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One of the major geophysical discoveries concerning the Tibetan

Plateau is the existence of unusually weak layers in the mid- to lower

crust, a characteristic widely interpreted as the result of crustal

melting. This interpretation, however, remains highly contentious,

particularly when applied to northernTibet where crustally derived

magmatic rocks are scarce. Here we report the finding of

tourmaline-bearing mica and biotite rhyolites in the Bukadaban^

Malanshan area, southern Kunlun Range, near the northern margin

of the Tibetan Plateau. Zircon U^Pb and whole-rock or mineral
40Ar^39Ar analyses suggest that these rocks erupted between 9·0 and
1·5 Ma.These rocks are geochemically similar to Himalayan leuco-

granites (interpreted as crustal melts), with strongly peraluminous

compositions, high SiO2 contents (69·0^76·0 wt%), and clear nega-

tive Eu, Ba and Sr anomalies.They have low eNd (^5·8 to ^8·6)
and high 87Sr/86Sr (0·7125^0·7178), 206Pb/204Pb (18·59^18·70),
207Pb/204Pb (15·49^15·63) and 208Pb/204Pb (38·31^38·74)

isotopic compositions as well as magmatic zircon eHf (^0·7 to

^5·0) compositions similar to those of global marine sediments and

Proterozoic^Triassic sedimentary rocks in northernTibet.We suggest

that the Bukadaban^Malanshan rhyolites were generated by

dehydration melting of metasedimentary rocks at 0·5^1·2 GPa and

740^8638C. Our data not only confirm the occurrence of a partially

molten zone in the mid- to lower crust beneath northern Tibet but

also constrain the crustal melting to have existed from middle

Miocene to Quaternary times. Adopting the crustal flow model, we

further argue the importance of outward flowing of the melt-weakened

crust in the formation of crustal inflation, surface uplift, and earth-

quakes along the northern margin of theTibetan Plateau.
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I NTRODUCTION
TheTibetan Plateau is characterized by anomalously thick
(�50^90 km) continental crust and is the product of con-
tinuous convergence between India and Eurasia (England
& Houseman, 1989; Owens & Zandt, 1997; Yin &
Harrison, 2000; Tapponnier et al., 2001; Chung et al., 2005,
2009; Royden et al., 2008). However, the mechanisms
for crustal thickening and the development of the Tibetan
Plateau topography remain controversial. Two end-
member models have been proposed: (1) brittle crustal
thickening by stacking of crustal duplexes along thrust
faults with major strike-slip shearing (e.g. Tapponnier
et al., 2001; Yin et al., 2008a; Hubbard & Shaw, 2009); (2)
ductile flow and inflation of low-viscosity materials within
the mid- to lower crust (e.g. Bird, 1991; Royden et al., 1997,
2008; Clark & Royden, 2000; Grujic et al., 2002; Cowgill
et al., 2003; Enkelmann et al., 2006; Grujic, 2006; Searle
et al., 2006; Harris, 2007; King et al., 2007; Cook &
Royden, 2008; Yao et al., 2008; Bai et al., 2010; Unsworth,
2010;Wang et al., 2010; Jamieson et al., 2011).
Geophysical investigations have repeatedly demon-

strated the presence of low-velocity zones (LVZs) inter-
preted to be unusually weak layers at different depths in
the mid- to lower (15^50 km) crust throughout Tibet (e.g.
Nelson et al., 1996; Owens & Zandt, 1997; Wei et al., 2001;
Unsworth et al., 2004, 2005; Klemperer, 2006; Le Pape
et al., 2012). In southern Tibet, these LVZs have been
widely considered to be partially molten layers in the
middle (15^30 km) crust (e.g. Pham et al., 1986; Nelson
et al., 1996; Owens & Zandt, 1997; Unsworth et al., 2004,
2005; Ashish et al., 2009; Caldwell et al., 2009; Bai et al.,
2010; Zhang & Klemperer, 2010). This interpretation
implies that partial melting decreases the strength and the
effective viscosity of the crustal rocks by several orders of
magnitude, that the partially molten crustal layer is
weaker than the domains above and below, and that a
horizontal pressure gradient can occur, leading to the pro-
cess of crustal channel flow (Beaumont et al., 2001; Grujic
et al., 2002; Grujic, 2006; Searle et al., 2006, 2007, 2009;
Harris, 2007). It also considers that southern Tibet is a
region under which partial melting of the continental
crust of India has occurred and that the extrusion of crus-
tal materials southward has exposed the Greater
Himalayan Sequence and associated leucogranites. The
leucogranites, emplaced throughout the Himalayas from
28 to 9Ma (Le Fort et al., 1987; Harrison et al., 1999;
Searle et al., 1997, 2006, 2007, 2009; Grujic et al., 2002;
Visona' & Lombardo, 2002; Searle & Godin, 2003; Zhang
et al., 2004; Kellett et al., 2009; King et al., 2011; Guo &
Wilson, 2012) (Fig. 1a), are considered to have formed via
dehydration melting of metasedimentary rocks (e.g. Inger
& Harris, 1993; Harris & Massey, 1994; Harris et al., 1995;
Patin‹ o Douce & Harris, 1998; Knesel & Davidson, 2002),
and are interpreted as solidified exposures of the mid-

crustal melts that are now present beneath southernTibet
(Nelson et al., 1996; Grujic et al., 1996, 2002; Gaillard et al.,
2004; Searle et al., 2006, 2007, 2009; Kellett et al., 2009).
There are also other views regarding the cause of such
weak crustal layers, such as crustal shearing (Wittlinger
et al., 1998; Tapponnier et al., 2001), preferred horizontal
orientation of mica crystals immersed in a matrix of iso-
tropic crystals (Shapiro et al., 2004), aqueous fluid-bearing
rocks (Klemperer, 2006), intruding mantle-derived melts
(Wei et al., 2001), and a layer separating upper felsic and
lower mafic lithologies (Vergne et al., 2002; Hete¤ nyi et al.,
2007) in the mid- to lower crust. In addition, some workers
have argued that such weak crustal layers in southern
Tibet are thin and are present in only limited areas (e.g.
Harrison, 2006; Na¤ belek et al., 2009;Wittlinger et al., 2009).
In northern Tibet, weak crustal layers are observed at

different depths (15^50 km) in the crust (Owens & Zandt,
1997; Wei et al., 2001; Unsworth et al., 2004; Klemperer,
2006; Le Pape et al., 2012). Most Cenozoic magmatic rocks
recognized in the area originated from low-degree melting
of enriched mantle sources (Arnaud et al., 1992; Turner
et al., 1993, 1996; Ding et al., 2003; Chung et al., 2005; Guo
et al., 2006). Crustally derived magmas are scarce, with
comparatively small outcrops of �11^4Ma leucogranites
and rhyolites previously being identified only in the
Ulugh Muztagh and Weixueshan areas (Burchfiel et al.,
1989; McKenna & Walker, 1990; Jolivet et al., 2003) (Fig.
1b and c). In this study, we report the finding of 9·0^
1·5Ma tourmaline-bearing muscovite and biotite rhyolites
from the Bukadaban^Malanshan (BM) area, southern
Kunlun Range (Fig. 1c). We note that these silicic rocks
occur in high-altitude (45000m) areas near major gla-
ciers, following the approximately east^west-trending
Kunlun Fault Zone along which the 2001 Hohxil earth-
quake and a 426 km long surface rupture zone took place
(Lin et al., 2002; Xu et al., 2006) (Fig. 1b and c).These mag-
matic rocks therefore allow us to study the deep geody-
namic processes involved in crustal melting, and its
relation to the seismicity, crustal thickening and surface
uplift along the northern margin of theTibetan Plateau.

REGIONAL GEOLOGY AND
SAMPLE PETROLOGY
The Tibetan Plateau mainly comprises the Songpan^
Ganzi, Qiangtang and Lhasa blocks (Yin & Harrison,
2000; Chung et al., 2005) (Fig. 1a). The Songpan^Ganzi
Block is bounded by the Jinshajiang suture to the south
and the Anyimaqen^Kunlun^Muztagh suture to the
north (Yin & Harrison, 2000). The exposed Songpan^
Ganzi Block consists mainly of Triassic and younger strata
with some Early Mesozoic granites exposed in the eastern
part (Yin & Harrison, 2000;Weislogel et al., 2006).
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The magmatic rocks that we discovered crop out as
small volcanic domes or lava flows in the southern
Malanshan, Hudongliang and Bukadaban localities of the
northern Hohxil district (central Songpan^Ganzi Block)
(Fig. 1a^c; Electronic Appendix 1, available for download-
ing at http://www.petrology.oxfordjournals.org). As they
mainly occur in high-altitude areas between 5100 and
5500m, they are often overlain by modern glaciers
(Electronic Appendix 1). They mainly consist of rhyolitic
lavas overlying Permian^Triassic sedimentary rocks or
Paleocene formations and porphyries occurring near vol-
canic necks. These lava flows generally have thicknesses
ranging from several metres to �350m and are mainly dis-
tributed along west^east-trending faults (Fig. 1c). The
Bukadaban lavas are located in very close proximity to
the surface rupture zone of the 2001 Hohxil

earthquake (Fig. 1c). At the southern Malanshan site, the
lavas unconformably overlie Triassic sedimentary rocks
and at the other two localities the lavas overlie Permian^
Triassic sedimentary rocks or Paleocene formations
(Fig. 1c). We collected eight rhyolite lava and porphyry
samples from the above three locations. The detailed local-
ities, coordinates, mineralogy and ages for all the samples
are listed inTable 1.
These rhyolitic rocks exhibit porphyritic textures and

mainly consist of tourmaline-bearing two-mica or biotite
rhyolites or rhyolitic porphyries (Fig. 2; Table 1). The south-
ern Malanshan biotite rhyolitic porphyries are subvolcanic
rocks located close to a volcanic neck (Fig. 2a and b).
They consist of potassium feldspar, plagioclase, biotite
and quartz phenocrysts and a similar microlitic ground-
mass mineral assemblage with cryptocrystalline materials.

Table 1: Sample localities, grid coordinates, mineralogy and ages of rhyolitic rock samples from the Bukadaban^Malanshan

area

Location and

sample

Latitude Longitude Altitude(m) Rock type Mineralogy Age analyses

Phase dated Method Age (Ma, 2s) MSWD

Bukadaban

2509 35858’09"N 90848’06"E 5159 biotite

rhyolite

KfþPlþBiþQþ ZrþApþCmþGm whole-rock GZA 1·68� 0·08 4·9

K-feldspar GZA 1·46� 0·14 58

zircon WHL 1·55� 0·03 4·9

zircon GZL 1·54� 0·07 0·47

zircon BJC 1·55� 0·02 2·6

2509a 35858’09"N 90848’06"E 5158 KfþPlþBiþQþ ZrþApþCmþGm

2511-1 35857’57"N 90847’15"E 5146 KfþPlþBiþQþ ZrþApþCmþGm

Southern Malanshan

2303 35845’12"N 90839’47"E 5234 biotite

rhyolitic

porphyry

KfþPlþBiþQþ ZrþAp zircon WHL 9·06� 0·19 0·72

zircon GZL 9·05� 0·34 0·34

zircon BJC 9·04� 0·25 1·5

2303a 35845’04"N 90839’23"E 5239

Hudongliang

1P2JD7-1 35847’26"N 90825’39"E 5160 tourmaline-

bearing

two-mica

rhyolite

KfþAbþBiþQþMusþTmþ Zr

þApþCmþGm

whole rock GZA 3·09� 0·23 0·90

K-feldspar GZA 2·94� 0·07 2·0

zircon WHL 3·07� 0·04 1·8

zircon BJC 3·14� 0·05 2·5

1P2JD7-1a 35847’26"N 90825’39"E 5162

2011a 35850’54"N 90829’4"E 5100

Ab, albite; Ap, apatite; Bi, biotite; Cm, cryptocrystalline materials; Gm, glassy materials; Kf, K-feldspar; Mus, muscovite;
Pl, plagioclase; Q, quartz; Tm, tourmaline; Zr, zircon. All these rocks are lavas with massive structures and porphyritic
textures. MSWD, mean square of weighted deviates. Analytical methods: GZA: 40Ar/39Ar analyses at the Key Laboratory
of Isotope Geochronology and Geochemistry (KLIGG), Guangzhou Institute of Geochemistry (GIG), Chinese Academy of
Sciences (CAS); WHL: LA-ICP-MS zircon U–Pb analyses at the National Key Laboratory of Geological Processes and
Mineral Resources, Faculty of Earth Sciences, China University of Geosciences (Wuhan); GZL: LA-ICP-MS zircon U–Pb
analyses at the KLIGG, GIG CAS; BJC: CASIMS zircon U–Pb analyses at the Institute of Geology and Geophysics, CAS
in Beijing.
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Fig. 2. Photomicrographs of the Bukadaban^Malanshan rhyolitic rocks. (a) Porphyrytic texture of the southern Malanshan biotite rhyolitic
porphyry [sample 2303, crossed polarized light (xpl)]. (b) Plagioclase, potassium feldspar, biotite and quartz phenocrysts in the southern
Malanshan biotite rhyolitic porphyry (sample 2303, xpl). (c) Porphyritic texture of the Hudongliang tourmaline-bearing two-mica rhyolite
(sample 1P2JD7-1, xpl). (d) Potassium feldspar, albite, biotite, quartz, muscovite, and Fe-rich tourmaline phenocrysts in the Hudongliang rhyo-
lite [sample 1P2JD7-1, plane-polarized light (ppl)]. (e) Porphyritic texture and phenocryst minerals of the Bukadaban biotite rhyolite (sample
2509, xpl). (f) Potassium feldspar, biotite and quartz phenocrysts in the Bukadaban rhyolite (sample 2509, ppl). Ab, albite; Bt, biotite; Kf, potas-
sium feldspar, Mus, muscovite; Pl, plagioclase; Q, quartz; Tm, tourmaline.
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The Hudongliang tourmaline-bearing two-mica rhyolites
comprise potassium feldspar, albite, biotite, quartz, musco-
vite, and tourmaline phenocrysts, and similar microlitic
minerals in the groundmass along with cryptocrystalline^
glassy materials (Fig. 2c and d). The Bukadaban biotite
rhyolites are composed of potassium feldspar, plagioclase,
biotite and quartz phenocrysts, and groundmass microlitic
minerals similar to the phenocrysts in addition to crypto-
crystalline^glassy materials (Fig. 2e and f).

ANALYT ICAL METHODS
Mineral composition analyses
All silicate mineral analyses were carried out at the State
Key Laboratory of Isotope Geochemistry (SKLIG),
Guangzhou Institute of Geochemistry (GIG), Chinese
Academy of Sciences (CAS) with a JEOL JXA-8100
Superprobe. Operating conditions were as follows: 15 kV
accelerating voltage, 20 nA beam current, 1^2 mm beam
diameter, 10 s counting time and ZAF correction proced-
ure for data reduction. The analytical procedures were
described in detail by Huang et al. (2007).

40Ar^39Ar age dating
Argon isotope analyses were conducted on a GV-5400 mass
spectrometer at the SKLIG GIG CAS. Whole-rock chips
of 30^60 mesh (1 mesh¼ 0·254mm) in size and mineral
separates (potassium feldspar and biotite) were ultrasonic-
ally cleaned first in distilled water with55% HNO3 and
then in deionized water, and then dried and handpicked
to remove visible contamination. The sample and a moni-
tor standard (ZBH-2506 with an age of
132·500� 0·663Ma) were irradiated in the 49-2 reactor in
Beijing for 54 h. Details of the analytical procedure used
have been given by Qiu (2006) and Qiu & Jiang (2007).
The 40Ar^39Ar dating results are calculated and plotted
using the ArArCALC software of Koppers (2002).

Zircon U^Pb age dating
Zircons were separated using conventional heavy liquid
and magnetic separation techniques. Cathodolumines-
cence (CL) images were obtained for zircons prior to ana-
lysis, using a JEOL JXA-8100 Superprobe at the SKLIG
GIG CAS, to characterize the internal structures and
choose potential target sites for U^Pb dating.

CASIMS (Cameca IMS-1280 SIMS) method

CASIMS zircon U^Pb analyses were conducted by sec-
ondary ion mass spectrometry (SIMS) using the Cameca
IMS-1280 system at the Institute of Geology and
Geophysics, CAS. Analytical procedures are the same as
those described by Li et al. (2009). The O

�

2 primary ion
beam with an intensity of c. 10 nA was accelerated at
�13 kV. The ellipsoidal spot is about 20 mm� 30 mm in
size. The aperture illumination mode (Kohler

illumination) was used with a 200 mm primary beam
mass filter (PBMF) aperture to produce even sputtering
over the entire analyzed area. In the secondary ion beam
optics, a 60 eV energy window was used, together with a
mass resolution of c. 5400. Rectangular lenses were acti-
vated in the secondary ion optics to increase the transmis-
sion at high mass resolution. A single electron multiplier
was used in ion-counting mode to measure secondary ion
beam intensities by the peak jumping sequence: 196
(90Zr2

16O, matrix reference), 200 (92Zr2
16O), 200·5 (back-

ground), 203·81 (94Zr2
16O, for mass calibration), 203·97

(Pb), 206 (Pb), 207 (Pb), 208 (Pb), 209 (177Hf16O2), 238
(U), 248 (232Th16O), 270 (238U16O2), and 270·1 (reference
mass), 1·04, 0·56, 4·16, 0·56, 6·24, 4·16, 6·24, 2·08, 1·04, 2·08,
2·08, 2·08, and 0·24 s, respectively. Each measurement con-
sisted of seven cycles, and the total analytical time is c.
12min.
Calibration of Pb/U ratios is relative to the standard

zirconTEMORA 2 (417Ma) (Black et al., 2004) based on
an observed linear relationship between ln(206Pb/238U)
and ln(238U16O2/

238U) (Whitehouse et al., 1997). U and Th
concentrations of unknowns were determined relative to
the standard zircon 91500 with Th and U concentrations
of c. 29 and 81ppm respectively (Wiedenbeck et al., 1995).
Measured compositions were corrected for common Pb
using non-radiogenic 204Pb. Common Pb is very low, and
is largely derived from laboratory contamination intro-
duced during sample preparation (Ireland & Williams,
2003). An average of present-day crustal composition
(Stacey & Kramers, 1975) is used for the common Pb.
Uncertainties on single analyses are reported at the 1s
level; mean ages for pooled U^Pb analyses are quoted
with a 95% confidence interval. Data reduction was car-
ried out using the Isoplot/Ex v. 2.49 program (Ludwig,
2003).

