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Determination of the timing and geochemical nature of early metamorphic and anatectic events in the Himalayan orogen may
provide key insights into the physical and chemical behavior of lower crustal materials during the early stage of tectonic evolution
in large-scale collisional belts. The Yardoi gneiss dome is the easternmost dome of the North Himalayan Gneiss Domes (NHGD),
and contains three types of amphibolites with distinct mineral assemblage, elemental and radiogenic isotope geochemistry, as well
as various types of gneisses. SHRIMP zircon U/Pb analyses on the garnet amphibolite and garnet-bearing biotite granitic gneiss
yield ages of nearly peak metamorphism at 45.0+1.0 Ma and 47.6+1.8 Ma, respectively, which are 2 to 4 Ma older than the age
for partial melting in migmatitic garnet amphibolite (43.5+1.3 Ma). Available data have demonstrated that ultra-high pressure
metamorphism in the Tethyan Himalaya occurred at ~55 Ma, and high amphibolite facies to granulite facies metamorphism at 45
to 47 Ma. In addition, partial melting at thickened crustal conditions occurred at 43.5+1.3 Ma, which led to the formation of high
St/Y ratios two-mica granites. The high-grade metamorphic rocks in the NHGD may represent the subducted front of the Indian
continental lithosphere. In large collisional belts, fertile components in crustal materials could melt and form granitic melts with
relatively high Na/K and Sr/Y ratios under thickened crustal conditions, significantly different from those formed by decompres-

sional melting during rapid exhumation.
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The Himalayan orogenic belt is the type example of colli-
sional belts worldwide, and has been considered to have
resulted from the continental collision between India and
Eurasia [1-5]. However, the timing of the onset of this col-
lision has been hotly debated. For the past 30 years, a num-
ber of studies have been directed to constrain the timing of
the collision. Studies on collisional time vary widely, in-
cluding estimates at before 50 Ma [2,3,6-9], 47.0+6.5 Ma
[10], or 35 Ma [11]. Determination of the timing and geo-
chemical nature of metamorphic and anatectic events in the
Himalayan orogen could provide key information with re-
gard to: (1) constraint on timing of the India-Eurasia conti-
nental collision; (2) understanding relationships among meta-

*Corresponding author (email: liegao09 @gmail.com)

© The Author(s) 2011. This article is published with open access at Springerlink.com

morphism, crustal partial melting and tectonic deformation;
and (3) drawing broader implications for the timing and
dynamics of tectonic transitions along the Himalayan orogen.

During the evolution of the Himalayan orogen, middle to
lower crustal materials have experienced various types of
metamorphic and partial melting reactions in response to the
tectonic transition (e.g. from early N-S compression, con-
current N-S compression and extension, to latest E-W ex-
tension) [12-20]. Such reactions have resulted in the for-
mation of various types of high-grade metamorphic rocks,
granites and migmatites. These crystalline rocks are distrib-
uted along two sub-parallel belts, the High Himalayan
Crystalline Sequence (HHCS) to the south, and the North
Himalayan Gneiss Domes (NHGD) to the north. They
therefore have preserved records of the nature of high-grade
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metamorphism, crustal anatexis, deformation and near-sur-
face processes associated with the active Indian-Eurasian
continental collision, and are an excellent natural field la-
boratory to study the tectonic evolution of collisional oro-
gens. In addition, these rocks provide an opportunity to
document the physical and chemical behavior of lower
crustal materials in large-scale collisional belts. A great
number of studies have demonstrated that (1) the Tethyan
Himalaya experienced eclogite facies metamorphism at
about 55 Ma (Lu-Hf and Sm-Nd isochron age) [21] and
amphibolite facies metamorphism at 47 Ma (Sm-Nd isochron
age) [21]. In contrast, UHP eclogite facies metamorphism
within the High Himalaya occurred at ~46 Ma (zircon U/Pb
age) [22,23]; (2) granites generally are the products of crus-
tal anatexis and formed along the NHGD over a time span
of ~44 to 10 Ma [13,16,17,24-26], and along the HHCS
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from ~37 to 10 Ma [15,27-29]; (3) the two-mica granites
and leucogranites older than 30 Ma were derived from par-
tial melting of a source mixed of garnet amphibolite with
subordinate pelitic gneiss [16-20]; and (4) though the for-
mation mechanisms of the Miocene granites are uncertain
[27,29-31], most available data have indicated that these
younger leucogranites (<27 Ma) resulted from partial melt-
ing of the metapelite of the HHCS during rapid exhumation
[25-28,32-37].

