terrane Metarhyolite Zircon U-Pb 492  Zhuetal. (2012)
Gaoligong (Tengchong) Leucogranite Zircon U-Pb 485  Wangetal. (2013)
Gaoligong (Tengchong) Gneissoid granite Zircon U-Pb 488  Wang et al. (2013)
Pingda (Baoshan) Granite Zircon U-Pb 472 Chen etal. (2007)
Pingda (Baoshan) Granite Zircon U-Pb 466  Chen et al. (2007)
Pingda (Baoshan) Monogranite Zircon U-Pb 473  Wanget al. (2013)
Ximeng (ShanThai) Leucogranite Zircon U-Pb 463  Wanget al. (2013)
Ximeng (ShanThai) Gneissoid granite Zircon U-Pb 460  Wang et al. (2013)
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event associated with proto-Tethyn subduction at ca. 490 Ma
along the northern margin of Gondwana (e.g., Miller et al.,
2001; Cawood et al., 2007; Zhu et al., 2012). The MGC mag-
matic bodies of ca. 478466 Ma possess comparable radiometric
dates with SW Yunnan, China ca. 488—460, Tibet 492468,
Nepal 493-470 and India 483-479 Ma which suggests Cambro-
Ordovician felsic magmatism in NW Himalaya of Pakistan.
The new crystallization ages of the MGC magmatic bodies
at ca. 478-466 Ma demarcate continuation of the regional-
level Cambro-Ordovicain thermotectonic envent (Bhimphid-
ian Orogeny of Cawood et al., 2007) along the northern margin
of east Gondwana. In view of the U-Pb zircon ages and field
evidences, we propose that MGC plutonic rocks, like other
Himalayan granites, are the product of Cambro-Ordovician
orogenic episode along the northern margin of east Gond-
wana (Fig. 13). However, the age component at ca. 690-500
Ma recorded in the zircon of the MGC plutonic rocks might
have affinity with the Pan-African orogeny which has been
superimposed by a relatively younger Cambro-Ordovician
magmatic event along the northern margin of east Gondwana.
Ca. 700-500 Ma peak has also been documented from granitoids
intruded in the Lesser Himalaya (Lie and Liang, 2010) defining
the imprints of Pan-African thermotectonic episode. Granites
of ca. 567-522 and 585543 Ma have been reported from
central Iran and Turkey along northen and western margins
of Gondwana. We infer that the Paleozoic orogenesis com-
menced from SW China up to NW Pakistan and beyond that
granitoids of Pan-African affinity were intruded along north-
ern and western margins of Gondwana (Fig. 13).

Peraluminous S-type granites, formed from metasedimentary
rocks, are the product of continental-continental collision
(e.g., Wang et al., 2012a, 2012b). The peraluminous Mandi
granite (India) of ca. 496 + 14 Ma and bimodal volcanic rocks
of Lhasa Block (Tibet) at ca. 492 Ma (late-Cambrian) are asso-
ciated with convergent margin setting (e.g., Miller et al., 2001;
Zhu et al., 2012). The MGC magmatic rocks show affinity
with continental-continental margin (Fig. 6) similar to the
peraluminous S-type granites of the Himalaya. Magma of
these rocks was crystallized during deformational phase of
the convergent regime which is manifested by the occurrence
of myrmekites, marginal mylonization, parallel arrangement
of mica flakes and microfractured quartz in the MGC plu-
tonic bodies. The synthesis of the geochemical and geochro-
nological data revealed that MGC magmatic rocks are
associated with the early Paleozoic accretionary orogenesis
of continental-continental settings.

8. CONCLUSION

Geochemical signatures revealed that MGC magmatic
rocks are calc-alkaline, peraluminous S-type grantoids. U-Pb
zircon dates of the Mansehra Granite, leucogranite and Hakale
Granite at ca. 478, 475 and 466 Ma represent the intrsusive
ages of these rocks. The age segments of ca. 1900-1300,
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985-920, 880-800 and 690-500 Ma indicate dates of mag-
matic/melting events experienced by zircon inherited from
the granite protolith. The new intrusive ages (ca. 478-466 Ma)
are comparable to radiometric dates of the granites and
gneisses present in the Lesser Himalaya to the east, in India.
These rocks are most likely the product of Cambro-Ordo-
vician compressional event (e.g., Cawood et al., 2007; Zhu
et al., 2012) along the northern margin of east Gondwana.
The age data indicates that the Andean-type Cambro-Ordo-
vician thermotectonic event extends from SW China up to
NW Himalaya of Pakistan and beyond that granitic rocks of
Pan African ororgeny were found in central Iran and Turkey
along northern and western margin of Gondwana.
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