LAM-ICP-MS method

Laser ablation inductively coupled plasma mass spectrom-
etry (LA-ICP-MS) zircon U^Pb analyses were conducted
on an Agilent 7500 ICP-MS system equipped with a 193
nm laser, housed at the National Key Laboratory of
Geological Processes and Mineral Resources, Faculty of
Earth Sciences, China University of Geosciences
(Wuhan), and the SKLIG GIG CAS, respectively. Zircon
U^Pb ages and trace element contents were analysed syn-
chronously at the SKLIG GIG CAS. Zircon 91500 was
used as the standard and the standard silicate glass NIST
610 was used to optimize the machine, with a beam diam-
eter of 30 mm. Raw count rates for 29Si, 204Pb, 206Pb,
207Pb, 208Pb, 232Th and 238U were collected and U, Th
and Pb concentrations were calibrated using 29Si as the in-
ternal calibrant and NIST 610 as the reference material.
207Pb/206Pb and 206Pb/238U ratios were calculated using
the GLITTER software (Jackson et al., 2004). Measured
207Pb/206Pb, 206Pb/238U and 208Pb/232Th ratios in zircon
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91500 were averaged over the course of the analytical ses-
sion and used to calculate correction factors. These correc-
tion factors were then applied to each sample to correct
for both instrumental mass bias and depth-dependent
elemental and isotopic fractionation. Further detailed de-
scriptions of the instrumentation and analytical procedure
for the LA-ICP-MS zircon U^Pb and trace element tech-
nique have been given by Gao et al. (2002) and Liu et al.
(2008, 2010). The age calculations and plots were made
using Isoplot (version 3.00) (Liu et al., 2010).

Element and Nd^Sr^Pb isotope analyses
After crushing, unweathered rock fractions were selected
and subjected to ultrasonic cleaning in distilled water
with 55% HNO3 and distilled water, dried and hand-
picked to remove visible contamination, and then
pulverized.
Major element oxides (wt %) for whole-rock powders

were determined by inductively coupled plasma atomic
emission spectrometry (ICP-AES) using a Varian Vista
PRO system at the SKLIG GIG CAS and the Hubei
Institute of Geology and Mineral Resource (HIGMR),
using wavelength X-ray fluorescence spectrometry with
analytical errors better than 2%. The FeO contents of
some samples were analyzed by conventional volumetric
methods at the HIGMR. Details of the analytical proced-
ures at the SKLIG GIG CAS and HIGMR were described
by Li et al. (2002) and Gao et al. (1995), respectively. Trace
elements, including the rare earth elements (REE), were
analyzed using a Perkin-Elmer ELAN 6000 inductively
coupled plasma source mass spectrometer (ICP-MS) at
the SKLIG GIG CAS, following procedures described by
Li et al. (2002). Analytical precision for most elements is
better than 3%.
Sr and Nd isotope compositions of selected samples

were determined by ICP-MS using a Micromass Isoprobe
multi-collector (MC)-ICP-MS system at the SKLIG GIG
CAS. Analytical procedures are similar to those described
by Li et al. (2006). The 87Sr/86Sr ratio of the NBS987 stand-
ard and 143Nd/144Nd ratio of the Shin EtsuJNdi-1 standard
measured were 0·710288�28 (2sm) and 0·512109�12
(2sm), respectively. All measured 143Nd/144Nd and
86Sr/88Sr ratios are fractionation corrected to
146Nd/144Nd¼ 0·7219 and 86Sr/88Sr¼ 0·1194, respectively.
For Pb isotope determinations, about 100mg powder

was weighed into a Teflon beaker, spiked and dissolved in
concentrated HFat 1808C for 7 h. Lead was separated and
purified by conventional cation-exchange techniques
(AG1X 8, 200^400 resin) with diluted HBr as an eluant.
Total procedural blanks were less than 50 pg Pb. Isotopic
ratios were measured using a VG-354 mass spectrometer
at the SKLIG GIG CAS following procedures described
by Zhu et al. (2001). Repeated analyses of SRM 981 yielded
average values of 206Pb/204Pb¼16·9�4(2s), 207Pb/204Pb¼
15·498�4(2s) and 208Pb/204Pb¼ 36·728�9(2s).

In situ zircon Hf isotope analyses were carried out at the
SKLIG GIG CAS by MC-ICP-MS using a Neptune
system equipped with a Geolas-193 laser ablation system.
During analyses, spot sizes of 32 and 63 mm and a laser
repetition rate of 10Hz with 100 mJ were used. Details of
the technique have been given byWu et al. (2006). During
analyses, the 176Hf/ 177Hf ratio of standard zircon (Penglai
zircon megacrysts) was 0·282900�2 (2s, n¼ 488), similar
to the recommended 176Hf/ 177Hf ratio of �0·282906
(Li et al., 2010).

RESULTS
Mineral chemistry
Mineral major element compositions are listed in Tables
2^5 and the chemical characteristics of selected minerals
are presented in Fig. 3. Biotite spot analyses for the
Hudongliang rhyolites plot in the biotite field of peralu-
minous granites (S-type granites) (Abdel Rahman, 1994)
(Fig. 3a and b). Biotite compositions in the Bukadaban
rhyolites mainly plot near the boundary between the
fields of biotites from peraluminous granites (S-type gran-
ites) and metaluminous calc-alkaline granite suites
(I-type granites). Biotites in the southern Malanshan rhyo-
litic porphyry mainly plot in the biotite field of the metalu-
minous calc-alkaline granites suite (I-type granites),
although a minority are comparable with biotites in per-
aluminous granites (S-type granites) (Fig. 3a and b). The
biotites in the southern Malanshan and Bukadaban rhyoli-
tic rocks have higher MgO but lower Fe/(FeþMg) values
than those of the Hudongliang rocks (Fig. 3c). Muscovites
in the Hudongliang rhyolites are primary rather than al-
teration products, based on their high Ti and Na and low
Mg (Miller et al., 1981) (Fig. 3d). Tourmaline in these rhyo-
lites exhibits high Al2O3 (32·97^34·57wt%) and FeO
(10·99^12·44wt%) and low MgO (1·67^2·83wt %)
(Table 5), corresponding to scho« rl. The Hudongliang rhyo-
lites contain albite and sanidine whereas the southern
Malanshan and Bukadaban rhyolitic rocks contain sani-
dine, oligoclase and andesine but no albite (Fig. 3e).
Zircon LA-ICP-MS trace element data are presented in

Table 6. Most analysed zircon crystals from the rhyolites
exhibit clear oscillatory zoning, indicating their magmatic
origin. The chondrite-normalized rare earth element
(REE) patterns for zircons of the Southern Malanshan
rhyolite are enriched in heavy rare earth elements
(HREE) (Lun/Smn¼14^237), and have distinct positive
Ce anomalies and negative Eu anomalies (Eu/
Eu*¼ 0·04^0·43) (Fig. 4a; Table 6). The REE patterns for
zircons of the Bukadaban and Hudongliang rhyolites
exhibit similar positive Ce anomalies and negative Eu
anomalies (Eu/Eu*¼ 0·01^0·07), but are variable in terms
of their HREE abundances (Lun/Smn¼ 2^181)
(Fig. 4b; Table 6). Some Hudongliang rhyolite zircons
display higher HREE contents (Yb¼ 778^993 ppm,

WANG et al. CRUSTAL MELTING AND FLOW,TIBET

7

 at G
uangzhou Institute of G

eochem
istry, C

A
S on D

ecem
ber 27, 2012

http://petrology.oxfordjournals.org/
D

ow
nloaded from

 

http://petrology.oxfordjournals.org/


Lu¼133^171ppm) than zircons from the Southern
Malanshan and Bukadaban rhyolites (Yb¼15·7^606 ppm,
Lu¼ 2·2^112 ppm) but all the rhyolite zircons plot in or
near the field of zircons derived from continental crust
(Grimes et al., 2007) (Fig. 4d).

Geochronology
Tables 1 and 7^10 report 40Ar/39Ar, CASIMS and
LA-ICP-MS zircon U^Pb age data. The southern
Malanshan rhyolitic porphyry sample 2303 yielded
whole-rock 40Ar/39Ar weighted mean and normal and in-
verse isochron ages of 7·24� 0·08, 7·24� 0·66 and
7·24� 0·63Ma, respectively (Fig. 5a1^a3; Table 7).
However, zircon U^Pb analyses for the same sample
show that it contains zircon crystals with variable
206Pb/238U (780^8·6Ma) or 207Pb/206Pb (2514^1836Ma)
ages (Tables 8^10). Moroever, LA-ICP-MS U^Pb analyses
for the young (510·0Ma) zircons in two different labora-
tories yielded consistent weighted mean 206Pb/238U ages

of 9·06� 0·19 and 9·05�0·34Ma, respectively (Fig. 6a1
and a2). CASIMS U^Pb analyses for young zircons also
gave consistent lower intercept and weighted mean
206Pb/238U ages of 8·97�0·25 and 9·04� 0·25, respectively
(Fig. 6a3). Thus, all the youngest zircon grains yielded a
consistent 206Pb/238U age of �9·0 Ma. We suggest that
the �9·0Ma zircon U^Pb age can be interpreted as the
best estimate of the crystallization age of the southern
Malanshan rhyolitic porphyries, and that zircons with
older ages have been inherited from the porphyry source
rocks or entrained from the wall-rocks during magma
ascent. Accordingly, the �7·24Ma whole-rock 40Ar/39Ar
age corresponds to the cooling age of the subvolcanic
rocks.
The Hudongliang rhyolite sample 1P2JD7-1 yielded

whole-rock 40Ar/39Ar normal and inverse isochron ages of
3·09� 0·23, 3·10� 0·23, respectively (Fig. 5b2^b3), and a
biotite weighted plateau age of 2·94� 0·07Ma (Fig. 5c1).
However, zircon U^Pb analyses for the same sample

Table 2: Biotite compositions in the Bukadaban^Malanshan rhyolites

Sample SiO2 TiO2 Al2O3 FeO MgO CaO Na2O K2O F Cl Total

1P2JD7-1 33·13 2·12 18·66 21·99 3·69 0·06 0·62 9·33 2·48 0·14 92·22

1P2JD7-1 34·65 2·2 19·17 22·96 3·73 0·02 0·61 9·24 2·68 0·16 95·42

1P2JD7-1 34·41 2·39 19·13 22·07 3·85 0·01 0·71 9·44 3·07 0·07 95·15

1P2JD7-1 34·36 1·89 20·37 23·26 3·41 b.d. 0·52 7·73 3·68 0·07 95·29

1P2JD7-1 35·18 2·13 18·32 21·76 4·64 b.d. 0·48 9·45 2·5 0·09 94·55

1P2JD7-1 34·87 2·02 19·06 23·11 3·8 0·03 0·54 9·02 3·1 0·14 95·69

1P2JD7-1 35·02 2·2 19·56 23·72 3·85 0·02 0·59 9·25 2·84 0·03 97·08

2303 34·57 3·63 16·71 21·78 7·65 0·01 0·39 9·42 3·71 0·25 98·12

2303 34·19 3·75 13·86 13·59 8·57 0·09 0·57 9·48 3·49 0·29 87·88

2303 34·88 3·79 16·6 20·59 8·15 0·02 0·51 9·39 3·39 0·17 97·49

2303 34·11 4·05 14·93 15·53 8·23 0·15 0·41 9·41 3·26 0·25 90·33

2303 34·19 3·62 15·51 23·83 8·75 b.d. 0·52 9·04 3·11 0·11 98·68

2303 36·1 4·23 15·59 19·42 8·07 0·06 0·67 9·41 3·13 0·13 96·81

2303 35·76 1·31 13·93 12·08 9·09 0·32 0·15 7·13 3·55 0·22 83·54

2303 32·81 3·86 14·89 18·95 7·87 0·01 0·42 8·89 3·2 0·15 91·05

2303 35·5 3·39 17·29 20·81 8·74 b.d. 0·51 9·7 2·84 0·26 99·04

2303 35·08 4·03 15·97 20·28 8·78 b.d. 0·33 9·51 3·49 0·22 97·69

2303 36·48 4·27 16·08 17·54 8·22 0·07 0·52 9·46 3·35 0·14 96·13

2509 32·31 4·1 17·92 25·15 6·48 0·01 0·45 7·6 2·24 0·28 96·54

2509 37·1 3·69 18·81 16·67 6·1 0·06 0·6 9·52 2·72 0·31 95·58

2509 38·46 2·68 18·04 14·71 9·52 0·03 0·31 9·75 4·36 0·23 98·09

2509 38·43 2·51 17·81 13·91 9·96 0·03 0·37 9·86 4·76 0·18 97·82

2509 40·44 2·35 19·31 10·82 10·15 b.d. 0·36 10·48 4·51 0·11 98·53

2509 36·83 4·32 17·17 17·35 8·28 0·01 0·19 9·97 3·72 0·21 98·05

Mineral composition analyses were carried out on a JEOL JXA-8100 Superprobe, State Key Laboratory of Isotope
Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences. b.d., below detection.
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Table 4: Feldspar compositions in the Bukadaban^Malanshan rhyolites

Sample SiO2 TiO2 Al2O3 FeO MgO CaO Na2O K2O Total

1P2JD7-1 64·84 0·00 18·35 0·03 0·00 0·06 3·45 12·41 99·14

1P2JD7-1 65·54 0·00 20·87 0 0·01 2·15 10·2 0·84 99·61

1P2JD7-1 65·1 0·00 18·26 0·02 0·00 0·03 3·44 12·59 99·44

1P2JD7-1 66·12 0·00 19·88 0·03 0·00 1·48 10·43 1·00 98·94

1P2JD7-1 65·84 0·00 20·57 0·04 0·00 1·67 10·04 1·03 99·19

1P2JD7-1 65·55 0·00 21 0·02 0·00 2·19 9·68 0·93 99·37

1P2JD7-1 63·94 0·00 17·54 0 0·00 0·05 3·49 12·69 97·71

1P2JD7-1 66·21 0·01 20·66 0 0·00 1·77 10·49 1·00 100·14

2303 64·36 0·05 18·23 0·03 0·00 0·3 3·85 10·94 97·76

2303 62·11 0·00 22·97 0·05 0·00 5·19 8·2 1·01 99·53

2303 60·33 0·05 22·93 0·12 0·04 4·85 7·61 1·06 96·99

2303 64·9 0·00 18·45 0·04 0·00 0·27 3·91 11·07 98·64

2303 60·63 0·00 23·98 0·01 0·00 6·29 7·9 0·81 99·62

2303 61·27 0·00 23·43 0·03 0·00 5·84 7·74 1·04 99·35

2303 60·37 0·05 24·46 0·07 0·00 6·84 7·48 0·79 100·06

2303 58·85 0·00 25·04 0·04 0·01 7·48 7·03 0·76 99·21

2303 61·21 0·01 23·92 0·03 0·00 6·1 7·58 0·97 99·82

2303 65·17 0·00 18·59 0 0·00 0·26 3·81 11·67 99·5

2509 61·77 0·07 23·25 0·03 0·00 5·26 8·29 0·94 99·61

2509 65·43 0·00 18·53 0 0·00 0·26 4·38 10·9 99·5

2509 65·19 0·00 18·45 0·01 0·00 0·2 3·61 11·97 99·43

2509 61·48 0·04 23·37 0·01 0·01 5·4 8·05 0·97 99·33

2509 66·05 0·04 18·64 0·03 0·00 0·33 4·7 10·2 99·99

2509 65·53 0·00 18·54 0 0·00 0·3 4·54 10·85 99·76

2509 61·69 0·03 23·44 0·04 0·00 5·35 8·05 0·92 99·52

2509 65·48 0·04 18·41 0 0·00 0·22 3·2 12·47 99·82

2509 61·84 0·00 23·47 0·02 0·00 5·33 7·93 0·95 99·54

Mineral composition analyses were carried out on a JEOL JXA-8100 Superprobe, State Key Laboratory of Isotope
Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences.