Few studies have documented metamorphism and partial
melting events of Pre- or Eocene age within the Chinese
part of the Himalaya orogen. Recent detailed investigations
on the Yardoi Gneiss Dome (YGD), the easternmost mem-
ber of the NHGD (Figure 1(a)), have indicated that the two-
mica granites in this dome and adjacent areas formed at
4344 Ma [17], and are characterized by relatively high
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(a) Simplified geologic map of the Himalayan orogenic belt, southern Tibet (after Zeng et al. [16]); (b) simplified geologic map of the Yardoi

area showing the Yardoi gneiss dome (YGD), the Dala and Quedang plutons, as well as the locations of sample T0388 and T0395-03 for zircon SHRIMP
U/Pb dating. Age source data are from [13,16,17]. YTS,Yarlung-Tsangpo suture; STDS, southern Tibet Detachment System; MCT, Main Central Thrust;

MBT, Main Boundary Thrust; LH, Lower Himalayan Crystalline Sequence.
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St/Y and low Rb/Sr ratios. Moreover, leucogranite dikes
formed at 35.3 Ma and have relatively elevated Rb/Sr ratios
[16]. Furthermore, both suites of granites have relatively
lower ¥’St/%Sr ratios, consistent with a derivation from par-
tial melting of crustal material dominated by amphibolite.
These anatectic events in the Yardoi area are clearly earlier
than those in other NHGD and HHCS, and have been de-
rived from a different mechanism. As compared with partial
melting of muscovite, amphibolite melting requires a much
higher temperature and pressure, and should have formed
closer to lower crustal P and T conditions during the early
stage of a collisional orogen. Thus, documenting the timing
of metamorphism and amphibolite melting could provide
important data to constrain the timing of the India-Eurasia
continental collision.

In this contribution, we present SHRIMP zircon U/Pb
age data from garnet amphibolites, as well as from garnet-
bearing granitic gneisses, to constrain the timing of high
grade metamorphism associated with the early stage of the
India-Eurasia continental collision. These data, combined
with literature information related to metamorphism and
anatectic events from southern Tibet, are used to evaluate
large-scale tectonic implications for the Himalayan orogen.

1 Geological setting

Between the Main Central Thrust (MCT) and the Yarlung-
Tsangpo Suture (YTS), there are two sub-parallel belts, the
High Himalayan Crystalline Series (HHCS) and the North
Himalayan Gneiss Domes (NHGD) (Figure 1(a)). These belts
are separated by the STDS. Previous studies on the granites
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occurring along both belts have revealed significant along-
strike differences in the style of emplacement, geochemistry,
timing and mechanism of formation [16-19,24,29-32 36,
38-46]. Although each gneiss dome of the NHGD shows
subtle differences in detail, they share similar characteristics
overall. For each of them, the core consists of high-grade
metamorphic rocks and Cenozoic granites, and the margin
constitutes low grade metamorphic or unmetamorphosed
sedimentary rocks. Core and margin areas are separated by
ductile detachment faults. With the exception that granites
in the core of some domes (e.g. Kangma) formed during the
early Paleozoic (566 to 507 Ma) [40,47—49], most of them are
of Cenozoic (44 to 10 Ma) [13,16,17,24,29,40,45,46,50].

The YGD is located at the easternmost end of the NHGD
(Figure 1(b)). From core to margin, it consists of semicircular
Cenozoic granites and high-grade metamorphic rocks, ex-
tending outward to medium- to low-grade metamorphic
rocks, and finally is separated from Tethyan sedimentary
rocks of Triassic to Cretaceous age by a detachment fault
(Figure 1(b)) [51]. High-grade metamorphic rocks include
augen gneiss, garnet biotite gneiss, garnet-bearing metape-
lite, amphibolite, and garnet amphibolite with subordinated
epidotite and pyroxenite. Medium- to low-grade rocks con-
sist of garnet-bearing mica schist and garnet graphite schist.
Amphibolites include amphibolites without garnet, garnet
amphibolites and migmatitic garnet amphibolites. Amphib-
olites without any garnet occur as small lenses within inten-
sively deformed garnet graphite schists (Figure 2(a)); where-
as, garnet amphibolites are present as relatively thick layers
sub-parallel to the foliation of the granitic gneiss, metapelite
or marble (Figure 2(b)). Augen gneisses and garnet biotite
gneisses are more abundant and widely distributed (Figure

Garnet amphibalite
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Figure 2 Field photographs showing the occurrence of high-grade metamorphic rocks in the Yardoi gneiss dome. (a) Amphibolite as lentoid within the
intensively deformed garnet graphite schist; (b) garnet amphibolite occurring as relatively thick layers sub-parallel to the foliation of the granitic gneiss; (c)
augen gneiss intruded by two-mica granite; (d) intensively folded granitic gneiss.
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2(c),(d)). Field observations and available ages and geo-
chemical data show that there are three types of granites in
the YGD: (1) two-mica granite formed at 42.6+1.1 Ma [17]
with high Sr/Y and Na/K ratios, similar to those from the
Dala and the Quedang pluton to the south [13,17,52]; (2)
sub-parallel leucogranitic dikes (meters thick) intruded into
the garnet graphite schist at 35.3+1.1 Ma [16]; and (3) Mid-
Miocene porphyric granite with high St/Y ratios and typical
large leucogranites at 17.7-20.0 Ma and 17.1 Ma, respec-
tively [53].

2 Sample descriptions

This study focused on the timing of high-grade metamor-
phic events in the garnet amphibolites and granitic gneisses.

February (2012) Vol.57 No.6

There are three types of amphibolites in the YGD: Type-A,
Type-B and Type-C. They show substantial differences in
occurrence, mineral assemblage, microstructure, and geo-
chemistry. Type-A amphibolites without any garnet are
minor, and occur as small lenses within intensively de-
formed garnet graphite schists (Figure 2(a)). They consist of
~85% hornblende and less than 15% plagioclase, quartz,
muscovite and titanite (Figure 3(a)). Hornblendes are oli-
vine in color and contain a large amount of inclusions of
plagioclase, quartz, muscovite, and titanite, which is also
present in the matrix. Type-B amphibolites experienced a
high degree of partial melting, and are termed garnet-bearing
amphibolitic migmatite. They occur as relatively thick lay-
ers sub-parallel to the foliation of the metapelite, granitic
gneiss or marble (Figure 2(b)). The melanosomes consist of
garnet, hornblende, epidote and titanite, whereas the leuco-

200 um

Figure 3 Photomicrographs showing the texture and mineral assemblage of high-grade metamorphic rocks from the Yardoi area. (a) Lentoid-type amphib-
olite (Type-A) consists of hornblende, plagioclase, quartz, muscovite and titanite; (b) migmatitic garnet amphibolite (Type-B), the leucosome consists of
quartz, plagioclase and K-feldspar, whereas the melanosome comprises garnet, hornblende, epidote and titanite; (c) garnet amphibolite (Type-C) consists of
hornblende, plagioclase, garnet, quartz, biotite and muscovite. Some garnets have experienced retrograde metamorphism represented by formation of
sympletic biotite + plagioclase assemblage after garnet; (d) garnet-bearing granitic gneiss consisting of quartz, plagioclase, K-feldspar, biotite, muscovite,
and garnet; (e)—(f) metapelite consisting quartz, plagioclase, K-feldspar, biotite, muscovite, garnet, and minor kyanite and sillimanite. Bt, biotite; Ep, epidote;
Grt, garnet; Hbl, hornblende; Ky, kyanite; Mus, muscovite; Pl, plagioclase; Qtz, quartz; Sil, sillimanite; Sph, titanite.
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somes contain elevated amounts of plagioclase, quartz, and
K-feldspar. Both domains contain accessory phases of titan-
ite, apatite, zircon, rutile and iron-oxides (Figure 3(b)). This
type of amphibolite preserves a record of partial melting at
43.5+1.3 Ma (SHRIMP zircon U/Pb age) [17]. Similar to
Type-B, Type-C amphibolites also occur as relatively thick
layers within high-grade metamorphic rocks, and consist of
hornblende, plagioclase, garnet, quartz, biotite, muscovite
with subordinate titanite, and minor zircon, rutile and
iron-oxides (Figure 3(c)). Some of the garnets in this type of
amphibolite show textures of retrograde metamorphism
represented by the symplectic assemblage of biotite and
plagioclase surrounding the more pristine garnet grains. A
large number of garnet grains are rich in inclusions of
quartz, mica and rutile, which mostly display curved or
sigmoid traces. Such inclusion trails imply intense shear
deformation during garnet growth. The granitic gneisses
consist of quartz, plagioclase, K-feldspar, biotite, muscovite,
garnet and minor ilmenite, apatite, zircon and monazite (Fig-
ure 3(d)). Most of the high-grade metapelites contain minor
kyanite and sillimanite (Figure 3(f)), and are of gneissic
structure. Within these metapelites, the garnets show great
variations in their morphology and texture and mineral
composition of inclusions. Based on the types of inclusions,
these garnet grains may be subdivided into four stages of
growth: stage-I garnets are large and round and rich in in-
clusions, stage-1I garnets contain large quantities of tourma-
line, stage-IIl garnets are clean and free of inclusions, and
stage-IV garnets are elongated and contain multiple sets of
oriented inclusions of ilmenite and rutile (Figure 3(e)). Such
feature of stage-IV garnets suggest that this type of metape-
litic garnet formed from biotite dehydration partial melting.
The complex growth zonations in these garnets suggest that
they resulted from multi-stages of metamorphism [54].

3 Analytical methods

To constrain the timing of high-grade metamorphism in the
Yardoi area, we separated zircons from representative
type-C garnet amphibolite TO388 and biotite granitic gneiss
T0395-03 using standard heavy-liquid and magnetic tech-
niques. Then, we handpicked them under a binocular mi-
croscope. The selected grains, together with zircon stand-
ards TEMORA and M257, were embedded in 25 mm epoxy
discs and ground to approximately half their thickness. The
internal growth structure of the zircon grains was revealed
by cathodoluminescence (CL) and BSE imaging. CL images
were obtained at the Beijing SHRIMP Centre, Chinese
Academy of Geological Sciences (CAGS). BSE images
were obtained with a JSM-5610LV scanning microscope at
the Institute of Geology, CAGS.

The zircons were analyzed for U, Th, and Pb using the
SHRIMP 1II at the Beijing SHRIMP Centre, CAGS. The
mass resolution during analytical sessions was ~5000 (1%
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height). The intensity of the primary O, ion beam was 5 nA.
Spot sizes were ~25 um, and each site was rastered for 180 s
before analysis. Data were calibrated for U contents by the
M257 reference zircon. Five scans through the mass stations
were made for each age determination. The standard zircon
was analyzed first and then after every three unknowns. A
TEMORA zircon with an age of 417 Ma was used as a
standard for age calibration. Data processing was carried
out using the Isoplot 3.0 program, and measured ***Pb was
applied for the common lead correction. The analytical data
are listed in Table 1, and graphically presented in concordia
diagrams with 1o error. The ages are weighted means with
2o errors calculated using Isoplot at 95% confidence levels.