Table 3: Muscovite compositions in sample 1P2JD7-1

SiO2 TiO2 Al2O3 FeO MgO CaO Na2O K2O F Cl Total

45·77 0·62 32·41 2·30 0·94 0·03 0·95 10·44 3·15 96·61

43·84 0·57 31·44 3·12 0·92 0·1 0·97 10·21 3·29 0·03 94·49

45·85 0·73 32·23 2·09 0·88 0·01 0·96 10·49 2·86 0·08 96·18

44·08 0·7 33·67 2·07 0·88 0·12 0·78 10·01 3·1 0·05 95·46

44·78 0·68 30·19 2·21 0·84 0·57 0·82 9·76 2·85 92·7

45·56 0·7 32·74 2·41 0·77 0·03 0·85 10·54 2·97 0·03 96·6

45·18 0·75 32·63 2·03 0·9 0·01 0·8 10·6 2·76 95·66

Mineral composition analyses were conducted on a JEOL JXA-8100 Superprobe, State Key Laboratory of Isotope
Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences.
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revealed zircon crystals with variable 206Pb/238U (967^
2·7Ma) ages (Tables 8^10). Moreover, LA-ICP-MS U^Pb
analyses for the young (54·0Ma) zircon crystals consist-
ently yielded lower intercept and weighted mean
206Pb/238U ages of 3·04� 0·04 and 3·07�0·04Ma, re-
spectively (Fig. 6b1). CASIMS U^Pb analyses for the
young zircons gave consistent lower intercept and
weighted mean 206Pb/238U ages of 3·11�0·09 and
3·14� 0·05, respectively (Fig. 6b2). Both 40Ar/39Ar and
zircon U^Pb analyses suggest that the Hudongliang rhyo-
lites crystallized at �3·0 Ma. Zircons with ages greater
than �4·0Ma were either inherited from the rhyolite
source rocks or derived from the wall-rocks during
magma ascent.
The Bukadaban rhyolite sample 2509 yielded whole^

rock 40Ar/39Ar weighted mean and normal and inverse iso-
chron ages of 1·72�0·04, 1·68�0·08 and 1·74� 0·06Ma,
respectively (Fig. 5d1^d3), and a potassium feldspar
normal and inverse isochron age of 1·38�0·17 and
1·46� 0·14Ma (Fig. 5e2^e3; Table 7). Zircon U^Pb analyses
for the same sample showed that most of the zircons have
206Pb/238U age ranging from 10·0 to 1·45Ma, with the ex-
ception of two crystals with 206Pb/238U ages of 802 and
228Ma (Tables 8^10). LA-ICP-MS U^Pb analyses of the
young (52·0Ma) zircon crystals in two different labora-
tories yielded consistent weighted mean 206Pb/238U ages
of 1·55�0·03 and 1·54� 0·07Ma, respectively (Fig.
6c1^c2). Likewise, CASIMS U^Pb analyses for the young
(52·0Ma) zircons also gave consistent lower intercept
and weighted mean 206Pb/238U ages of 1·56� 0·02 and
1·55�0·02Ma, respectively (Fig. 6c3). Both the 40Ar/39Ar
and zircon U^Pb analyses suggest that the Bukadaban
rhyolites were generated in the Early Quaternary Period.
The slightly older whole^rock 40Ar/39Ar age may be af-
fected by excess argon; however, the younger potassium
feldspar 40Ar/39Ar age is consistent with the �1·5Ma
zircon U^Pb age, within error limits. We suggest that
�1·5Ma should be interpreted as the best estimate of the
formation age for the Bukadaban rhyolites, and that

zircons with ages greater than �2·0Ma are probably in-
herited from the magma source rocks or derived from the
wall-rocks during magma ascent.
Our 40Ar/39Ar and zircon U^Pb age results indicate that

the southern Malanshan, Hudongliang and Bukadaban
rhyolites erupted at �9·0, 3·0 and 1·5Ma, respectively
(Figs 5 and 6; Table 1). In addition to the young (9·0^
1·5Ma) magmatic zircons, the rhyolites contain a number
of older (4200Ma) inherited or xenocrystic zircon grains
with ages clustering in the Late Archean (�2500Ma),
early Proterozoic (1900^1800Ma), Neoproterozoic (900^
700Ma) and Paleozoic^Early Mesozoic (400^200Ma)
(Fig.7).The age spectrum is in accord with those of detrital
zircons from the Triassic Songpan^Ganzi sedimentary
complex (Bruguier et al., 1997;Weislogel et al., 2006).

Whole-rock major and trace elements
geochemistry
Major (wt %) and trace (ppm) element data for the rhyo-
lites are provided in Table 11. Along with the Ulugh
Muztagh and Weixueshan rocks, the Bukadaban^
Malanshan (BM) rhyolites exhibit high SiO2 contents
(69^76wt %) and very low Mg# [¼ 100Mg2þ/
(Mg2þþFe2þ)] (4^35) and plot entirely in the field of
rhyolites in a SiO2 vs K2OþNa2O diagram (Fig. 8a;
Table 11). They are strongly peraluminous {[Al2O3/
(Na2OþK2OþCaO)]molar¼1·13^1·40} (Fig. 8b;
Table 11) and high-K calc-alkaline, and plot in the field of
‘syn-collisional granites’, with overall geochemical char-
acteristics comparable with those of Himalayan leucogra-
nites (Fig. 8c and d). The BM rocks are marked by
enrichment in light rare earth elements (LREE), depletion
in HREE andY (4·0^9·8 ppm), and negative anomalies in
Eu, Ba and Sr, similar to the Ulugh Muztagh leucogranites
and rhyolites and the Himalayan leucogranites (Fig. 9a
and b; Table 11). They are similar to upper (continental)
crust and Himalayan leucogranites (Fig. 10a and b) in
terms of their low Nb/Ta ratios (510) and high Th/La
(1·0^1·3) values (Table 11), but have higher and more

Table 5: Tourmaline compositions in sample 1P2JD7-1

SiO2 TiO2 Al2O3 FeO MgO CaO Na2O K2O F Cl Total

35·04 0·60 33·40 11·77 2·36 0·23 1·98 0·06 0·28 85·60

35·28 0·66 33·44 10·99 2·83 0·29 1·96 0·07 0·56 0·078 85·90

35·05 0·74 32·97 11·64 2·48 0·24 2·23 0·04 0·38 85·59

36·57 0·20 34·57 11·93 1·67 0·04 1·67 0·04 0·20 86·79

35·45 0·58 33·67 12·44 2·40 0·18 2·18 0·04 0·58 87·28

35·86 0·72 33·28 11·63 2·62 0·23 2·00 0·04 0·36 86·58

Mineral composition analyses were conducted on a JEOL JXA-8100 Superprobe, State Key Laboratory of Isotope
Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences.
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variable Th (12·0^103 ppm) contents. However, the south-
ern Malanshan and Bukadaban biotite rhyolites have
slightly higher LREE contents, TiO2, MgO, FeOtotal (¼
FeOþFe2O3�0·9) than the Hudongliang rhyolites,

Ulugh Muztagh leucogranites and rhyolites or the
Himalayan leucogranites (Fig. 9a and b; Table 11), and
slightly lower Rb/Sr ratios (4^20) than those (15^137) of
the Hudongliang rhyolites (Table 11).
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Fig. 3. Chemical characteristics of phenocryst minerals in the Bukadaban^Malanshan rhyolitic rocks. (a, b) FeO^Al2O3^MgO diagrams for
biotite classification (after Abdel Rahman, 1994). A, biotite in anorogenic alkaline suites; P, biotite in peraluminous granites (S-type granites);
C, biotite in metaluminous calc-alkaline granite suites (I-type granites). (c) AlIV vs Fe/(FeþMg) diagram for biotite. (d) Ternary Mg^Ti^Na
classification diagram for muscovite; primary and secondary muscovite fields from Miller et al. (1981). (e) Ab^Or^An diagram for feldspar.
Ab, albite; Or, orthoclase; An, anorthite; Olig, oligoclase; And, andesine; Labr, labradorite; Byt, bytownite.
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Table 6: LA-ICP-MS trace element data for zircons from the Bukadaban^Malanshan rhyolites

Sample: 2303

Sample spot: 1 2 3 4 5 6 7 9 10 11

wt %

SiO2 32·7 32·7 32·7 32·7 32·7 32·7 32·7 32·7 32·7 32·7

ppm

P 310 174 230 245 209 117 326 350 187 471

Ti 12·5 18·0 18·8 20·4 16·6 60·5 18·8 10·3 15·6 9·82

Y 1058 460 822 565 822 344 701 515 343 739

Nb 1·84 1·36 1·65 1·36 2·54 1·45 1·46 0·89 1·73 1·18

La 0·36 0·04 0·24 0·05 0·06 0·16 5·03 0·01 0·44 0·04

Ce 19·9 17·3 19·4 6·68 17·9 11·0 28·6 8·25 18·8 2·26

Pr 0·53 0·26 0·56 0·32 0·42 0·20 1·76 0·12 0·20 0·17

Nd 7·49 3·99 7·25 5·07 6·16 3·03 11·4 1·98 2·04 2·95

Sm 9·82 5·52 8·52 6·61 7·86 3·63 8·64 3·09 2·93 6·46

Eu 1·35 1·13 1·41 0·74 1·30 0·59 1·49 0·53 0·53 0·16

Gd 34·3 18·1 30·0 22·2 28·0 13·5 28·4 10·7 11·7 22·5

Tb 9·99 4·78 8·50 6·01 8·19 3·51 7·46 3·73 3·31 6·95

Dy 100 46·8 82·5 59·1 81·3 35·9 74·0 42·3 34·0 73·5

Ho 33·4 15·1 27·1 18·9 27·2 12·4 23·9 16·1 11·5 24·5

Er 140 60·9 109 77·4 115 46·2 95·3 80·0 47·3 106

Tm 29·1 11·8 21·5 15·4 23·3 9·22 18·6 18·8 9·63 23·3

Yb 263 104 192 136 208 82·1 163 192 85·4 221

Lu 51·5 20·4 36·9 27·0 39·8 15·9 31·3 39·4 16·8 42·7

Hf 10181 7964 7010 8449 8489 6255 8900 9561 8754 10344

Ta 0·94 0·54 0·69 0·64 1·08 0·57 0·68 0·87 0·69 0·73

Pb 1·68 0·38 1·37 0·64 1·52 2·30 0·61 1·434 0·69 2·18

Th 418 173 367 170 300 141 308 60·4 184 231

U 975 177 549 319 853 189 270 922 206 1460

Age (Ma)* 9·0 8·7 9·4 8·7 9·0 26·2 9·0 8·8 11·4 8·8

TZr-Ti (8C)y 840 882 887 897 873 1050 888 819 865 814

1s (8C) 30 32 32 33 32 39 32 30 31 29

Sample: 2303 1P2JD7-1 2509

Sample spot: 12 13 3 4 7 8 1 2

wt %

SiO2 32·7 32·7 32·7 32·7 32·7 32·7 32·7 32·7

ppm

P 659 202 406 2168 714 2614 234 252

Ti 3·84 19·6 4·40 6·42 8·77 5·34 25·0 20·3

Y 1286 664 614 3573 1343 4263 331 226

Nb 3·82 1·29 1·79 9·80 4·09 4·62 2·24 0·48

La 0·43 1·12 0·06 0·20 0·02 0·10 0·04 0·02

Ce 11·7 31·7 1·22 1·50 5·68 0·73 9·56 4·06

Pr 0·16 0·89 0·093 0·11 0·12 0·13 0·32 0·19

Nd 1·03 10·8 1·34 1·31 2·27 1·37 6·0 4·5

Sm 2·54 10·9 3·52 6·47 6·38 5·68 9·9 7·1

Eu 0·44 2·64 0·022 0·19 0·12 0·18 0·23 0·18

Gd 16·9 32·6 21·4 50·9 35·5 53·0 27·7 21·7

Tb 7·12 8·14 7·48 26·2 13·9 28·5 6·07 4·91

Dy 97·8 74·3 69·8 333 143 375 47·4 34·2

Ho 39·8 22·5 18·5 107 38·1 125 10·6 7·42

Er 200 87·2 60·1 437 138 531 30·3 19·3

Tm 47·9 16·1 9·73 88·9 26·4 112 4·04 2·58

Yb 488 142 69·3 778 212 993 25·7 15·7

Lu 100 25·7 10·4 133 34·4 171 3·59 2·20

Hf 9229 6793 10482 12371 13013 12614 10263 11297

Ta 1·84 0·50 0·64 9·25 2·67 3·89 0·62 0·14

Pb 12·78 0·44 0·70 7·97 2·27 5·98 0·14 0·31

Th 107 249 89·9 250 184 162 260 177

U 1677 151 1068 18575 3815 15249 311 214

Age (Ma)* 51·9 9·1 3·0 3·0 3·0 3·0 1·59 5·87

TZr-Ti (8C)y 722 892 770 802 752 734 924 897

1s (8C) 26 32 35 37 34 33 43 42

(continued)
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Nd^Sr^Pb^Hf isotope compositions
The whole-rock Nd^Sr^Pb isotope data for the BM rhyo-
lites are reported in Table 11. The BM and Ulugh
Muztagh/Weixueshan strongly peraluminous rocks have
lower eNd (^5·8 to ^8·6) and 143Nd/144Nd (0·512199^
0·512338) and higher 87Sr/86Sr (0·7125^0·7178) than other
Cenozoic magmatic rocks in northernTibet, but show iso-
topic similarities to marine sediments and Proterozoic^
Triassic sedimentary rocks in the Songpan^Ganzi Block
(Figs 10c, d and 11a, b; Table 11). In detail, the BM rhyolites
have higher 143Nd/144Nd and lower 87Sr/86Sr than
the Himalayan leucogranites [0·511693^0·511906 and

0·7240^0·7973, respectively (e.g. Zhang et al., 2004; Guo &
Wilson, 2012)]. The ranges of Pb isotope compositions
(206Pb/204Pb 18·59^18·70; 207Pb/204Pb 15·49^15·63;
208Pb/204Pb 38·31^38·74) are, however, similar to those of
marine sediments (Fig. 11c and d; Table 11).
In situ zircon Hf isotope data for the BM rhyolites are

provided in Table 12, and shown in plots of eHf(t) values
vs U^Pb age (Fig. 12a). The �9·0Ma zircons from the
Southern Malanshan rhyolite sample (2303) have eHf(t)
values ranging from ^3·4 to ^0·7 (weighted average ^
2·2�0·3) and crustal model ages (TDM2) ranging from
1·14 to 1·31 Ga (average 1·23 Ga) (Table 12; Fig. 12a).

Table 6: Continued

Sample: 2509

Sample spot: 3 4 5 6 7 8 9 10 11

wt %

SiO2 32·7 32·7 32·7 32·7 32·7 32·7 32·7 32·7 32·7

ppm

P 7

11 535 1398 228 1128 1154 766 180 1118

Ti 15·8 63·1 9·80 14·3 10·6 6·17 4·36 19·1 4·41

Y 1561 704 2181 457 2187 1716 1018 233 1490

Nb 1·38 1·34 4·18 0·63 3·13 1·41 0·95 0·80 1·42

La 0·08 0·00 3·78 0·18 0·16 0·09 0·01 0·12 0·13

Ce 5·58 0·35 6·79 6·71 0·00 0·52 0·28 8·40 0·90

Pr 0·83 0·009 0·81 0·49 0·29 0·04 0·03 0·39 0·03

Nd 13·3 0·459 4·0 7·9 2·15 1·18 0·52 7·63 1·79

Sm 24·4 2·190 5·9 12·7 6·43 4·99 2·42 10·3 4·50

Eu 0·31 0·076 0·04 0·38 0·14 0·11 0·07 0·38 0·14

Gd 80·7 17·0 33·1 34·2 41·6 34·5 18·6 27·2 28·5

Tb 20·3 7·38 15·7 7·51 18·7 14·6 8·52 5·25 12·5

Dy 180 74·2 188 59·1 206 163·0 92·0 36·0 137

Ho 50·3 20·5 63·0 15·4 66·3 51·7 30·3 7·81 44·1

Er 181·6 72·9 289 53·2 277·4 217·5 133·6 21·9 188·3

Tm 32·2 12·8 65·8 9·40 58·7 46·6 28·3 3·32 39·6

Yb 257 109 606 77·8 521 427 258 23·4 361

Lu 45·4 19·3 112 13·5 94·2 77·2 47·3 3·52 65·9

Hf 11440 12197 12798 12084 14065 13988 11075 9408 11361

Ta 0·46 1·08 2·91 0·26 2·28 1·27 0·94 0·17 1·18

Pb 1·34 2·32 2·72 0·63 1·24 1·04 0·61 0·17 1·34

Th 701 35 268 425 157 104 62·2 168 86·8

U 1394 1750 9035 555 4232 3523 2222 140 2787

Age (Ma)* 5·06 7·86 1·47 5·89 1·52 1·58 1·46 5·42 1·64

TZr-Ti (8C)y 867 1057 813 855 822 766 733 889 734

1s (8C) 40 50 37 39 38 35 33 41 33

LA-ICP-MS zircon trace element analyses were carried out on an Agilent 7500 ICP-MS system equipped with a 193 nm
laser, housed at the State Key Laboratory of Isotope Geochemistry, Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences.
*Age (206Pb/238U) data for samples 2303 and 2509 are from Table 10. Age (206Pb/238U) data for samples 1P2JD7-1 are
from Table 8.
yT, temperature based on titanium-in-zircon thermometer (Ferry & Watson, 2007).
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The �1·5Ma zircons from the Bukadaban rhyolite sample
(2509) have eHf(t) values ranging from ^4·7 to ^0·8
(weighted average ^3·2�0·9) and TDM2 values ranging
from 1·11 to 1·39 Ga (average 1·28 Ga) (Table 12; Fig. 12a).
Most zircon grains in the Hudongliang rhyolite sample
(1P2JD7-1), however, are generally too small to permit ana-
lysis. The one analysis for an �3·0Ma zircon grain from
this sample gave a slightly lower eHf(t) (^5·0) and an
older TDM2 (1·41 Ga) than found in other samples (Table
12; Fig.12a).Thus, all magmatic zircons from the BM rhyo-
lites exhibit broadly similar eHf(t) and TDM2 values
(Table 12; Fig. 12a). Moreover, on a magmatic zircon
eHf(t) vs whole-rock eNd(t) diagram (Fig. 12b), the BM
rhyolites plot in the field of oceanic sediments (Chauvel
et al., 2008). Inherited or xenocrystic zircons generally
have TDM2 values (1·10^1·63 Ga) that are similar to those
of cognate magmatic zircons, although several grains re-
turned older (2·02^3·09 Ga) or younger (0·78^1·0 Ga)
model ages (Table 12; Fig. 12a).