4 Data and results

4.1 Sample T0388

Sample T0388 belongs to type-C amphibolite, and consists
of hornblende, plagioclase, garnet, quartz, biotite, musco-
vite, and minor titanite, rutile, apatite, zircon and oxides.
The zircon grains are euhedral to subhedral, round to long
prismatic, 50-150 pm long, with aspect ratios commonly of
2. Most of the zircon grains from this sample are gray and
homogeneous, and a few of them have grayish (Figure 4(b))
or white cores (Figure 4(c)), and some have very thin gray-
ish rims (Figure 4(a),(d)). Thus, we focused U/Pb analyses
on these different overgrowth zonings. U (~1504 ppm) and
Th (8 ppm) concentrations in the white core are higher than
those in the homogenous grayish overgrowth, which range
from 16 to 301 ppm, and from O to 2 ppm, respectively. Th/U
ratios in the homogenous domain are less than 0.05, indi-
cating that they are metamorphic. The grayish domains
yield **Pb/**U ages from 42.8+1.5 to 49.6+2.3 Ma (Figure
4(e)) with a cluster around 45 Ma (dotted line A) in the
Pb/U concordia diagram due to various degrees of Pb loss
induced by metamorphism. The mean age of 5 spots is
45.0£1.0 Ma (MSWD, 1.6). We interpret this age as the
timing of metamorphism of the garnet amphibolite in the
Yardoi area. A few spots with ages of ~35 Ma (dotted line B)
and of ~16 Ma (dotted line C) are similar to the crystalliza-
tion age of the ~35.3 Ma leucogranite [16] and the Mid-
Miocene porphyric granite (19.0+1.2 Ma) [54] . This indi-
cates that the garnet amphibolite was affected by the tectono-
thermal events related to the formation of post-Eocene
granites after the major high-grade metamorphism at a rela-
tively deeper crustal level.

4.2 Sample T0395-03

Sample T0395-03 is a representative sample of the garnet-
bearing biotite granitic gneiss that consists of quartz, plagi-
oclase, K-feldspar, biotite, muscovite, and garnet. There are
two groups of zircons in this sample. Most of the zircon
grains in group-I are euhedral to subhedral (Figure 5(a)—(c)),



644 GaoLE,etal. Chin Sci Bull

February (2012) Vol.57 No.6

Table 1 U-Pb isotopic data for garnet amphibolite T0388 and garnet biotite granitic gneiss T0395-03 from the Yardoi gneiss dome®

Spot ®pp. U Th Zz;rh *%pPp 22(:]76%1 lo 202731;13* lo 202631;13* lc  Er  *Pb/*U  *Pb/*Pb Discord-
(%) ppm  ppm /U  ppm /7"Pb (%) 177U (%) /~°U (%) corr (Ma) (Ma) ance (%)

T0388 garnet amphibolite

T0388-1.1 0.00 105 0 0.00 0.246 0.0685 12 0.0257 13 0.00272 3.7 0.286 17.5+0.7 882+260 98
T0388-3.1 0.00 153 0 0.00 0.344 0.0631 11 0.0228 11  0.00262 2.7 0.243 16.9+0.5 713+230 98
T0388-4.1 0.00 91 1 0.01 0.545 0.0483 10  0.0467 10 0.00701 2.4 0.231 45.1%1.1 1124240 60
T0388-5.1 1.39 217 0 0.00 1.050 0.0433 19 0.0333 19  0.00558 2.1 0.108 35.9+0.8  —152+480 124
T0388-6.2 8.37 16 2 0.14 0.146 02220 20  0.2990 23  0.00980 12.0 0.500 62.6£7.4  2994+330 98
T0388-7.1 0.00 64 1 0.02 0.382 0.0526 12 0.0502 12 0.00691 3.8 0309  44.4+1.7 312+270 86
T0388-8.1 1.80 301 1 0.00 1.840 0.0320 14  0.0307 14  0.00697 1.6 0.115 44.8+0.7  -966+420 105
T0388-8.2 0.06 1504 8 001 91.40 0.0562 0.7 0.5478 1.3 0.07067 1.1 0.849 440.2+4.8 461+ 16 5
T0388-9.1 0.00 18 0 0.02 0.121 0.0820 20  0.0880 21  0.00773 4.6 0224  49.6£2.3 1253390 96
T0388-11.1 0.00 52 1 0.02 0.126 0.0920 16 0.0360 16  0.00285 4.4 0.266 18.3+0.8  1463+300 99
T0388-13.1 0.00 45 1 0.01 0.260 0.0698 12 0.0642 12 0.00666 3.6 0.289  42.8+l.5 923+250 95
T0388-15.1 0.00 30 1 0.02 0.198 0.0699 14  0.0740 15 0.00765 3.8 0.259  49.1x1.9 926290 95
T0395-03 garnet biotite granitic gneiss