PETROGENESI S
Crustal melts and source rocks
The BM and Ulugh Muztagh/Weixueshan rocks have the
highest SiO2 contents and 87Sr/86Sr values among all re-
ported Cenozoic magmatic rocks in the Songpan^Ganzi
Block (Figs 8a, c and 10c, d), indicating that they are un-
likely to be derived by mixing between mantle-derived
mafic and crust-derived felsic magmas. Moreover, a
non-continuous trend in Nd^Sr isotope compositions from
Cenozoic mafic to rhyolitic rocks in the Songpan^Ganzi
Block (Fig. 10c and d) suggests that they could not be gen-
erated by combined crustal assimilation and fractional
crystallization involving mantle-derived mafic magmas.
We therefore interpret the BM and Ulugh Muztagh/
Weixueshan rocks to consist essentially of crustally derived
magmas based on the following observations.
First, they are highly silicic and strongly peraluminous

(Fig. 8), comparable with the Himalayan leucogranites
that have been interpreted to represent crustal melts (Le
Fort et al., 1987; Inger & Harris, 1993; Searle et al., 1997,
2007, 2009; Patin‹ o Douce & Harris, 1998; Patin‹ o Douce &
McCarthy, 1998; Sylvester, 1998; Barbarin, 1999; Knesel &
Davidson, 2002; Guo & Wilson, 2012). Except for the
slightly higher LREE contents of the southern Malanshan
and Bukadaban biotite rhyolites, their trace element char-
acteristics, including Nb/Ta and Th/La ratios, are also
comparable with those of the Himalayan leucogranites
(Figs 9 and 10a, b).
Second, they appear to be generated by partial melting

of sedimentary rocks. They are similar to metasedimen-
tary or sedimentary rock-derived experimental melts gen-
erated under dehydration melting conditions in having
strongly peraluminous compositions (ACNK41·10) and
low Mg# (547) (e.g. Patin‹ o Douce & Harris, 1998;
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Fig. 4. (a^c) Chondrite-normalized rare earth element patterns for
zircons from the BM rhyolites. Chondrite normalization values are
from Sun & McDonough (1989). Zircon data for garnet-bearing and
garnet-free granulites and associated leucosomes in the Reynolds
Range (Australia) are from Rubatto (2002). (d) Variation of U/Yb vsY
for zircons. Fields for zircons from mid-ocean ridge basalt (MORB)-
type reservoirs andcontinental crust are fromGrimes et al. (2007).
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Patin‹ o Douce & McCarthy, 1998; Castro et al., 2000;
Schmidt et al., 2004). They also have Na/Ta and Th/La
ratios and Nd^Sr isotopic compositions that are distinct
from either Miocene mantle-derived mafic rocks (Turner
et al., 1993; Guo et al., 2006) or eclogitic lower crust-derived
adakitic rocks (Wang et al., 2005) in the Songpan^Gangzi
Block (Fig. 10a and b). Their distinct Nd^Sr isotope com-
positions, noted above, indicate different crustal source
rocks from those of the peraluminous rhyolites in northern
Tibet or the Himalayan leucogranites. However, the
former have Nb/Ta and Th/La ratios, Th contents and
Nd^Sr^Pb^Hf isotopic compositions that are similar to
those of marine sediments and Proterozoic^Triassic sedi-
mentary rocks in the Songpang^Ganzi Block (Figs 10^12).

Their cognate zircons are continental crust-type (Fig. 4b)
and their inherited or captured zircons exhibit an age
spectrum similar to those of detrital zircons from the
Triassic Songpan^Ganzi sedimentary complex (Fig. 7),
which formed in a remnant oceanic basin (e.g. Yin &
Harrison, 2000;Wang et al., 2011). Moreover, most inherited
or captured zircons have crustal model ages (TDM2) that
are similar to those of their magmatic zircons (Table 12;
Fig. 12a). It is hence argued that Triassic sedimentary
rocks of the Songpan^Ganzi complex may have been
accreted to the mid- to lower crust beneath central^north-
ernTibet as a consequence of southward subduction of the
Asian continent during the Cenozoic India^Eurasia con-
vergence or Pre-Cenozoic subduction (Meyer et al., 1998;

Fig. 5. 40Ar/39Ar age spectra diagrams for the Bukadaban^Malanshan rhyolitic rocks. (a1, b1, c1, d1 and e1)
40Ar/39Ar plateau ages; (a2, b2, c2, d2

and e2)
40Ar/39Ar isochron ages; (a3, b3, c3, d3 and e3)

40Ar/39Ar inverse isochron ages.
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Table 7: Summary of argon isotopic data and ages for the Bukadaban-Malanshan rhyolites

Incremental heating 36Ar(a) 37Ar(ca) 38Ar(cl) 39Ar(k) 40Ar(r) 40Ar(r) (%) 39Ar(k) (%) Age� 2s (Ma)

2303 (Kf)

08G2111B 3·80W 0·000380 0·000773 0·000000 0·012311 0·028340 14·95 2·81 5·41� 0·51

08G2111C 4·20W 0·000196 0·000584 0·000000 0·011278 0·034207 29·17 2·57 7·12� 0·34

08G2111D 4·60W 0·000166 0·000476 0·000000 0·010885 0·033051 31·90 2·48 7·13� 0·34

08G2111E 5·00W 0·000162 0·000476 0·000000 0·011385 0·035034 33·77 2·60 7·23� 0·27

08G2111F 5·40W 0·000156 0·000430 0·000000 0·010877 0·033169 33·46 2·48 7·16� 0·26

08G2111H 6·00W 0·000177 0·000349 0·000000 0·013959 0·044517 37·17 3·19 7·49� 0·22

08G2111I 6·50W 0·000200 0·000458 0·000000 0·017161 0·054291 39·00 3·92 7·43� 0·21

08G2111J 7·00W 0·000198 0·000353 0·000000 0·015045 0·047017 35·91 3·43 7·34� 0·30

08G2111K 7·50W 0·000208 0·000473 0·000000 0·017791 0·056261 38·95 4·06 7·43� 0·21

08G2111L 8·00W 0·000192 0·000403 0·000000 0·016251 0·050697 38·35 3·71 7·33� 0·24

08G2111N 8·80W 0·000226 0·000558 0·000000 0·019402 0·059638 38·37 4·43 7·22� 0·21

08G2111O 9·60W 0·000260 0·000690 0·000000 0·022890 0·071324 39·28 5·22 7·32� 0·23

08G2111P 10·40W 0·000278 0·000744 0·000000 0·025304 0·078481 39·97 5·77 7·28� 0·20

08G2111Q 11·20W 0·000268 0·000700 0·000000 0·024122 0·074162 39·52 5·50 7·22� 0·20

08G2111R 12·50W 0·000349 0·000930 0·000000 0·032053 0·099172 40·13 7·31 7·27� 0·19

08G2111T 15·00W 0·000509 0·001198 0·000000 0·049746 0·151838 41·29 11·35 7·17� 0·20

08G2111U 18·00W 0·000637 0·001613 0·000000 0·058390 0·177060 39·59 13·32 7·12� 0·18

08G2111V 25·00W 0·000852 0·001815 0·000000 0·069375 0·202260 35·87 15·83 6·85� 0·20

J¼ 0·0013046� 0·0000020, Tp(plateau age)¼ 7·24� 0·08 Ma, Tn(normal isochron age)¼ 7·24� 0·66 Ma, Ti(inverse isochron age)¼ 7·24� 0·63 Ma

2303 (WR)

07M2078B 2·00W 0·000028 0·000250 0·000003 0·010720 0·001325 13·90 4·26 2·60� 0·58

07M2078C 3·00W 0·000051 0·000711 0·000017 0·032778 0·003863 20·27 13·03 2·48� 0·26

07M2078D 3·50W 0·000036 0·000652 0·000006 0·029287 0·003603 25·04 11·65 2·59� 0·23

07M2078E 4·00W 0·000026 0·000652 0·000007 0·025489 0·003371 29·85 10·14 2·78� 0·26

07M2078F 4·50W 0·000020 0·000353 0·000003 0·014807 0·001730 22·14 5·89 2·46� 0·37

07M2078H 5·50W 0·000019 0·000442 0·000005 0·021028 0·002882 33·13 8·36 2·89� 0·24

07M2078I 6·50W 0·000019 0·000428 0·000006 0·021868 0·003005 34·27 8·70 2·89� 0·22

07M2078J 7·50W 0·000014 0·000346 0·000003 0·018051 0·002285 34·87 7·18 2·67� 0·25

07M2078K 9·00W 0·000011 0·000292 0·000003 0·015748 0·002194 39·70 6·26 2·93� 0·26

07M2078L 11·00W 0·000010 0·000264 0·000003 0·014414 0·002001 39·91 5·73 2·92� 0·30

07M2078N 13·00W 0·000009 0·000213 0·000003 0·011657 0·001522 36·79 4·64 2·75� 0·39

07M2078O 18·00W 0·000013 0·000290 0·000003 0·014048 0·001958 33·04 5·59 2·93� 0·28

07M2078P 25·00W 0·000018 0·000471 0·000006 0·021575 0·002903 34·19 8·58 2·83� 0·20

J¼ 0·0116770� 0·0000175, Tp(plateau age)¼ 2·86� 0·09 Ma, Tn(normal isochron age)¼ 3·09� 0·23 Ma, Ti(inverse isochron age)¼ 3·10� 0·23 Ma

IP2JD7-1(Bi)

08G2110B 3·80W 0·000197 0·000074 0·000000 0·002036 0·000000 0·00 0·76 0·00� 0·00

08G2110D 4·20W 0·000101 0·000022 0·000002 0·001247 0·000000 0·00 0·47 0·00� 0·00

08G2110E 4·60W 0·000153 0·000000 0·000001 0·001755 0·000000 0·00 0·66 0·00� 0·00

08G2110F 5·00W 0·000072 0·000000 0·000001 0·001481 0·002638 8·50 0·56 4·15� 1·18

08G2110G 5·40W 0·000098 0·000005 0·000001 0·001930 0·002745 6·62 0·72 3·31� 1·00

08G2110J 5·80W 0·000094 0·000003 0·000001 0·002393 0·003877 9·42 0·90 3·77� 0·68

08G2110K 6·30W 0·000120 0·000058 0·000001 0·003138 0·004718 9·08 1·18 3·50� 0·90

08G2110L 6·80W 0·000108 0·000000 0·000003 0·003053 0·006287 12·84 1·15 4·79� 0·70

08G2110O 7·30W 0·000145 0·000033 0·000003 0·004591 0·007009 10·89 1·72 3·55� 0·52

08G2110P 7·90W 0·000170 0·000087 0·000001 0·005872 0·010560 13·57 2·20 4·18� 0·50

08G2110Q 8·50W 0·000153 0·000059 0·000002 0·005892 0·012210 16·82 2·21 4·82� 0·48

(continued)
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Table 7: Continued

Incremental heating 36Ar(a) 37Ar(ca) 38Ar(cl) 39Ar(k) 40Ar(r) 40Ar(r) (%) 39Ar(k) (%) Age� 2s (Ma)

08G2110R 9·10W 0·000159 0·000090 0·000001 0·006343 0·010224 14·04 2·38 3·75� 0·50

08G2110T 10·00W 0·000213 0·000076 0·000004 0·009059 0·013348 13·70 3·40 3·43� 0·40

08G2110U 11·00W 0·000210 0·000084 0·000005 0·009671 0·016303 16·46 3·63 3·92� 0·42

08G2110V 12·00W 0·000199 0·000095 0·000005 0·009519 0·015283 16·27 3·57 3·74� 0·34

08G2110W 13·00W 0·000273 0·000148 0·000005 0·013811 0·023495 17·88 5·18 3·96� 0·32

08G2110X 15·00W 0·000351 0·000177 0·000010 0·018026 0·029887 17·76 6·77 3·86� 0·34

08G2110Y 16·50W 0·000437 0·000272 0·000008 0·020771 0·026735 13·42 7·80 3·00� 0·32

08G3110A 18·00W 0·000318 0·000111 0·000006 0·017702 0·022425 15·15 6·64 2·95� 0·28

08G3110B 19·50W 0·000331 0·000082 0·000007 0·018020 0·024926 16·04 6·76 3·22� 0·32

08G3110C 21·00W 0·000336 0·000083 0·000006 0·017676 0·020042 13·14 6·63 2·64� 0·32

08G3110D 22·50W 0·000337 0·000103 0·000005 0·017782 0·020045 13·11 6·67 2·62� 0·32

08G3110E 24·00W 0·000328 0·000109 0·000004 0·017421 0·022781 14·96 6·54 3·04� 0·32

08G3110G 25·50W 0·000324 0·000069 0·000005 0·017020 0·019715 13·34 6·39 2·70� 0·32

08G3110H 27·00W 0·000342 0·000106 0·000006 0·017838 0·024227 15·23 6·69 3·16� 0·30

08G3110I 30·00W 0·000402 0·000161 0·000005 0·022406 0·029106 15·49 8·41 3·02� 0·28

J¼ 0·0012912� 0·0000019, Tp(plateau age)¼ 2·94� 0·07 Ma, Tn(normal isochron age)¼ 3·34� 0·37 Ma, Ti(inverse isochron age)¼ 3·29� 0·32 Ma

2509 (WR)

07M2079B 2·00W 0·000002 0·000268 0·000005 0·006650 0·000368 36·39 1·47 1·14� 0·57

07M2079C 2·50W 0·000003 0·000375 0·000002 0·009014 0·000552 32·43 1·99 1·26� 0·66

07M2079D 3·00W 0·000004 0·000479 0·000002 0·012130 0·000734 32·51 2·68 1·25� 0·49

07M2079E 3·50W 0·000006 0·000753 0·000002 0·019088 0·001471 40·89 4·22 1·59� 0·22

07M2079F 4·00W 0·000006 0·000994 0·000007 0·023821 0·001965 45·61 5·26 1·70� 0·22

07M2079H 5·00W 0·000012 0·001324 0·000004 0·031746 0·002729 37·73 7·01 1·78� 0·19

07M2079I 6·00W 0·000009 0·001457 0·000006 0·035376 0·002863 47·23 7·81 1·67� 0·10

07M2079J 7·00W 0·000004 0·000964 0·000001 0·023778 0·002084 55·55 5·25 1·81� 0·24

07M2079K 8·50W 0·000002 0·000502 0·000003 0·013754 0·000965 53·96 3·04 1·45� 0·24

07M2079L 10·00W 0·000002 0·000449 0·000002 0·012244 0·000873 54·85 2·70 1·47� 0·27

07M2079N 12·00W 0·000001 0·000289 0·000000 0·007297 0·000592 51·46 1·61 1·68� 0·46

07M2079O 15·00W 0·000002 0·000693 0·000001 0·016875 0·001374 59·52 3·73 1·68� 0·25

07M2079P 18·00W 0·000002 0·000936 0·000000 0·022274 0·001895 66·76 4·92 1·76� 0·14

07M2079Q 30·00W 0·000010 0·006259 0·000000 0·165046 0·014001 75·26 36·46 1·75� 0·03

07M2079R 40·00W 0·000003 0·003156 0·000030 0·053615 0·004100 76·36 11·84 1·58� 0·07

J¼ 0·0114523� 0·0000172, Tp(plateau age)¼ 1·72� 0·04 Ma, Tn(normal isochron age)¼ 1·68� 0·08 Ma, Ti(inverse isochron age)¼ 1·74� 0·06 Ma

2509 (Kf)

08G2112B 3·8 % 0·000153 0·000191 0·000002 0·001011 0·027968 38·29 0·24 64·94� 2·42

08G2112C 4·2% 0·000147 0·000381 0·000000 0·004077 0·035842 45·11 0·98 20·90� 0·48

08G2112D 4·6% 0·000110 0·000467 0·000000 0·007027 0·020377 38·50 1·69 6·92� 0·28

08G2112E 4·9% 0·000088 0·000470 0·000000 0·009024 0·017090 39·47 2·17 4·52� 0·20

08G2112G 5·5% 0·000082 0·000755 0·000000 0·014341 0·019681 44·71 3·45 3·28� 0·10

08G2112H 6·0% 0·000073 0·000735 0·000000 0·016960 0·026368 54·99 4·08 3·71� 0·06

08G2112I 6·5% 0·000071 0·000640 0·000000 0·019858 0·024569 53·65 4·78 2·96� 0·06

08G2112J 7·0% 0·000069 0·000776 0·000000 0·022542 0·025121 55·17 5·43 2·66� 0·06

08G2112L 7·5% 0·000061 0·000607 0·000000 0·020373 0·019411 51·79 4·90 2·28� 0·06

08G2112M 7·9% 0·000061 0·000880 0·000000 0·020880 0·016615 47·65 5·03 1·90� 0·06

08G2112N 8·3% 0·000053 0·000697 0·000000 0·019113 0·018154 53·44 4·60 2·27� 0·06

08G2112O 8·7% 0·000045 0·000678 0·000000 0·018103 0·017508 56·77 4·36 2·31� 0·06

08G2112Q 9·1% 0·000035 0·000898 0·000000 0·014011 0·016884 61·67 3·37 2·88� 0·08

(continued)
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Table 7: Continued

Incremental heating 36Ar(a) 37Ar(ca) 38Ar(cl) 39Ar(k) 40Ar(r) 40Ar(r) (%) 39Ar(k) (%) Age� 2s (Ma)

08G2112R 9·6% 0·000037 0·000662 0·000000 0·015963 0·013216 54·76 3·84 1·98� 0·06

08G2112S 10·1% 0·000031 0·000647 0·000000 0·017734 0·014052 60·14 4·27 1·89� 0·06

08G2112T 10·6% 0·000029 0·001647 0·000001 0·019118 0·026584 75·33 4·60 3·32� 0·04

08G2112V 11·1% 0·000028 0·001053 0·000000 0·019044 0·017234 67·16 4·58 2·16� 0·04

08G2112W 11·6% 0·000025 0·000824 0·000000 0·019517 0·026952 78·16 4·70 3·30� 0·04

08G2112X 12·3% 0·000024 0·000895 0·000000 0·021013 0·026782 79·06 5·06 3·04� 0·04

08G2112Y 13·1% 0·000022 0·000923 0·000000 0·022468 0·018441 73·23 5·41 1·96� 0·04

08G3112B 16·6% 0·000025 0·002430 0·000002 0·029527 0·031845 80·67 7·11 2·58� 0·02

08G3112C 19·6% 0·000025 0·002370 0·000000 0·034687 0·041538 84·49 8·35 2·86� 0·02

08G3112D 25·0% 0·000021 0·001418 0·000000 0·029057 0·030800 82·59 6·99 2·53� 0·02

J¼ 0·0013252� 0·0000020, Tp(plateau age)¼ 2·33� 0·15 Ma, Tn(normal isochron age)¼ 1·38� 0·17 Ma, Ti(inverse isochron age)¼ 1·46� 0·14 Ma

40Ar–39Ar age analyses were conducted on a GV-5400 mass spectrometer, State Key Laboratory of Isotope Geochemistry,
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences. WR, whole-rock.