T0395-03-1.1  0.01 1982 201 0.10 147.0 0.05722 0.6 0.6817 1.2 0.08640 1.1 0.892 534.2+5.7 500+12 =7
T0395-03-2.1 — 3372 219 0.07 327.0 0.06569 04 1.0230 12 0.11300 1.1 0.949 690.1+7.2 797+8 13
T0395-03-3.1  0.03 851 145 0.18 61.0 0.05721 1.0 0.6580 1.6 0.08344 12 0.744 516.6+5.7 500+23 -3
T0395-03-4.1 —_ 378 153 042 26.8 0.05890 1.5 0.6700 19 0.08252 12 0.637 511.1+5.9 563+32 9
T0395-03-5.1 — 1544 24 0.02 313 0.05355 1.6 0.1745 2.0 0.02364 1.1 0.575 150.6x1.7 352437 57
T0395-03-6.1  0.03 956 154  0.17 69.0 0.05691 09 0.6593 14 0.08402 1.1 0.799 520.1%5.7 488+19 -7
T0395-03-7.1  0.04 1357 221 0.17 98.8 0.05700 0.7 0.6655 1.3 0.08468 1.1 0.850 524.0+5.6 492+15 =7
T0395-03-8.1  0.24 1442 3 0.00 9.5 0.04790 3.6 0.0508 3.8 0.00768 1.2 0.327 49.3x0.6 95+85 48
T0395-03-8.2  0.29 331 89  0.28 232 0.0555 20 0.6240 25 0.08160 1.5 0.605 505.6+7.3 433+44 -17
T0395-03-9.1  0.00 780 147 0.19 5477 0.0573 09 0.6447 14 0.08157 1.1 0.790 505.5+5.6 50420 0
T0395-03-10.1 0.00 2490 17 0.01 162 0.0478 1.8 0.0498 22 0.00756 1.2 0.545 48.6+0.6 87+43 44
T0395-03-11.1 0.02 2366 204 0.09 1720 0.0573 0.5 0.6705 12 0.08485 1.1 0905 525.0+5.6 503+12 —4
T0395-03-12.1 0.27 1925 35 0.02 133 0.0468 24 0.0519 2.6 0.00804 1.2 0.454 51.7+0.6 40+56 =31
T0395-03-13.1 0.18 2248 33 0.02 282 0.0499 2.1 0.1004 2.5 0.01458 1.3 0.545 93.3x1.2 192+48 51
T0395-03-14.1 0.11 1782 40  0.02 325 0.0505 14 0.1475 19 0.02119 12 0.629 135.2+1.6 218+33 38
T0395-03-15.1 0.12 1334 21 0.02 153  0.0490 2.0 0.0901 23 001334 12 0.520 85.4+1.0 147+47 42
T0395-03-16.1 0.01 2185 174 0.08 136.0 0.0575 0.8 0.5741 1.4 0.07246 1.1 0.817 450.9+4.8 51017 12
T0395-03-17.1 0.12 1933 22 0.01 12.1  0.0459 2.6 0.0460 2.8 0.00726 12 0426  46.6+0.6 —8+62 718
T0395-03-18.1 0.33 1826 24 0.01 112 0.0463 2.6 0.0454 29 000711 12 0422  457+0.6 15+63 -210
T0395-03-19.1 0.10 1874 30 0.02 135 0.0492 2.3 0.0567 2.7 0.00835 14 0.533 53.6+0.8 159+54 66
T0395-03-20.1 0.34 2139 42 0.02 125 0.0454 45 0.0425 4.7 0.00680 1.2 0.263 43.7+0.5 -35x110 225
T0395-03-21.1 0.31 2243 27 0.01 145 0.0471 25 0.0487 2.8 0.00749 12 0439  48.1+0.6 57+ 60 15

a) Pb.and Pb’ represent measured common Pb and radiogenic Pb, respectively.

long prismatic, 100-200 pm long, with aspect ratios com-
monly of 2 and up to 3. These zircons show a similar core-
mantle-rim texture, and the cores commonly are white and
contain inclusions surrounded by clean mantle with typical
oscillatory growth zonation indicative of magmatic origin.
They are surrounded by thin dark grey rims about 30 um
thick (Figure 5(a),(c)). U and Th concentrations in these os-

cillatory growth zonation (mantle domain) range from 331
to 3372 ppm, and from 89 to 221 ppm, respectively, which
results in great variations in Th/U ratios (0.07-0.42) (Table
1). The analyses performed on the domains with oscillatory
growth zonation yield Pb/**U ages from 450.9+4.8 to
690.1+7.2 Ma (Figure 6a). The spot with an age of 450.9 Ma
is from a domain straddle across both the oscillatory growth
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Figure 4 Cathodoluminescence (CL) images ((a)—(d)) showing the texture, spot, and respective age of SHRIMP zircon U/Pb dating and U/Pb concordia

diagrams (e) for the garnet amphibolite sample T0388.

Figure 5 Cathodoluminescence (CL) images showing the texture, spot
and respective age of SHRIMP zircon U/Pb dating from garnet biotite
granitic gneiss sample T0395-03.

zone and the thin latest growth zone, whereas the spot with
an age of 690.1 Ma is across both the core and the oscilla-
tory growth zone. Both spots yield mixing ages. The other
spots yield similar ***Pb/***U ages ranging from 505.5+5.6
to 534.2+5.7 Ma (Table 1) with a cluster around 518.4 Ma
in a Pb/U concordia diagram (Figure 6(b)). The mean age of
8 spots is 518.4£8.3 Ma (MSWD, 2.9), representing the
formation age of their protolith. The group-II zircon grains
are subhedral to xenomorphic (Figure 5(d)—(f)), long pris-