Table 8: SIMS zircon U^Pb data and ages

Sample spot U (ppm) Th (ppm) Th/U f206%* 238U/206Pb �s (%) 207Pb/206Pb �s (%) 206Pb/238U age (Ma) �s

2509@9 6261 275 0·044 7·71 4171·285 1·79 0·05726 4·06 1·52 0·03

2509@10 6141 158 0·026 851·56 2867·010 1·51 0·08915 2·95 2·12 0·0

2509@11 7754 276 0·036 8·41 3982·681 1·99 0·05519 3·88 1·60 0·03

2509@12 8358 585 0·070 4·10 4080·310 1·62 0·06003 3·76 1·55 0·03

2509@14 6637 234 0·035 4·03 4007·883 1·72 0·05914 3·79 1·58 0·03

2509@15 10121 481 0·048 1·26 4132·878 1·71 0·05122 3·46 1·55 0·03

2509@16 6546 249 0·038 7·58 3991·399 1·84 0·06234 3·80 1·58 0·03

2509@17 6057 247 0·041 3·64 4215·441 1·92 0·06460 4·10 1·49 0·03

2509@18 6027 218 0·036 3·32 4115·874 1·90 0·04905 4·63 1·56 0·03

2509@19 4869 338 0·070 4·35 4056·294 1·92 0·07221 4·47 1·54 0·03

2509@20 5604 221 0·039 96·82 3786·974 1·84 0·09436 5·94 1·60 0·03

2509@21 8140 450 0·055 10·00 3936·133 1·75 0·08649 3·02 1·55 0·03

2509@22 6708 243 0·036 2·92 4249·485 1·86 0·06598 3·87 1·48 0·03

2509@23 7499 1308 0·174 9·49 3420·764 1·69 0·06234 3·46 1·85 0·03

2509@24 6005 218 0·036 5·75 4096·243 2·36 0·06940 4·23 1·53 0·04

2509@25 6379 264 0·041 19·17 3918·083 1·85 0·06660 4·58 1·60 0·03

2509@26 9770 837 0·086 2·30 4009·830 1·70 0·05319 3·47 1·59 0·03

2509@27 9679 299 0·031 2·57 3540·277 1·71 0·06469 3·46 1·78 0·03

2509@28 5164 207 0·040 10·72 4266·332 1·95 0·07259 4·30 1·46 0·03

2509@29 4384 199 0·045 2·31 4062·872 1·86 0·05549 5·16 1·57 0·03

2509@30 6343 195 0·031 3·64 3573·614 1·80 0·07662 3·54 1·73 0·03

2509@31 5144 341 0·066 49·51 3867·987 1·90 0·05682 4·73 1·64 0·03

2509@32 5681 212 0·037 7·09 4080·388 2·11 0·07492 4·30 1·52 0·03

2509@33 6725 277 0·041 4·65 4228·760 1·88 0·05627 4·28 1·50 0·03

2509@34 14228 346 0·024 14·48 3353·591 1·63 0·15050 2·22 1·67 0·04

2509@35 6099 236 0·039 44·13 4122·779 1·85 0·06728 4·04 1·52 0·03

2509@36 4307 158 0·037 2·07 4193·618 2·01 0·06092 5·11 1·51 0·03

2509@37 5227 219 0·042 4·50 4126·018 1·91 0·06003 5·17 1·53 0·03

2509@38 7491 322 0·043 3·28 4034·918 1·91 0·06016 3·89 1·57 0·03

(continued)
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Table 8: Continued

Sample spot U (ppm) Th (ppm) Th/U f206%* 238U/206Pb �s (%) 207Pb/206Pb �s (%) 206Pb/238U age (Ma) �s

2509@39 4661 155 0·033 1·39 4241·082 1·91 0·05571 4·93 1·50 0·03

2509@40 4436 147 0·033 2·09 4383·142 1·99 0·05383 5·07 1·46 0·03

2509@41 4438 965 0·217 2·72 4134·029 1·96 0·05120 5·83 1·55 0·03

2509@42 4696 340 0·072 21·77 3457·770 2·07 0·20256 5·86 1·49 0·06

2509@43 15542 1839 0·118 0·34 3974·722 1·50 0·05012 2·76 1·61 0·02

2509@44 6135 1557 0·254 22·51 3768·685 1·65 0·07924 3·56 1·64 0·03

2509@45 6406 364 0·057 3·91 4166·122 1·65 0·07825 5·47 1·48 0·03

2509@46 5511 236 0·043 6·43 3953·580 1·86 0·09209 5·85 1·53 0·03

2509@47 6201 539 0·087 13·45 3739·027 1·68 0·13831 3·50 1·52 0·04

2509@48 7995 2881 0·360 9·83 3685·281 1·72 0·06898 3·92 1·70 0·03

1P2JD7-1@1 3116 100 0·032 0·81 2338·1 1·78 0·05581 7·90 2·7 0·1

1P2JD7-1@2 4282 306 0·071 5·05 1982·2 1·91 0·05320 4·02 3·2 0·1

1P2JD7-1@3 57449 1217 0·021 0·07 2018·4 1·65 0·04810 2·41 3·2 0·1

1P2JD7-1@4 59311 1304 0·02 2·43 1927·6 1·57 0·065171 4·18 3·3 0·1

1P2JD7-1@5 1894 1516 0·80 11·60 535·2 2·71 0·109531 6·95 11·1 0·3

1P2JD7-1@6 34919 1739 0·05 2·49 1985·5 2·21 0·066072 5·84 3·2 0·1

1P2JD7-1@7 33416 739 0·02 5·53 1962·1 1·57 0·090693 6·20 3·1 0·1

1P2JD7-1@8 31107 721 0·02 10·03 1862·8 2·18 0·108575 8·03 3·2 0·1

1P2JD7-1@9 28956 660 0·02 5·19 1948·2 1·78 0·095923 7·40 3·1 0·1

1P2JD7-1@10 4929 763 0·15 14·85 1119·6 2·20 0·169319 5·95 4·9 0·2

1P2JD7-1@11 58556 1137 0·019 0·29 2005·7 1·62 0·05045 2·65 3·2 0·1

1P2JD7-1@12 35895 782 0·022 1·40 1781·9 1·65 0·05710 3·10 3·6 0·1

1P2JD7-1@13 45293 1018 0·022 1·69 2079·3 1·61 0·05238 1·87 3·1 0·0

1P2JD7-1@14 60684 1140 0·019 1·01 2066·8 1·63 0·05400 1·87 3·1 0·1

1P2JD7-1@15 47620 891 0·019 0·77 2126·5 1·66 0·04992 2·06 3·0 0·1

1P2JD7-1@16 2289 3194 1·395 70·96 226·1 3·50 0·58037 1·86 9·1 2·5

1P2JD7-1@17 73330 2713 0·037 0·80 1959·7 1·60 0·05157 1·57 3·3 0·1

1P2JD7-1@18 6575 444 0·067 78·78 2027·2 2·21 0·11872 8·70 2·9 0·1

2303@1 469 626 1·335 0·03 719·561 2·21 0·05586 6·42 8·8 0·2

2303@2 181 305 1·689 0·30 733·403 3·58 0·06013 12·21 8·6 0·3

2303@3 625 439 0·703 0·18 14·712 1·64 0·05534 1·07 423·9 6·8

2303@4 137 190 1·389 0·10 725·093 3·97 0·07414 10·63 8·6 0·4

2303@5 305 248 0·814 0·05 725·258 3·27 0·05867 9·15 8·7 0·3

2303@6 1652 2965 1·795 5·51 20·437 2·18 0·05507 0·95 307·0 6·6

2303@7 192 277 1·441 0·11 10·855 1·50 0·05877 1·28 568·3 8·3

2303@8 185 291 1·570 0·04 676·591 3·11 0·07432 15·90 9·2 0·3

2303@9 681 438 0·643 0·05 9·329 10·68 0·10095 7·46 623·6 65·3

2303@10 1127 526 0·467 4·14 15·550 1·54 0·05644 0·77 400·9 6·1

2303@11 54 47 0·866 0·21 8·491 2·32 0·06916 2·88 712·4 16·2

2303@12 298 362 1·214 0·33 657·646 2·62 0·10597 7·66 9·0 0·3

2303@13 457 248 0·543 30·39 656·662 2·60 0·07424 7·89 9·5 0·3

2303@14 208 352 1·692 21·18 601·031 3·61 0·20057 10·21 8·6 0·5

2303@15 546 1162 2·128 37·55 665·698 2·63 0·10850 6·93 8·9 0·3

2303@16 223 477 2·142 0·36 460·275 4·72 0·25635 10·07 10·2 0·8

2303@17 393 420 1·067 13·87 667·038 3·16 0·12220 8·82 8·7 0·3

2303@18 254 273 1·074 25·71 462·651 2·91 0·26749 6·51 10·0 0·7

2303@19 7382 273 0·037 5·19 625·258 1·50 0·04871 2·31 10·3 0·2

2303@20 527 689 1·307 6·75 688·107 2·28 0·08063 5·57 9·0 0·2

SIMS zircon U–Pb analyses were conducted on the Cameca IMS-1280 SIMS at the Institute of Geology and Geophysics,
Chinese Academy of Sciences.
*f206 is the proportion of common 206Pb in total measured 206Pb.
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Table 9: LA-ICP-MSU^Pb isotopic data and ages for zircons from the Bukadaban^Malanshan rhyolites (Wuhan)

Sample

spot

Pb

(ppm)

Th

(ppm)

U

(ppm)

Th/U 207Pb/206Pb 207Pb/235U 206Pb/238U 207Pb/206Pb (Ma) 207Pb/235U (Ma) 206Pb/238U (Ma)

Ratio 1s Ratio 1s Ratio 1s Age 1s Age 1s Age 1s

2303

1 1·9 151 173 0·87 0·40557 0·04868 0·08592 0·00805 0·00202 0·00011 3931 181 83·7 7·5 13·0 0·7

2 38·8 220 280 0·79 0·05411 0·00268 0·31319 0·01504 0·04223 0·00095 376 111 277 12 267 6

3 158 334 420 0·79 0·07141 0·00120 1·25832 0·02354 0·12867 0·00173 969 1 827 11 780 10

4 5·2 938 581 1·62 0·13516 0·01560 0·02308 0·00217 0·00145 0·00006 2166 202 23·2 2·2 9·3 0·4

5 480 342 598 0·57 0·11958 0·00075 5·36767 0·03910 0·32410 0·00161 1950 11 1880 6 1810 8

6 2·7 303 558 0·54 0·12575 0·01504 0·02220 0·00280 0·00135 0·00006 2039 212 22·3 2·8 8·7 0·4

7 35·7 168 319 0·53 0·05617 0·00095 0·48168 0·00801 0·06220 0·00035 457 37 399 5 389 2

8 1·3 140 140 1·00 0·60582 0·08704 0·08912 0·01356 0·00136 0·00010 4522 227 86·7 12·6 8·8 0·6

9 71·7 396 775 0·51 0·05324 0·00070 0·38789 0·00504 0·05266 0·00023 339 30 333 4 331 1

10 2·5 326 469 0·69 0·24677 0·02724 0·04297 0·00432 0·00138 0·00005 3164 176 42·7 4·2 8·9 0·4

11 1·9 255 157 1·62 0·55611 0·13376 0·05672 0·00513 0·00143 0·00010 4397 360 56·0 4·9 9·2 0·6

12 1·7 111 331 0·34 0·33508 0·05312 0·04411 0·00411 0·00134 0·00007 3640 245 43·8 4·0 8·6 0·4

13 5·2 361 2148 0·17 0·07431 0·00659 0·01600 0·00135 0·00160 0·00004 1050 180 16·1 1·4 10·3 0·3

14 13·5 3·4 20·0 0·17 0·16562 0·00517 10·02110 0·30749 0·43934 0·00623 2514 52 2437 28 2348 28

15 1·2 146 161 0·91 0·35909 0·09926 0·07314 0·01393 0·00142 0·00011 3746 434 71·7 13·2 9·1 0·7

16 6·8 142 3671 0·04 0·04624 0·00347 0·01129 0·00082 0·00179 0·00003 9·36 179·6 11·4 0·8 11·5 0·2

17 2·3 334 349 0·96 0·15224 0·01498 0·02715 0·00242 0·00139 0·00005 2372 169 27·2 2·4 8·9 0·3

18 17·2 101 175 0·58 0·05249 0·00190 0·36209 0·01322 0·05009 0·00051 306 83 314 10 315 3

19 2·7 669 502 1·33 0·14680 0·03016 0·02775 0·00513 0·00138 0·00008 2309 360 27·8 5·1 8·9 0·5

20 59·6 483 873 0·55 0·05625 0·00287 0·24855 0·00586 0·03531 0·00081 461 113 225 5 224 5

21 61·7 219 614 0·36 0·05394 0·00061 0·52994 0·00609 0·07108 0·00028 369 26 432 4 443 2

22 2·8 576 653 0·88 0·10284 0·01011 0·01994 0·00153 0·00150 0·00005 1676 182 20·0 1·5 9·7 0·3

23 10·4 9·3 17·0 0·55 0·11225 0·00293 4·92882 0·12313 0·32097 0·00269 1836 48 1807 21 1794 13

24 1·0 103 142 0·73 0·52008 0·06916 0·06993 0·00556 0·00135 0·00008 4299 198 68·6 5·3 8·7 0·5

25 1·7 237 360 0·66 0·20115 0·03688 0·03281 0·00450 0·00142 0·00008 2835 302 32·8 4·4 9·1 0·5

26 42·1 229 502 0·46 0·06616 0·00090 0·41246 0·00537 0·04530 0·00026 813 28 351 4 286 2

27 81·3 432 1009 0·43 0·10947 0·00081 0·82829 0·00646 0·05468 0·00029 1791 14 613 4 343 2

28 2·7 225 204 1·10 0·60451 0·13324 0·07083 0·00914 0·00136 0·00008 4519 365 69·5 8·7 8·7 0·5

29 5·4 282 177 1·59 0·61887 0·04669 0·18730 0·00898 0·00278 0·00009 4553 110 174 8 18 1

30 6·9 39·0 92·0 0·42 0·11252 0·00521 0·32224 0·01447 0·02137 0·00032 1840 84 284 11 136 2

31 1·7 259 719 0·36 0·09537 0·01224 0·01958 0·00264 0·00149 0·00004 1544 244 19·7 2·6 9·6 0·3

32 2·5 304 234 1·30 0·25555 0·02951 0·04344 0·00478 0·00136 0·00006 3219 183 43·2 4·6 8·8 0·4

33 0·9 168 179 0·94 0·31674 0·03771 0·04998 0·00388 0·00137 0·00006 3554 185 49·5 3·7 8·8 0·4

34 57·5 81·0 66·9 1·21 0·11335 0·00171 4·25561 0·06509 0·27182 0·00161 1854 26 1685 13 1550 8

35 1·3 173 197 0·88 0·35427 0·04564 0·05408 0·00396 0·00139 0·00006 3726 197 53·5 3·8 8·9 0·4

36 1·7 295 192 1·54 0·32503 0·05852 0·05244 0·00809 0·00144 0·00009 3594 279 51·9 7·8 9·3 0·6

1P2JD7-1

1 10·8 219 20645 0·01 0·05529 0·00312 0·00350 0·00020 0·00046 0·00001 433 123 3·55 0·20 2·97 0·07

2 529 770 464 1·66 0·06980 0·00141 1·43564 0·03172 0·14982 0·00251 924 43 904 13 900 14

3 197 207 580 0·36 0·06722 0·00119 1·23688 0·02494 0·13503 0·00216 856 37 817 11 817 12

4 3·7 484 364 1·33 0·15171 0·00911 0·02462 0·00132 0·00138 0·00004 2365 103 24·69 1·31 8·91 0·29

5 10·1 308 19550 0·02 0·05487 0·00156 0·00354 0·00011 0·00048 0·00001 406 68 3·58 0·11 3·12 0·07

6 6·3 715 3628 0·20 0·06269 0·00463 0·00712 0·00056 0·00082 0·00002 698 158 7·20 0·57 5·29 0·12

7 10·0 239 17323 0·01 0·05548 0·00137 0·00358 0·00009 0·00047 0·00001 432 56 3·63 0·09 3·04 0·03

(continued)
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Table 9: Continued

Sample

spot

Pb

(ppm)

Th

(ppm)

U

(ppm)

Th/U 207Pb/206Pb 207Pb/235U 206Pb/238U 207Pb/206Pb (Ma) 207Pb/235U (Ma) 206Pb/238U (Ma)

Ratio 1s Ratio 1s Ratio 1s Age 1s Age 1s Age 1s

8 37·7 112 711 0·16 0·05642 0·00237 0·27854 0·01461 0·03575 0·00124 478 94 250 12 226 8

9 12·4 748 23740 0·03 0·05134 0·00151 0·00331 0·00010 0·00047 0·00001 257 69 3·35 0·10 3·04 0·05

10 13·4 399 7736 0·05 0·10204 0·00309 0·00672 0·00021 0·00049 0·00001 1661 56 6·80 0·21 3·16 0·05