matic, 50-150 pm long, and have very high U concentra-
tions. Because of radioactive decay of U, a large portion of
zircon crystals experienced intensive destruction and re-
crystallization. On both CL and BSE images, the cores of
these zircons show sponge-like textures and contain a num-
ber of inclusions. The textures are similar to those from
leucogranites in the Himalaya orogenic belt, which may be
related to partial melting. However, the rims of these zircon
grains are clean and homogeneous. These domains were
selected to perform SHRIMP U/Pb analysis. U and Th con-
centrations in the rims range from 1334 to 2490 ppm, and
from 3 to 42 ppm, respectively. Th/U ratios are low (<0.02,
Table 1), indicating that they are metamorphic in origin.
Eight analyses yield relatively large variations in **Pb/**U
ages ranging from 43.7£0.5 to 53.6£0.8 Ma. Among the 8
spots, 5 spots are relatively concentrated and cluster around
47.6 Ma in a Pb/U concordia diagram (Figure 6(c)), which
yield a mean age of 47.6+1.8 Ma (MSWD, 6.6). We inter-
pret this age as the timing of high-grade metamorphism of
the biotite granitic gneiss.

5 Discussion

5.1 High-grade metamorphism in the Himalaya
Orogenic Belt

Available data indicate that high-grade metamorphic rocks
and Cenozoic granites in the YGD have preserved critical
records of the style and nature of deformation, high-grade
metamorphism and anatexis at middle to lower crustal lev-
els [13,16-20,51,52]. According to their occurrences (Fig-
ure 2(a),(b)), mineral assemblage and microstructures (Fig-
ure 3), we recognized three types of amphibolites in the
Yardoi area. Type-A amphibolites without any garnet occur
as small lens within intensively deformed garnet graphite
schist (Figures 2(a) and 3(a)). Because of an extremely low
content of zircon grains, we were not able to separate
enough zircons to constrain the timing of metamorphism
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Figure 6 (a) U/Pb concordia diagrams for the garnet biotite granitic gneiss T0395-03. Two age populations cluster at 518.4+8.3 Ma with MSWD of 2.9 as
shown in (b), and a younger population at 47.6+1.8 Ma with a relatively large MSWD of 6.6 (c).

leading to the formation of this type of amphibolites. How-
ever, they are characterized by relatively radiogenic Nd
(&nva(@), +1.6 to +1.9) [17], and high MgO and FeO [54],
suggesting that Type-A amphibolites were derived from
young mafic crustal materials that intruded into the pelitic
schist. Type-B migmatitic garnet amphibolites occur as rel-
atively thick layers sub- parallel to the foliation of the met-
apelite, granitic gneiss or marble (Figure 2(b)). They consist
of striped leucosomes of quartz, plagioclase, and K-feldspar
and melanosomes of garnet, hornblende, epidote and titanite
(Figure 3(b)). They have unradiogenic Nd (&yq(i), —12.0 to
—6.4) and inherited zircon cores with ages older than 440
Ma [17], which suggest that their parent rock was of ancient
mafic material. Because of various degrees of partial melt-
ing, they incorporated considerable amounts of granitic melt,
which lead to their elevated SiO, (>68%), and lower MgO
and FeO content [54]. Zircon grains from Type-B amphibo-
lite show two kinds of microtextures [17]. A majority has a
core of typical oscillatory growth zonation and a dark grey
homogeneous rim; whereas, a few of them show rims with
typical oscillatory growth zonation, possibly due to partial
melting. The dark grey homogeneous rims yield an age of
metamorphism of 43.5+1.3 Ma, similar to that from the
oscillatory rim. This suggests that the timing of metamor-
phism and melting in Type-B amphibolites were contempo-
rary [17]. Other than the microstructures of partial melting,
the remaining features in Type-C amphibolites are similar to
those of Type-B. CL images (Figure 4(a)-(d)) of Type-C
amphibolites show that the zircons are sub-rounded and
homogenous. These zircon domains show that this type of
amphibolite underwent high-grade metamorphism at 45.0+
1.0 Ma (Figure 4(e)). They has relatively unradiogenic Nd

(&na(i), —4.3 to —4.5) [17], low SiO, (~48%), and high MgO
and FeO (>3.5%) [54]. The data presented above indicate
that high-grade metamorphism in Type-B amphibolites oc-
curred later by ~2 Ma than that in the Type-C ones.

Some of the zircons in the granitic gneiss T0395-03 show
core-mantle-rim structures, and the mantle with typical os-
cillatory growth zonation (Figure 5(a)—(c)) yield the timing
of magmatic crystallization at 518.4+8.3 Ma (Figure 6(b)).
This is similar to that of parent rocks of many Himalayan
granitic gneisses [5,40,47], indicating that formation of the-
se rocks was related to an Andean-type event along the
northern Indian continental margin during the Paleozoic
time [48,55-57]. The other zircon grains experienced inten-
sive destruction and recrystallization due to radioactive de-
cay of U, and show cores with the sponge-like texture and
clean grey rims (Figure 5(d)—(f)). This texture is similar to
that of many leucogranites in the Himalayan orogen, which
suggests that the metamorphism could be accompanied by
anatexis. However, the granitic gneiss experienced high-
grade metamorphism at 47.6+1.8 Ma (Figure 6(c)), which is
consistent with similar metamorphic ages of 47-37 Ma in
other gneisses and garnet-bearing mica schists [54].

To estimate P-T conditions and identify key textures that
could relate high-grade metamorphism to melting reactions,
we made detailed observations on the mineral assemblage
and microstructures of garnet amphibolite, granitic and pe-
litic gneiss by petrographic microscope and scanning elec-
tron microscopy (SEM). Garnets in the pelitic gneisses are
complex. They commonly have multi-stage inherited cores
that not only contain distinct mineral assemblage (Figure
3(d)—(f)), but also are characterized by different trace element
geochemistry signatures [54]. In addition, zircon grains from
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these pelitic gneisses also contain inherited cores with ages
varying from ~100 Ma to ~2353 Ma, which could be corre-
lated with multiple growth stages of garnet cores. The latest
(stage-IV) garnets are pseudomorphs after kyanite and con-
tain multiple sets of oriented inclusions of ilmenite and ru-
tile (Figure 3(e)). Such a texture and mineral assemblage
likely formed by the biotite dehydration reaction (1) under
granulite facies metamorphic conditions [14,54]:

Biotite + Plagioclase + Aluminosilicate + Quartz —

Garnet + K-feldspar + Ti-bearing phases + Melt (1)

By using the mineral composition of stage-IV garnets,
peak metamorphic P and T conditions were estimated to
0.8-1.0 GPa and 624-648°C [54], respectively. Thermal
events such as the intrusion of the ~43-44 two-mica gran-
ites and later leucogranites could have induced chemical
re-equilibration of garnets, and great lower estimated T
conditions. In contrast, after careful evaluation of the
chemical zonations in the garnets, hornblendes, and plagio-
clases in Type-C garnet amphibolites, the mineral assem-
blage that possibly still retain local equilibrium yield near
peak metamorphic P and T conditions at 1.0 to 1.1 GPa and
872 to 892°C, respectively [54], which is consistent with
granulite facies conditions inferred from reaction (1) in pe-
litic gneisses.

Results from geochronology and metamorphic condition
estimates as presented above indicate that different types of
amphibolites and gneisses within the YGD experienced granu-
lite facies metamorphism at 45-47 Ma, and contemporane-
ous metamorphism and partial melting at 43.5+1.3 Ma [17].
Granulite facies metamorphism in the Yardoi area occurred
at a time similar to that of eclogite facies metamorphism
(46.4£0.1 Ma, zircon U/Pb data) [23] and of high-grade
metamorphism of wall-rocks [22] in the Kaghan area of the
High Himalaya. Interestingly, as compared with the timing
of ultra-high pressure metamorphism (UHP) eclogites in the
Ladakh area of the Tethyan Himalaya, our result is similar
to the Sm-Nd isochron age of amphibolite facies retrograde
metamorphism, but slightly younger than the Lu-Hf and
Sm-Nd age of peak eclogite facies metamorphism [21].
These data suggest that high- grade metamorphic rocks in
the NHGD may represent the front of the subducted Indian
continental lithosphere, and metamorphic histories pre-
served in different localities are clearly different. In sum-
mary, these data have demonstrated that UHP metamor-
phism in the Tethyan Himalaya occurred at ~55 Ma, high
amphibolite facies to granulite facies metamorphism at
45-47 Ma, and partial melting under thickened crustal con-
ditions at 43.5+1.3 Ma, which leads to the formation of high
St/Y two-mica granites [17].

5.2 Relationship between metamorphism and partial
melting

The Himalayan orogen, a type example of active collisional
belts and similar to other collisional orogenic belts, such as
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Sulu UHP metamorphic terrane, have experienced not only
ultra-high pressure metamorphism [21-23,58], but also ret-
rograde metamorphism and decompressional partial melting
during rapid exhumation. Results from experimental pe-
trology [59,60] and theoretical calculations [61] have demon-
strated that at UHP conditions during deep subduction or at
early stages of rapid exhumation, fertile components in
large-scale orogenic belts could undergo partial melting and
produce granitic melts represented by polyphase inclusions
in UHP minerals [62-64], granitic veins or plutons [65-68].
The Yardoi area experienced at least three stages of partial
melting (~43—44 Ma, ~35 Ma and ~17-20 Ma) and two
phases of high-grade metamorphism (~45-47 Ma and ~43
Ma). In the Himalayan orogenic belt, all the data indicate
that (1) partial melting at thickened crustal conditions and
during rapid exhumation occurred at ~35-44 Ma and
~10-27 Ma in the NHGD [13,16,17,24], ~32-37 Ma and
~10-24 Ma in the HHCS [15,27-29], respectively; and (2)
pre-30 Ma two-mica granites and leucogranites were de-
rived from partial melting of a source consisting of domi-
nantly garnet amphibolite mixed with subordinate metape-
lite [16-20], whereas leucogranites younger than 27 Ma
resulted from decompressional mica dehydration melting of
metapelite during rapid exhumation [25-29,32-37]. Com-
pared with the Himalayan orogenic belt, the Sulu UHP belt
lacks a record of anatectic events at thickened crustal condi-
tions. Numerous data have demonstrated that parent rocks
of the Sulu belt have experienced UHP eclogite facies
metamorphism at 230-245 Ma [67,69,70], granulite facies
[67] or amphibolite facies [71] retrograde metamorphism
and decompressional partial melting at 210-215 Ma [66—68].
All the results mentioned above indicate that while there are
substantial differences in the timing of and mechanisms for
partial melting in different areas along the Himalayan belt,
similar to the Sulu UHP belt, the subducted Indian conti-
nental slab underwent decompressional melting during its
rapid exhumation. Data presented in this paper reveal that
the Himalayan orogenic belt experienced at least high am-
phibolite facies metamorphism and partial melting, which
indicates fertile components in subducted crustal materials
could melt and generate granitic melt with relatively high
Na/K and Sr/Y ratios, significantly different from those
formed by decompressional melting during rapid exhuma-
tion. Whether there is a similar record in the Sulu UHP
metamorphic terrane is an important issue for future re-
search. Additionally, Harold et al. [72] demonstrated that
there is a time interval of about 2—4 Ma between granulite
facies metamorphism and partial melting in the Fiordland
granulite, New Zealand. In the Yardoi area, Type-C garnet
amphibolite and granitic gneiss underwent high-grade
metamorphism at 45-47 Ma, ~2-4 Ma earlier than that of
partial melting, which is similar to the result of Harold et al.
(2010). Whether the ~2—4 Ma time interval between high-
grade metamorphism and partial melting at lower crustal
conditions is universal and why this might be the case are
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important considerations deserving further investigation.