11 10·1 43 129 0·33 0·05830 0·00226 0·26853 0·01275 0·03483 0·00091 543 90 242 10 221 6

12 949 494 1214 0·41 0·10770 0·00159 4·56065 0·12444 0·30806 0·00849 1742 23 1731 42

13 20·5 525 29190 0·02 0·06263 0·00145 0·00407 0·00010 0·00048 0·00001 694 44 4·12 0·11 3·10 0·06

14 9·1 332 23450 0·01 0·05994 0·00144 0·00393 0·00010 0·00048 0·00001 611 52 3·98 0·10 3·09 0·04

15 2·3 284 221 1·28 0·28512 0·03540 0·05695 0·00622 0·00161 0·00009 3391 195 56 6 10·3 0·56

16 3·6 0·09 1·36 0·07 1·15485 0·12582 19·63286 1·44452 0·16135 0·01161 3073 71 964 64

17 10·9 362 19508 0·02 0·05145 0·00126 0·00343 0·00010 0·00049 0·00001 261 53 3·48 0·10 3·13 0·05

18 3·1 3·27 18·1 0·18 1·29040 0·10764 3·82117 0·20835 0·03142 0·00187 1597 44 199 12

19 8·8 296 19143 0·02 0·05212 0·00135 0·00344 0·00010 0·00049 0·00001 300 59 3·49 0·10 3·13 0·06

20 5·1 0·09 1·73 0·05 1·39686 0·15478 19·72129 1·66673 0·14864 0·01111 3078 82 893 62

21 20·5 349 23833 0·01 0·07847 0·00261 0·00543 0·00021 0·00050 0·00001 1159 67 5·50 0·21 3·23 0·06

22 6·7 720 13288 0·05 0·05486 0·00247 0·00354 0·00017 0·00048 0·00001 406 102 3·59 0·18 3·07 0·08

23 12·1 372 17723 0·02 0·05936 0·00174 0·00391 0·00013 0·00048 0·00001 589 63 3·96 0·13 3·09 0·04

24 9·3 361 17823 0·02 0·05664 0·00141 0·00365 0·00009 0·00047 0·00000 476 56 3·70 0·09 3·03 0·02

25 48·5 296 361 0·82 0·64710 0·02837 0·44212 0·01771 0·00510 0·00020 4618 63 372 12 32·81 1·30

26 391 319 1700 0·19 0·06708 0·00080 1·27341 0·02230 0·13699 0·00196 840 24 834 10 828 11

2509

1 1·77 220·9 223 0·99 0·59223 0·07333 0·05068 0·00305 0·00087 0·00004 4500 181 50·2 2·9 5·64 0·24

2 4·41 1192·6 2040 0·58 0·06244 0·00478 0·00741 0·00057 0·00086 0·00002 700 169 7·50 0·58 5·55 0·10

3 5·66 71·5 3455 0·02 0·04940 0·00164 0·01143 0·00038 0·00169 0·00003 169 78 11·54 0·38 10·86 0·20

4 2·51 658 484 1·36 0·14223 0·01508 0·01913 0·00183 0·00095 0·00004 2255 184 19·24 1·82 6·11 0·25

5 2·63 123 7248 0·02 0·10065 0·00904 0·00318 0·00030 0·00023 0·00001 1636 168 3·23 0·31 1·46 0·03

6 10·67 21817 5743 3·80 0·10560 0·01002 0·00352 0·00036 0·00024 0·00001 1725 180 3·57 0·36 1·58 0·06

7 1·50 140 830 0·17 0·09215 0·01217 0·01319 0·00119 0·00119 0·00004 1472 252 13·30 1·20 7·65 0·26

8 1·93 168 5967 0·03 0·08062 0·00786 0·00236 0·00019 0·00023 0·00000 1213 194 2·40 0·19 1·45 0·03

9 0·92 51·1 516 0·10 0·12465 0·01116 0·01526 0·00103 0·00104 0·00004 2024 159 15·38 1·03 6·71 0·24

10 1·24 147 4625 0·03 0·07398 0·00577 0·00229 0·00020 0·00023 0·00001 1043 157 2·33 0·21 1·48 0·04

11 0·98 138 3260 0·04 0·10421 0·00645 0·00305 0·00017 0·00023 0·00001 1702 113 3·09 0·17 1·45 0·04

12 1·16 238 4243 0·06 0·06786 0·00627 0·00198 0·00014 0·00023 0·00001 865 197 2·01 0·14 1·46 0·05

13 0·69 182 151 1·20 0·59977 0·14926 0·04138 0·00316 0·00084 0·00007 4509 422 41·17 3·08 5·41 0·48

14 0·98 189 4071 0·05 0·09183 0·00584 0·00277 0·00016 0·00023 0·00000 1465 121 2·81 0·16 1·46 0·03

15 1·53 130 4119 0·03 0·09206 0·00595 0·00285 0·00017 0·00023 0·00000 1533 123 2·89 0·18 1·48 0·03

16 0·94 132 3731 0·04 0·07245 0·00699 0·00220 0·00022 0·00023 0·00001 998 196 2·23 0·23 1·47 0·04

17 5·97 10446 4270 2·45 0·11826 0·01044 0·00364 0·00028 0·00024 0·00001 1931 159 3·69 0·28 1·55 0·06

18 1·13 136 3876 0·04 0·09201 0·00618 0·00274 0·00016 0·00023 0·00001 1533 95 2·77 0·16 1·47 0·04

19 1·46 818 4107 0·20 0·08676 0·00513 0·00275 0·00016 0·00024 0·00000 1355 114 2·79 0·16 1·56 0·03

20 2·79 141 5140 0·03 0·15387 0·01074 0·00478 0·00034 0·00023 0·00001 2391 119 4·84 0·34 1·51 0·05

21 23·5 33·7 683 0·05 0·05542 0·00150 0·27560 0·00902 0·03603 0·00077 428 59 247 7 228 5

22 1·01 131 3995 0·03 0·09078 0·00731 0·00281 0·00024 0·00023 0·00001 1443 154 2·85 0·24 1·50 0·06

23 2·59 92·0 4305 0·02 0·13196 0·01468 0·00402 0·00039 0·00024 0·00001 2124 195 4·07 0·40 1·53 0·06

24 1·22 98·3 3341 0·03 0·12260 0·01011 0·00360 0·00028 0·00024 0·00001 1994 180 3·65 0·29 1·56 0·08

25 7·95 13307 7164 1·86 0·08740 0·00701 0·00278 0·00018 0·00024 0·00001 1369 155 2·82 0·19 1·57 0·04

26 1·74 397 4875 0·08 0·08332 0·00843 0·00242 0·00025 0·00024 0·00001 1277 199 2·46 0·25 1·54 0·09

(continued)
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Yin & Harrison, 2000; Tapponnier et al., 2001; Kapp et al.,
2003, 2005, 2007; Yin et al., 2008a, 2008b; Zhao et al., 2010,
2011) and, subsequently, via partial melting, were involved
in the generation of the rhyolitic rocks during Miocene^
Pleistocene times.

Mineral constituents of the source rocks
Geochemical, petrological and melting experiment studies
have been used to demonstrate that the Himalayan leuco-
granites were derived by melting of metasedimentary
rocks, driven by fluid-absent mica (muscovite or biotite)
breakdown (e.g. Inger & Harris, 1993; Harris & Massey,
1994; Harris et al., 1995; Patin‹ o Douce & Harris, 1998;
Knesel & Davidson, 2002). Geochemical model calcula-
tions for the melting of metasedimentary rocks suggest
that the Rb^Ba^Sr systematics can be used to trace the
fluid-absent reaction involving the dehydration of mica
during the formation of the Himalayan leucogranites (e.g.
Harris & Inger, 1992; Inger & Harris, 1993; Harris &
Massey, 1994; Harris et al., 1995; Zhang et al., 2004). The
particular melt reaction involved will leave a distinct Rb,

Sr and Ba signature in the melt, given that these elements
occur almost entirely in the reactant phases (mica and
feldspar) rather than in accessory phases (e.g. Harris &
Inger, 1992; Zhang et al., 2004). As Ba and Rb are highly
compatible in K-feldspar and mica, respectively,
lower-degree partial melting involving mica breakdown
can cause Rb/Sr enhancement and Ba depletion in the
melt (Harris & Inger, 1992). Experimental data suggest
that fluid-absent melting of two-mica pelites during pro-
grade metamorphism is initiated by the breakdown of
muscovite and proceeds with progressive breakdown of
biotite (Patin‹ o Douce & Harris, 1998; Patin‹ o Douce &
McCarthy, 1998; Vielzeuf & Schmidt, 2001). Breakdown of
either mica under fluid-absent conditions would cause an
increase in Rb/Sr ratios in the melt, concomitant with de-
pletion in Ba if feldspar is retained in the residue (Zhang
et al., 2004). Thus, the strong negative correlation between
Rb/Sr and Ba for the Himalayan leucogranites (Fig. 13a)
is indicative of the presence of residual alkali feldspar
during the fluid-absent melting of metasedimentary rocks
involving the dehydration breakdown of mica

Table 9: Continued

Sample

spot

Pb

(ppm)

Th

(ppm)

U

(ppm)

Th/U 207Pb/206Pb 207Pb/235U 206Pb/238U 207Pb/206Pb (Ma) 207Pb/235U (Ma) 206Pb/238U (Ma)

Ratio 1s Ratio 1s Ratio 1s Age 1s Age 1s Age 1s

27 1·10 175 5229 0·03 0·07405 0·00910 0·00211 0·00024 0·00023 0·00001 1043 250 2·14 0·24 1·47 0·07

28 1·43 130 4462 0·03 0·08004 0·01169 0·00222 0·00033 0·00023 0·00002 1198 291 2·25 0·33 1·51 0·15

29 2·02 1240 4546 0·27 0·09238 0·00572 0·00295 0·00020 0·00024 0·00001 1476 117 2·99 0·20 1·54 0·06

30 1·24 110 3055 0·04 0·13660 0·00893 0·00431 0·00024 0·00025 0·00001 2184 114 4·36 0·25 1·63 0·04

31 0·92 100 2929 0·03 0·12695 0·01320 0·00348 0·00029 0·00023 0·00001 2057 184 3·53 0·29 1·46 0·05

32 1·90 287 5477 0·05 0·05881 0·00573 0·00253 0·00023 0·00032 0·00001 561 214 2·56 0·23 2·07 0·04

33 1·17 117 3417 0·03 0·09974 0·00664 0·00306 0·00021 0·00023 0·00001 1620 119 3·10 0·22 1·49 0·04

34 2·76 225 6001 0·04 0·12982 0·01582 0·00401 0·00048 0·00023 0·00001 2095 215 4·06 0·49 1·50 0·04

35 0·83 114 2816 0·04 0·11936 0·00658 0·00389 0·00018 0·00026 0·00001 1947 3·95 0·18 1·69 0·04

36 0·70 91·9 2308 0·04 0·11559 0·00649 0·00425 0·00025 0·00028 0·00001 1889 4·30 0·25 1·80 0·06

37 1·01 89·0 2306 0·04 0·21476 0·02452 0·00927 0·00104 0·00032 0·00001 2942 9·37 1·05 2·04 0·08

38 2·25 115 3077 0·04 0·27020 0·02128 0·01786 0·00187 0·00046 0·00001 3307 17·98 1·87 2·96 0·09

39 3·88 206 15402 0·01 0·04897 0·00363 0·00161 0·00011 0·00024 0·00001 146 1·64 0·11 1·56 0·03

40 1·15 130 4236 0·03 0·08013 0·00614 0·00263 0·00019 0·00025 0·00001 1200 2·66 0·20 1·64 0·05

41 0·83 116 2967 0·04 0·10755 0·00695 0·00348 0·00019 0·00026 0·00001 1758 3·53 0·19 1·68 0·04

42 3·13 87·6 8838 0·01 0·05956 0·00249 0·00267 0·00010 0·00033 0·00000 588 91 2·70 0·11 2·13 0·03

43 0·98 155 3393 0·05 0·10348 0·00466 0·00362 0·00016 0·00027 0·00000 1687 83 3·67 0·16 1·73 0·03

44 1·00 154 3643 0·04 0·09217 0·00708 0·00306 0·00023 0·00026 0·00001 1471 146 3·10 0·23 1·68 0·05

45 0·82 109 2813 0·04 0·12383 0·00875 0·00414 0·00029 0·00026 0·00001 2012 126 4·20 0·30 1·68 0·05

46 0·91 141 2941 0·05 0·10706 0·01047 0·00358 0·00037 0·00026 0·00001 1750 180 3·63 0·38 1·66 0·09

47 5·64 35·4 31 1·13 0·06857 0·00251 1·21725 0·04723 0·13256 0·00193 886 75·9 809 22 802 11

LA-ICP-MS zircon U–Pb analyses were conducted on an Agilent 7500 ICP-MS system equipped with a 193 nm laser, at
the State Key Laboratory of Geological Processes and Mineral Resources, Faculty of Earth Sciences, China University of
Geosciences (Wuhan).

JOURNAL OF PETROLOGY VOLUME 0 NUMBER 0 MONTH 2012

22

 at G
uangzhou Institute of G

eochem
istry, C

A
S on D

ecem
ber 27, 2012

http://petrology.oxfordjournals.org/
D

ow
nloaded from

 

http://petrology.oxfordjournals.org/


(Inger & Harris,1993; Zhang et al., 2004). As is the case for
the Himalayan leucogranites, the BM rhyolite samples ex-
hibit a strong negative correlation between Rb/Sr and Ba,
which is consistent with the trend for the dehydration melt-
ing of mica-bearing metasedimentary rocks with alkali
feldspar as a residual phase (Fig. 13a). The tourmaline-
bearing mica rhyolites in the Hudongliang area exhibit
the highest Rb/Sr and lowest Ba values among the BM
rhyolites (Fig. 13a), similar to tourmaline-bearing

leucogranites that represent primary near-minimum
melts from a water-undersaturated source (e.g. Inger &
Harris, 1993; Searle et al., 1997; Searle & Godin, 2003).
Their mineral constituents, including potassium feldspar,
albite, quartz, very minor oligoclase and no calcic plagio-
clase (Figs 2c, d and 3e), further confirm the above
conclusion.
Plagioclase occurs with alkali feldspar as a residual

phase during the dehydration melting of mica-bearing

Table 10: LA-ICP-MSU^Pb isotopic data and ages for zircons from the Bukadaban^Malanshan rhyolites (Guangzhou)

Sample

spot

Pb

(ppm)

Th

(ppm)

U

(ppm)

Th/U 207Pb/206Pb 207Pb/235U 206Pb/238U 207Pb/206Pb (Ma) 207Pb/235U (Ma) 206Pb/238U (Ma)

Ratio 1s Ratio 1s Ratio 1s Age 1s Age 1s Age 1s

2303

1 1·68 418 975 0·43 0·0697 0·0097 0·0140 0·0025 0·0014 0·0001 920 289 14·2 2·5 9·0 0·6

2 0·38 173 177 0·98 0·1812 0·0410 0·0262 0·0045 0·0014 0·0001 2664 383 26·2 4·5 8·7 0·7

3 1·37 367 549 0·67 0·0890 0·0169 0·0191 0·0042 0·0015 0·0001 1403 371 19·2 4·2 9·4 0·4

4 0·64 170 319 0·53 0·0995 0·0147 0·0178 0·0026 0·0014 0·0001 1617 279 17·9 2·6 8·7 0·6

5 1·52 300 853 0·35 0·1744 0·0488 0·0267 0·0058 0·0014 0·0001 2611 483 26·8 5·7 9·0 0·5

6 2·30 141 189 0·75 0·4368 0·0784 0·3278 0·0904 0·0041 0·0006 4043 271 287·9 69·2 26·2 3·9

7 0·61 308 270 1·14 0·0979 0·0229 0·0202 0·0043 0·0014 0·0001 1585 449 20·3 4·3 9·0 0·7

8 9·22 171 673 0·25 0·6210 0·1462 0·7788 0·3421 0·0061 0·0014 4558 393 584·8 197·7 39·2 9·0

9 1·434 60·4 922 0·07 0·0924 0·0317 0·0151 0·0049 0·0014 0·0001 1476 693 15·3 4·9 8·8 0·9

10 0·69 184 206 0·89 0·2041 0·0456 0·0433 0·0092 0·0018 0·0001 2861 372 43·1 9·0 11·4 0·8

11 2·18 231 1460 0·16 0·0581 0·0093 0·0103 0·0015 0·0014 0·0001 532 325 10·4 1·5 8·8 0·5

12 12·78 107 1677 0·06 0·0462 0·0040 0·0516 0·0113 0·0081 0·0016 9·36 201·8 51·1 11·0 51·9 10·2

13 0·44 249 151 1·66 0·0740 0·0056 0·0148 0·0004 0·0014 0·0002 1043 154 15·0 0·4 9·1 1·1

14 2·68 165 1377 0·12 0·0959 0·0297 0·0195 0·0067 0·0014 0·0001 1546 613 19·6 6·7 9·3 0·3

15 0·95 130 130 1·00 0·5045 0·2230 0·1928 0·1160 0·0024 0·0004 4255 883 179·0 99·1 15·6 2·8

2509

1 0·14 260 311 0·84 0·5002 0·1260 0·0123 0·0027 0·0002 0·0000 4242 381 12·4 2·7 1·59 0·29

2 0·31 177 214 0·83 0·2441 0·0345 0·0288 0·0050 0·0009 0·0001 3147 227 28·8 4·9 5·87 0·68

3 1·3 701 1394 0·50 0·0556 0·0115 0·0058 0·0010 0·0008 0·0000 435 405 5·83 1·1 5·06 0·28

4 2·3 35 1750 0·02 0·0496 0·0050 0·0082 0·0008 0·0012 0·0000 176 222 8·28 0·8 7·86 0·27

5 2·7 268 9035 0·03 0·1502 0·0212 0·0044 0·0006 0·0002 0·0000 2348 244 4·45 0·6 1·47 0·10

6 0·63 425 555 0·77 0·0556 0·0178 0·0076 0·0025 0·0009 0·0001 435 598 7·66 2·6 5·89 0·54

7 4·9 46210 6112 7·56 0·1244 0·0188 0·0044 0·0008 0·0003 0·0000 2020 304 4·48 0·8 1·63 0·07

8 2·9 1841 898 2·05 0·0519 0·0081 0·0113 0·0018 0·0016 0·0001 283 322 11·4 1·9 10·0 0·44

9 3·0 21667 5043 4·30 0·0890 0·0262 0·0029 0·0008 0·0002 0·0000 1406 591 2·91 0·8 1·45 0·08

10 1·2 157 4232 0·04 0·0458 0·0117 0·0015 0·0004 0·0002 0·0000 1·48 0·4 1·52 0·29

11 1·0 104 3523 0·03 0·0527 0·0135 0·0016 0·0004 0·0002 0·0000 322 491 1·59 0·4 1·58 0·09

12 0·61 62 2222 0·03 0·0927 0·0162 0·0028 0·0005 0·0002 0·0000 1483 337 2·79 0·5 1·46 0·14

13 0·17 168 140 1·21 0·2672 0·0754 0·0220 0·0042 0·0008 0·0001 3290 459 22·1 4·1 5·42 0·54

14 1·3 87 2787 0·03 0·7574 0·3495 0·0115 0·0040 0·0003 0·0000 11·7 4·0 1·64 0·22

15 1·9 10390 4201 2·47 0·1375 0·0733 0·0044 0·0023 0·0002 0·0000 2196 1086 4·44 2·3 1·52 0·29

16 4·0 13860 7322 1·89 0·3068 0·0598 0·0106 0·0025 0·0002 0·0000 3505 306 10·8 2·5 1·56 0·11

LA-ICP-MS zircon U–Pb analyses were conducted on an Agilent 7500 ICP-MS system equipped with a 193 nm laser, the
State Key Laboratory of Isotope Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences.
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metasedimentary rocks. Given that plagioclase is enriched
in Eu and Sr (e.g. Defant & Drummond, 1990; Rapp
et al., 2003), the distinct negative Eu and Sr anomalies
observed in the BM rhyolites (Fig. 9a^b) suggest the pres-
ence of residual plagioclase in their magma source region.
The negative Ba, Sr, Nb and Ti anomalies in their primi-
tive mantle-normalized trace element patterns (Fig. 9b)
are also consistent with the presence of residual plagio-
clase, K-feldspar and biotite in the source region (e.g. Guo
& Wilson, 2012).

Garnet is also a common residual phase during the
melting of metasedimentary rocks under relatively
high-pressure conditions. Garnet is especially rich in
HREE and Y (e.g. Defant & Drummond, 1990; Rapp
et al., 2003) and the strongly depleted HREE and Y
(Fig. 9a^b) abundances in primitive mantle-normalized
trace element patterns suggest garnet as an additional re-
sidual phase in the BM rhyolite magma source region, as
do the HREE characteristics of the BM rhyolite zircons
(Fig. 4a^c). Guo & Wilson (2012) suggested that the

Fig. 6. Zircon U^Pb age plots. (a1) LA-ICP-MS zircon U^Pb (Wuhan) Tera^Wasserburg plot for the southern Malanshan rhyolitic porphyry.
(a2) LA-ICP-MS zircon U^Pb (Guangzhou) concordia plot for the southern Malanshan rhyolitic porphyry. (a3) CASIMS (Beijing) Zircon
U^Pb Tera^Wasserburg plot for the southern Malanshan rhyolitic porphyry. (b1) LA-ICP-MS zircon U^Pb (Wuhan) Tera^Wasserburg plot
for the Hudongliang rhyolite. (b2) CASIMS (Beijing) zircon U^Pb Tera^Wasserburg plot for the Hudongliang rhyolite. (c1) LA-ICP-MS
zircon U^Pb (Wuhan) Tera^Wasserburg plot for the Bukadaban rhyolite. (c2) LA-ICP-MS zircon U^Pb (Guangzhou) concordia plot for the
Bukadaban rhyolite. (c3) CASIMS (Beijing) zircon U^Pb Tera^Wasserburg plot for the Bukadaban rhyolite. Wuhan: LA-ICP-MS (Agilent
7500) zircon U^Pb analyses at the National Key Laboratory of Geological Processes and Mineral Resources, Faculty of Earth Sciences, China
University of Geosciences (Wuhan). Guangzhou: LA-ICP-MS (Agilent 7500) zircon U^Pb analyses at the State Key Laboratory of Isotope
Geochemistry, Guangzhou Institute of Geochemistry (GIG), Chinese Academy of Sciences (CAS). Beijing: Cameca IMS-1280 ion microprobe
(CASIMS) zircon U^Pb analyses at the Institute of Geology and Geophysics, CAS in Beijing.
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positively correlated increase of La/Yb with Gd/Yb from
the Higher Himalayan Leucogranites (HHL) in the south
to the Tethyan Himalayan Leucogranites (THL) in the
north (Fig. 13b) indicates that the amount of residual
garnet in the source region of the leucogranites is higher
in theTHL than in the HHL. The strongly positive linear
correlation between La/Yb and Gd/Yb for the Southern
Malanshan, Bukadaban and Weixueshan rhyolites, along
with their distinctly higher La/Yb and Gd/Yb ratios com-
pared with the THL (Fig. 13b), suggests that the amount
of residual garnet in their source region is higher than in
either the THL or the HHL. However, the lower La/Yb
and Gd/Yb of the Hudongliang tourmaline-bearing
two-mica rhyolites indicates that the garnet content in
their source was similar to that of the THL (Fig. 13b).
Zircon REE patterns for the BM rhyolites support this dis-
tinction, given that those of the Southern Malanshan and

Table 11: Major (wt %) and trace (ppm) element and Nd^Sr^Pb isotope data for the Bukadaban-Malanshan rhyolites

Location: Bukadaban Southern Malanshan Hudongliang

Sample: 2509* 2059ay 2511-1* 2303* 2303ay 2011a* 1P2JD7-1* 1P2JD7-1ay

SiO2 73·13 71·86 69·24 71·40 70·67 75·50 72·64 72·43

TiO2 0·23 0·22 0·43 0·39 0·37 0·11 0·12 0·11

Al2O3 14·49 14·48 15·10 14·79 15·08 13·82 15·88 16·50

Fe2O3 1·49 2·80 1·82 1·37 1·90 0·30 1·09 1·34

FeO 0·30 1·25 0·75 1·20 0·40

MnO 0·02 0·03 0·04 0·02 0·03 0·03 0·09 0·08

MgO 0·26 0·24 0·57 0·48 0·51 0·24 0·25 0·02

CaO 0·67 0·68 1·02 1·01 1·12 0·42 0·36 0·36

Na2O 3·21 3·26 3·04 3·15 3·28 3·13 4·17 4·06

K2O 5·08 5·03 5·47 5·23 5·42 4·13 3·95 4·14

P2O5 0·32 0·28 0·32 0·25 0·26 0·16 0·39 0·35

LOI 0·84 1·02 1·50 1·06 1·54 0·76 0·46 0·62
P

100·04 99·88 99·80 99·90 100·18 99·80 99·80 100·00

Mg# 0·22 0·14 0·26 0·30 0·35 0·23 0·24 0·04

ACNK 1·21 1·20 1·18 1·17 1·13 1·33 1·35 1·40

Sc 3·92 2·51 3·24 4·00 3·68 1·97 2·53 2·65

V 5·85 5·61 14·0 20·4 21·4 1·97 1·95 3·54

Cr 16·8 8·71 7·76 23·4 15·1 12·2 0·177

Co 1·61 2·35 3·40 3·12 3·61 0·85 1·07 1·24

Ni 0·81 3·49 53·0 31·5 10·3 0·078

Cu 8·37 19·3 10·2 11·4 3·29 8·52

Zn 84·7 76·3 79·6 78·2 88·8 86·0

Ga 28·2 26·1 25·8 27·1 26·4 24·4 35·3 31·9

Rb 586 545 476 425 418 454 923 810

Sr 28·7 42·7 71·5 90·9 113 30·8 6·75 9·29

(continued)
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Fig. 7. Age distribution of old (4100Ma) zircon crystals in the
Bukadaban^Malanshan rhyolitic rocks. The zircon age data are
fromTables 8^11.
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Table 11: Continued

Location: Bukadaban Southern Malanshan Hudongliang

Sample: 2509* 2059ay 2511-1* 2303* 2303ay 2011a* 1P2JD7-1* 1P2JD7-1ay

Y 7·01 6·83 9·84 6·07 6·75 5·50 4·02 4·79

Zr 84·1 101 170 152 165 48·2 57·8 52·9

Nb 27·0 24·7 20·9 14·3 12·5 20·4 48·0 41·4

Cs 28·9 26·6 35·6 15·3 15·2 111 244 188

Ba 72·8 98·0 225 245 303 69·7 32·6 27·6

La 27·6 31·9 79·8 42·2 48·5 11·5 10·0 11·5

Ce 64·0 68·7 177 96·7 103 24·1 22·4 24·3

Pr 6·86 8·24 19·7 10·3 12·3 2·80 2·42 2·81

Nd 25·4 28·9 71·2 38·3 43·3 9·87 8·32 10·1

Sm 4·65 5·10 11·6 6·32 7·09 2·08 1·66 2·01

Eu 0·18 0·202 0·45 0·54 0·543 0·14 0·053 0·042

Gd 3·45 3·25 5·86 4·92 4·24 1·27 1·23 1·51

Tb 0·49 0·370 0·77 0·60 0·408 0·21 0·21 0·226

Dy 2·03 1·51 3·01 2·45 1·60 0·85 1·01 1·04

Ho 0·29 0·211 0·37 0·36 0·225 0·16 0·18 0·155

Er 0·67 0·50 0·87 0·81 0·56 0·41 0·38 0·35

Tm 0·075 0·072 0·104 0·087 0·084 0·055 0·047 0·057

Yb 0·51 0·46 0·62 0·59 0·58 0·39 0·32 0·35

Lu 0·066 0·066 0·089 0·087 0·089 0·058 0·046 0·052

Hf 2·48 3·00 5·64 4·32 4·57 1·92 1·93 2·01

Ta 5·64 4·05 2·04 1·89 1·41 5·53 20·0 13·6

Pb 28·3 28·0 36·2 35·2 33·5 17·6 12·2 12·9

Th 34·6 35·4 103 48·9 47·2 13·0 12·0 12·9

U 10·6 11·0 23·7 8·54 9·36 9·18 14·5 14·2

Sr/Y 4·1 6·3 7·3 15·0 16·8 5·6 1·7 1·9

La/Yb 55 69 128 72 83 29 31 33

Nb/Ta 4·8 6·1 10·2 7·6 8·8 3·7 2·4 3·0

Th/La 1·3 1·1 1·3 1·2 1·0 1·1 1·2 1·1

Tzr (8C)z 768 783 818 809 812 734 749 744

Tzr-av (8C)§ 790 810 740

147Sm/144Nd 0·1111 0·1074 0·09914 0·1003 0·09952 0·1283 0·1217 0·1215

143Nd/144Nd 0·512329 0·512320 0·512338 0·512279 0·512290 0·512330 0·512256 0·512199

2s 0·000007 0·000008 0·000011 0·000007 0·000008 0·000005 0·000005 0·000008

eNd(0) –6·0 –6·2 –5·8 –7·0 –6·8 –6·0 –7·4 –8·6

TDM (Ga) 1·2 1·2 1·1 1·2 1·1 1·5 1·5 1·6

87Rb/86Sr 59·18 36·93 19·26 13·52 42·67 396·0

87Sr/86Sr 0·714225 0·713170 0·713011 0·714969 0·712485 0·717849

2s 0·00002 0·000016 0·000012 0·000017 0·000015 0·000015

206Pb/204Pb 18·587 18·603 18·636 18·562 18·701

207Pb/204Pb 15·554 15·562 15·613 15·493 15·630

206Pb/204Pb 18·587 18·603 18·636 18·562 18·701

208Pb/204Pb 38·533 38·522 38·742 38·309 38·699

Mg#¼Mg2þ/(Mg2þþ Fetotal); ACNK¼ [Al2O3/(CaOþNa2OþK2O)] molar.
*Major elements for these samples were analysed at the Hubei Institute of Geology and Mineral Resource.
yMajor elements for these samples were analysed at the State Key Laboratory of Isotope Geochemistry, Guangzhou
Institute of Geochemistry, Chinese Academy of Sciences.
zTzr, zircon saturation temperature based on the whole-rock-Zr thermometer (Watson & Harrison, 1983).
§Tzr-av, average Tzr.
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Fig. 8. Major and trace element geochemical characteristics of the Bukadaban^Malanshan rhyolitic rocks. (a) SiO2 vs Na2OþK2O. All data
plotted have been recalculated to 100wt % on a volatile-free basis. Classification boundaries are from Le Bas et al. (1986). Rock types shown
by letters are as follows: S1, trachybasalt; S2, basaltic trachyandesite; S3, trachyandesite; T, trachyte; U1, tephrite; U2, phonotephrite; U3,
tephriphonolite; Ph, phonolite; Pc, picrobasalt; O1, basaltic andesite; O2, andesite; O3, dacite; F, foidite; R, rhyolite. (b) [Al2O3/
(Na2O þ K2O þ CaO)]molar vs [Al2O3/(Na2O þ K2O)]molar diagram. (c) SiO2 vs K2O (after Peccerillo & Taylor, 1976). (d) Rb vsY þ Nb
(after Pearce et al., 1984). Data for the Songpan^Ganzi (SG) Cenozoic mafic volcanic rocks, and the Hohxil adakitic rocks and potassium
rocks are from Arnaud et al. (1992), Turner et al. (1993, 1996), Chung et al. (2005), Wang et al. (2005), Guo et al. (2006) and references therein.
Data for the Himalayan leucogranites are from Visona' & Lombardo (2002), Zhang et al. (2004), Searle (2006), Searle et al. (2007), Guo &
Wilson (2012) and references therein. WPG, within-plate granite; syn-COLG, syn-collisional granite; VAG, volcanic arc granite; ORG, ocean
ridge granite.

RbBaTh K NbTaLaCeSrNdHfZrSmEuTi GdDyY Er YbLu
0.01

0.1

1

10

100

1000

10000

R
oc

ks
/p

rim
iti

ve
m

an
tle

Himalayan
leucogranite

Ulugh Muztagh

rhyolitic rocks
leucogranites and

Hohxil adakitic rocks

(b)

La Ce Pr Nd SmEu Gd Tb Dy Ho Er Tm Yb Lu
0.1

1

10

100

1000

R
oc

ks
/c

ho
nd

rit
e

Himalayan
leucogranite Ulugh Muztagh

rhyolitic rocks
leucogranites and

Hohxil
adakitic rocks

(a)

Bukadaban (1.5 Ma)
Hudongliang (3 Ma)
Southern Malanshan (9 Ma)

Fig. 9. (a) Chondrite-normalized rare earth element patterns for the BM rhyolites. (b) Primitive mantle normalized multi-element patterns for
the BM rhyolites. Chondrite and primitive mantle values are from Sun & McDonough (1989). Data for the Himalayan leucogranites are from
the same source as in Fig. 8. Data for the Ulugh Muztagh leucogranites and rhyolitic rocks are from McKenna & Walker (1990).
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Bukadaban biotite rhyolites have HREE contents that are
clearly lower than those of the garnet-free granulites and
associated leucosomes in the same area, but similar to
those from the garnet (þ feldspar)-bearing granulites and
associated leucosomes in the Reynolds Range (Australia)
(Rubatto, 2002; Rubatto & Hermann, 2007) (Fig. 4a^b).
The Hudongliang tourmaline-bearing mica rhyolite ex-
hibits slightly variable zircon HREE contents (Fig. 4c)
and its zircon HREE patterns straddle the fields of
garnet-bearing and garnet-free granulites and associated
leucosomes of the Reynolds Range (Rubatto, 2002) (Fig.
4c), probably indicating minor garnet in the Hudongliang
rhyolite source. In fact, melting experiments (e.g. Stevens
et al., 1997; Patin‹ o Douce & Harris, 1998; Castro et al.,
2000; Garc|¤a-Casco et al., 2003) suggest that neoblastic
garnet is often developed during the fluid-absent dehydra-
tion melting of metasedimentary rocks.

Temperature and pressure conditions
for melting
The crystallization temperature of zircon was estimated
using Ti-in-zircon thermometry (Watson & Harrison,
2005;Watson et al., 2006; Ferry & Watson, 2007). Spot loca-
tions were sampled adjacent to the spots for U^Pb analyses
of the same zircons and have the same labels (Table 6).
The crystallization temperatures of zircon were calculated
using the revised calibration of the Ti-in-zircon thermom-
eter (Ferry & Watson, 2007):

log ppmTi-in-zircon
� �

¼ 5�711� 0�072ð Þ

� 4800� 86ð Þ=T Kð Þ � log aSiO2 þ log aTiO2:
ð1Þ

The calculated Ti-in-zircon temperatures are uncorrected
for pressure. Because quartz is present in abundance in
the BM rhyolites, aSiO2 can be considered to be 1·0.
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Fig. 11. Nd^Sr^Pb isotope variation in the Bukadaban^Malanshan rhyolitic rocks. (a) 87Sr/86Sr vs eNd(0). (b) TDM (Ga) vs eNd(0). (c)
206Pb/204Pb vs 207Pb/204Pb. (d) 206Pb/204Pb vs 208Pb/204Pb. The fields for MORB, Neoproterozoic rocks and Late Permian mafic rocks in the
Songpang^Ganzi (SG) and west Yantze Block (YZ) and garnet-bearing amphibolite xenoliths within Cenozoic volcanic rocks in the
Qiangtang Block are after Wang et al. (2008). The field for marine sediments is constructed using the data of Plank & Langmuir (1998).
Data for marine sediments and subducted oceanic sediment are from Plank & Langmuir (1998). Proterozoic^Triassic sediments in the
Songpan^Ganzi Block are from Chen et al. (2006) and She et al. (2006). The Northern Hemisphere Reference Line (NHRL), EM1and EM2 en-
riched mantle end-members are from Hart (1984), Zindler & Hart (1986) and Hofmann (1997). Data for the Ulugh Muztagh leucogranites
and rhyolitic rocks are from the same source as in Fig. 10.