5.3 Geological implications

Determining the timing of onset of the India-Eurasia conti-
nental collision and reconstruction of the tectonic evolution
of the Himalaya belt are important issues. Though numer-
ous studies had been carried out in different areas along the
Himalaya belt to constrain the timing of initiation of the
India-Eurasia continental collision, consensus has not been
reached with regard to this timing. It is widely considered
that the India-Eurasia continental collision occurred at
~50 Ma or older and that it may have been diachronous
[2,3,6-9]. However, Aitchison [11] reinterpreted the availa-
ble data, and proposed that the beginning of the India-Eur-
asia continental collision occurred at ~35 Ma, which was
preceded by a Paleocene collision of the Indian continent
with an intra-oceanic arc system. This model was ques-
tioned by Garzanti [73], and is not supported by new high-
quality paleomagnetic data from the longitude close to
Lhasa [74-76]. In addition, Lippert [77] re-examined all the
paleomagnetic data available (86 data points) and demon-
strated that the Tethyan Himalaya-Asia collision occurred at
47.0£6.5 Ma. In either model, the northern margin of the
Indian continent, and probably the Tethyan Himalaya, were
already in collision and underwent tectonic thickening at
~44 Ma [13].

In the early stage of a collisional orogen, intensive de-
formation and shortening are accompanied by metamor-
phism and anatexis of deep crustal materials. Documenting
the timing and nature of these processes is essential to pro-
vide key insights into the early evolution and physical and
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chemical behavior of lower crustal materials in large-scale
collisional belts. In Figure 7, we summarize the metamor-
phic and magmatic (or melting) events that were experi-
enced in three tectonic belts in southern Tibet, the High
Himalayan Belt, the North Himalayan Gneiss Domes and
the South Lhasa block. Recent studies indicate that since
80 Ma the south Lhasa block, located at the hanging wall of
the collisional belt, has experienced intensive magmatism
represented by the presence of the Lingzizong volcanics and
the Gandese batholith at 44-65 Ma [78,79], and two epi-
sodes of medium-pressure metamorphism at 42-55 Ma [79,80]
and 27-33 Ma [80], respectively (Figure 7). In comparison
in the footwall, high-grade (up to UHP) metamorphism oc-
curred at a time span similar to those of magmatism and
medium-grade metamorphism in the hanging wall rocks.
However, occurrence of coesite-bearing eclogite, both in the
High Himalaya and the Tethyan Himalaya, indicates that
the Indian Plate had already been in collision mode at this
time, and that the initial India-Eurasia collision should be
older than 55 Ma. The earliest partial melting of crustal ma-
terials in the footwall occurred at ~44 Ma under tectonically
thickened crustal conditions, and coincided with the termi-
nal phases of igneous activities in the hanging wall, which
implies a co-genetic relationship. Melting of thickened
mafic lower crustal materials generally requires an input of
juvenile heat from the mantle. Processes occurring during
the early stage of the India-Asia collision, including Neo-
Tethyan slab break-off following slab roll-back [9,81-83]
could have led to simultaneous melting of fertile compo-
nents in the hanging wall, as well as in the footwall at
~43-44 Ma, and production of magmas with distinct geo-
chemistry.

Magmatism [
Medium-pressure amphibolite facies I
[ Medium-pressure amphibolite facies

Southern Lhasa

Melting of thickened low crustal rocks N
e Decompressional melting

Granulite facies related melting W
High amphibolite facies to granulite facies BN

NHGD
(Tethyan Himalaya)

B Eclogite facies

I Melting of thickened low crustal rocks

e Decompressional melting
oo during rapid exhumation

e High Himalaya
W Eclogite facies

IR T T TN RN TN T TR T T TN TN TN TN SN N TN T N TN T TN TN TN T SO O TN T TN T TN TN SN T T SO N 1
T T T T T T T

0 10 20 30 40

50 60 70 80

Age (Ma)

Figure 7 Diagram summarizing the magmatic (anatectic) and metamorphic events since 80 Ma both in the hanging wall (southern Lhasa block) and in the
footwall (Tethyan Himalaya and High Himalaya) of the India-Eurasia collisional belt. Data sources are from [13,15-17,21-24,27-29,54,78-80].
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