Table 12: Zircon in situ Hf isotope data for the Bukadaban^Malanshan rhyolites

Spots* 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf �2s T (Ma) eHf(t) �2s TDM2 (Ga)

1P2JD7-1

1 0·076841 0·001699 0·282629 0·000011 3·0 –5·0 0·4 1·41

11 0·081123 0·001559 0·282521 0·000009 221·0 –4·3 0·3 1·53

2303

8 0·017398 0·000392 0·282670 0·000011 9·0 –3·4 0·4 1·31

9 0·032530 0·000924 0·282777 0·000011 331 7·2 0·4 0·88

10 0·026741 0·000594 0·282715 0·000011 9·0 –1·8 0·4 1·21

11 0·031692 0·000715 0·282686 0·000012 9·0 –2·8 0·4 1·27

12 0·023349 0·000523 0·282697 0·000011 9·0 –2·4 0·4 1·25

13 0·032212 0·000697 0·282701 0·000012 10·3 –2·3 0·4 1·24

14 0·009867 0·000241 0·281235 0·000010 2514 1·7 0·3 2·91

15 0·017542 0·000415 0·282700 0·000010 9·0 –2·4 0·4 1·24

16 0·016545 0·000380 0·282714 0·000010 11·5 –1·8 0·4 1·21

(continued)
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Table 12: Continued

Spots* 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf �2s T (Ma) eHf(t) �2s TDM2 (Ga)

17 0·022047 0·000519 0·282689 0·000010 9·0 –2·7 0·4 1·27

18 0·079939 0·001918 0·282731 0·000010 315 5·1 0·4 1·00

19 0·025070 0·000573 0·282728 0·000011 9·0 –1·4 0·4 1·18

20 0·033162 0·000831 0·282557 0·000010 224 –2·8 0·4 1·44

21 0·055256 0·001327 0·282513 0·000012 443 0·2 0·4 1·41

22 0·039390 0·000861 0·282693 0·000012 9·0 –2·6 0·4 1·26

23 0·029814 0·000683 0·281503 0·000010 1836 –4·8 0·3 2·79

24 0·015955 0·000365 0·282713 0·000009 9·0 –1·9 0·3 1·22

25 0·025166 0·000566 0·282712 0·000011 9·0 –1·9 0·4 1·22

26 0·050770 0·001245 0·282679 0·000013 286 2·8 0·5 1·13

27 0·055236 0·001278 0·281782 0·000010 343 –27·8 0·4 3·09

28 0·023483 0·000497 0·282722 0·000011 9·0 –1·6 0·4 1·20

29 0·017751 0·000390 0·282704 0·000011 18·0 –2·0 0·4 1·23

30 0·116612 0·002620 0·282876 0·000012 136 6·4 0·4 0·78

31 0·030031 0·000745 0·282705 0·000015 9·0 –2·2 0·5 1·23

32 0·019722 0·000442 0·282692 0·000009 9·0 –2·6 0·3 1·26

33 0·029589 0·000645 0·282705 0·000008 9·0 –2·2 0·3 1·23

34 0·018644 0·000466 0·281555 0·000008 1854 –2·3 0·3 2·64

35 0·020723 0·000460 0·282704 0·000011 9·0 –2·2 0·4 1·24

36 0·023276 0·000512 0·282747 0·000010 9·0 –0·7 0·4 1·14

2509

1 0·001983 0·000034 0·282607 0·000009 5·6 –5·7 0·3 1·46

2 0·001757 0·000031 0·282658 0·000011 5·6 –3·9 0·4 1·34

3 0·013044 0·000289 0·282629 0·000010 10·9 –4·8 0·4 1·40

4 0·022766 0·000610 0·282718 0·000011 6·1 –1·8 0·4 1·21

6 0·005411 0·000123 0·282639 0·000011 7·7 –4·5 0·4 1·38

7 0·032829 0·000771 0·282684 0·000010 1·5 –3·1 0·4 1·28

8 0·034195 0·000765 0·282849 0·000014 6·7 2·9 0·5 0·91

9 0·039467 0·000927 0·282705 0·000012 1·5 –2·3 0·4 1·24

10 0·032951 0·000769 0·282652 0·000016 1·5 –4·2 0·6 1·36

11 0·007578 0·000178 0·282092 0·000013 802 –6·4 0·5 2·10

12 0·041948 0·001078 0·282749 0·000014 1·5 –0·8 0·5 1·14

13 0·056429 0·001533 0·282699 0·000013 1·5 –2·5 0·5 1·25

14 0·030200 0·000829 0·282658 0·000012 1·5 –4·0 0·4 1·34

15 0·003137 0·000062 0·282602 0·000010 5·4 –5·9 0·4 1·47

16 0·034211 0·000833 0·282664 0·000009 1·5 –3·8 0·3 1·33

17 0·064844 0·001820 0·282300 0·000052 228·0 –12·0 1·8 2·02

18 0·042913 0·001043 0·282638 0·000012 1·5 –4·7 0·4 1·39

19 0·044171 0·001078 0·282760 0·000016 1·5 –0·4 0·6 1·11

20 0·043022 0·000990 0·282696 0·000010 1·5 –2·6 0·4 1·26

21 0·064677 0·001453 0·282646 0·000011 1·5 –4·4 0·4 1·37

22 0·056706 0·001673 0·282530 0·000028 5·4 –8·5 1·0 1·63

Zircon in situ Hf isotope analyses were conducted on a Neptune, multi-collector, ICP-MS system equipped with a
Geolas-193 laser ablation system, at the State Key Laboratory of Isotope Geochemistry, Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences.
*Analytical spots for zircon in situ Hf isotope compositions of samples 2303 and 2509 are the same as those for zircon
in situ U–Pb ages in Table 10. Analytical spots for zircon in situ Hf isotope compositions of sample 1P2JD7-1 are the same
as those for zircon in situ U–Pb ages in Table 8.
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Fig. 12. (a) eHf(t) vs zircon U^Pb age (Ma). (b) eHf(t) vs eNd(t) (Chauvel et al., 2008). DM, depleted mantle; MORB, mid-ocean ridge bas-
alts; OIB, ocean island basalts. The fields for MORB, OIB and sediments (Fe^Mn crusts and nodules, subducted oceanic sediment, clays and
biogenic muds, sands and Himalayan sediments) are after Richards et al. (2005), Chauvel et al. (2008) and references therein.
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Fig. 13. (a) Rb/Sr vs Ba (ppm) (Zhang et al., 2004); (b) La/Yb vs Gd/Yb (Guo & Wilson, 2012). Data for the Kangmar Cambrian gneiss of the
Northern Himalaya, metasediments of the High Himalayan Crystalline Series and Himalayan leuogranites are from Inger & Harris (1993)
and Zhang et al. (2004). The trends for dehydration muscovite/biotite melting and plagioclase fractional crystallization are from Inger &
Harris (1993) and Zhang et al. (2004). Data for Triassic sediments in the Songpan^Gangzi Block are from She et al. (2006). The fields for the
Higher Himalayan Leucogranites (HHL) and theTethyan Himalayan Leucogranites are from Guo & Wilson (2012).
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For most igneous rocks, aTiO2 is �0·5 (Watson &
Harrison, 2005; Watson et al., 2006). The studied rhyolites
do not contain anyTi-bearing phases such as rutile, an in-
dication that aTiO2 is 51·0 (Watson & Harrison, 2005;
Watson et al., 2006). Our data are calculated for
aTiO2¼0·5 (Fig. 14a; Table 6) and probably represent
maximum temperatures (Kellett et al., 2009). The calcu-
lated Ti-in-zircon temperatures for the southern
Malanshan, Hudongliang and Bukadaban rhyolites give
TZr-Ti (t¼ 9·0Ma)¼ 863�268C, TZr-Ti (t� 3·0Ma)¼
763�458C, andTZr-Ti (t¼1·5Ma)¼ 770�528C.The tem-
peratures are clearly higher than those of the Higher
Himalayan leucogranites (Fig. 14b), which represent the
maximum-crystallization temperatures of zircons from
leucogranites (Kellett et al., 2009). However, we suggest
that these temperatures probably represent the
maximum-melting temperatures of their respective BM
rhyolite magmas. Further evidence is provided by the
zircon saturation temperatures (TZr) (Watson &
Harrison,1983) estimated from the whole-rock major elem-
ent contents of the southern Malanshan, Hudongliang
and Bukadaban rhyolites, which have average Tzr values
of 810, 740 and 7908C, respectively (Table 11; Fig. 14c). The
Zr contents of the BM rhyolitic rocks may have been ele-
vated by the inheritance of abundant old zircons (Fig. 7),
which would causeTzr-saturation (zircon saturation tempera-
ture) values based on whole-rock Zr contents to be higher
than the melting temperature of their host rocks.
Therefore, in combination with Ti-in-zircon
temperatures (Fig. 14a; Table 6), the TZr values indicate
maximum-melting temperature ranges for the southern
Malanshan, Hudongliang and Bukadaban rhyolitic
magmas of 810^8638C, 740^7638C and 770^7908C,
respectively.
The southern Malanshan and Bukadaban biotite rhyo-

lites have relatively high magma temperatures compared
with the Hudongliang tourmaline-bearing mica rhyolites.
Comparable relationships exist between Himalayan biotite
and tourmaline leucogranites and their respective high
and low zircon saturation temperatures (Searle et al.,
1997). Therefore, the Himalayan tourmaline leucogranites
(e.g. Inger & Harris, 1993; Searle et al., 1997; Searle &
Godin, 2003) and Hudongliang rhyolites most plausibly
represent low-temperature, primary, near-minimum melts.
Conversely, the southern Malanshan and Bukadaban
rhyolites were generated at higher temperatures and high
degrees of anatectic melting driven by biotite dehydration,
similar to the process suggested for the Himalayan biotite
leucogranites (e.g. Inger & Harris, 1993; Searle et al., 1997;
Zhang et al., 2004). This may be the reason why the
southern Malanshan and Bukadaban rhyolitic rocks have
relatively high REE, TiO2, MgO and FeOtotal contents
compared with the Hudongliang rhyolites, given that the
experimental work of Montel (1993) showed that with

Fig. 14. (a) Titanium in zircon temperatures (TZr-Ti) (after Ferry
& Watson, 2007) vs 206Pb/238U age. (b) TZr-Ti vs Hf content for zir-
cons. (c) Tzr-saturation (zircon saturation temperature) (Watson &
Harrison, 1983) vs whole-rock Zr content. TZr-Ti values,

206Pb/238U
ages and Hf contents are from Table 6. The fields for leucogranites
emplaced in migmatitic gneisses of the Higher Himalayan sequence
and leucogranite sills emplaced in metasedimentary rocks of the
Higher Himalayan sequence (Fig. 14b) are after Kellett et al. (2009).
The data for the Himalayan leucogranites in (c) are from the same
souce as in Fig. 8.
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increasing temperature there is a strong increase in melt
REE content.
The pressure^temperature conditions associatedwith the

formation of the BM rhyolitic magmas can be further con-
strained by experimental data. For example, at pressures of
0·5^1·0GPa, muscovite breakdown can be initiated at 720^
7708C (Patin‹ o Douce & Harris, 1998) and biotite break-
down at 760^8308C (Le Breton & Thompson, 1998;
Koester et al., 2002). In addition, experimental data suggest
that garnet can start to form at pressures of 0·5^0·6GPa
and temperatures of 750^9008C during fluid-absent
melting of metasedimentary rocks (e.g. Stevens et al.,
1997; Patin‹ o Douce & Harris, 1998; Castro et al., 2000;
Garc|¤a-Casco et al., 2003), indicating that the lower limit of
garnet stability is 0·5 GPa (Fig. 15). Plagioclase is a
common residual mineral during fluid-absent melting of a
variety of crustal rocks including metasedimentary rocks
and igneous rocks (e.g. tonalites and basalts), but it dis-
appears at pressures of 41·2^1·5GPa (e.g. Rapp &Watson,
1995; Rapp et al., 2003; Patin‹ o Douce, 2005), indicating that
the upper limit of plagioclase stability is 1·2 GPa (Fig. 15).
Taking into account the above mineral (garnet and plagio-
clase) and pressure^temperature data, we conclude that
theMalanshan and Bukadaban rhyolitic magmas were gen-
erated by muscovite�biotite dehydration melting of

metasedimentary rocks at a temperature and pressure
range of 760^8638C and 0·5^1·2GPa, respectively (Fig. 15),
and the Hudongliang rhyolitic magmas by muscovite dehy-
dration melting at a slightly lower temperature range of
720^7638C and the same pressure range (Fig.15).

Heat source for crustal melting
Geophysical data suggest that there is hotter lithospheric
mantle beneath central^northern Tibet compared with
southern Tibet (Owens & Zandt, 1997; Tilmann et al.,
2003). Partial melting of such a thickened lithospheric
mantle produced Cenozoic potassic mafic magmas in
northern Tibet (Arnaud et al., 1992; Turner et al., 1993,
1996; Chung et al., 2005; Guo et al., 2006), which was prob-
ably heated by an upwelling asthenosphere squeezed be-
tween the northward advancing Indian and the resisting
Qaidam and Tarim lithospheres (e.g. Turner et al., 1993,
1996; Chung et al., 2005; Guo et al., 2006) or an upwelling
asthenospheric counterflow coupled with northward
downwelling Indian mantle lithosphere or southward
downwelling Asian mantle lithosphere (Owens & Zandt,
1997; Kind et al., 2002; Tilmann et al., 2003; Priestley et al.,
2006). Furthermore, the conducted heat from the underly-
ing hot lithospheric mantle heated the mid- to lower crust,
which melted to form the partially molten crustal layers
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in northern Tibet. Alternatively, or additionally, radio-
active decay in the thickened crust may also have provided
a heat source for crustal melting and the generation of
felsic magmas (e.g. Jamieson et al., 1998; Huerta et al.,
1999; McKenzie & Priestley, 2008). During India^Eurasia
convergence or Pre-Cenozoic subduction, Triassic sedi-
mentary rocks of the Songpan^Ganzi terrane may have
been added to the mid- to lower crust beneath central^
northern Tibet (Meyer et al., 1998; Yin & Harrison, 2000;
Tapponnier et al., 2001; Kapp et al., 2003, 2005). These sedi-
mentary rocks contain high concentrations of radioactive
elements and were probably easily melted by their own
radioactive heat. Based on a simulation by McKenzie &
Priestley (2008), for example, the temperature of these
sedimentary rocks could readily exceed the granite solidus
in the thickened lower crust.

GEODYNAMIC IMPL ICAT IONS
Crustal melting as an explanation for
low-velocity zones in central^northern Tibet
The discovery of granulite xenoliths exhumed in 3Ma bas-
altic rocks in the Qiangtang Block showed that the lower
crust in central^northern Tibet may be both hot and

dry (Hacker et al., 2000). These granulite xenoliths have
been widely viewed as evidence against crustal melting in
central^northern Tibet (e.g. Tapponnier et al., 2001; Wei
et al., 2001; Cowgill et al., 2003; Unsworth et al., 2004;
Klemperer, 2006). As a result, various alternative inter-
pretations of the crustal low-velocity zones at 15^50 km
depth in the crust of central^northernTibet have been sug-
gested, including crustal shearing, preferred orientation of
micas, the presence of aqueous fluids, underplating of
mantle-derived melts, or the separation between an upper
felsic and a lower mafic part in the crust (e.g. Tapponnier
et al., 2001; Wei et al., 2001; Vergne et al., 2002; Shapiro
et al., 2004; Unsworth et al., 2004; Klemperer, 2006).
However, our data suggest that the BM rhyolites resulted
from partial melting of metasedimentary rocks at
�0·5^1·2GPa, corresponding to depths of �16^40 km
(Fig. 15) in the mid- to lower crust of the Songpan^Ganzi
Block, which has total crustal thickness of 60^70 km (e.g.
Zhu & Helmberger, 1998; Vergne et al., 2002; Shi et al.,
2009; Karplus et al., 2011). In combination with the nearby
occurrences of 18^15Ma adakitic rocks that originated
from partial melting of an eclogitic mafic lower crust at
depths of more than �40^50 km (Wang et al., 2005) or
60 km (Hete¤ nyi et al., 2007) (Fig. 1), we envisage the
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existence of crustal melting beneath the region at variable
depths of c. 16^50 km, mainly in the mid- to lower crust.
This estimate is in good agreement with the depths of c.
15^50 km for the observed abnormally weak layers or
lower seismic velocity zones in northern Tibet (Owens &
Zandt, 1997; Wei et al., 2001; Unsworth et al., 2004;
Klemperer, 2006). Our petrological data, therefore, lend
strong support to the argument that these layers are par-
tially molten zones. Moreover, the �3·0^1·5Ma rhyolites
from the Bukadaban and Hudongliang areas are coeval
with, or younger than, the 3Ma basaltic rocks that contain
granulite xenoliths in central Tibet (Hacker et al., 2000),
and stand as the first petrological evidence for Tibetan
crustal melting in the Quaternary. Together with the
southern Malanshan (�9·0Ma) and Ulugh Muztagh (11^
4Ma) leucogranites and rhyolites, and the Hohxil adakitic
rocks (18^15Ma), these data suggest a rather long-lived
history of crustal melting from the mid-Miocene to
Recent beneath northernTibet.

Northward crustal flow and growth of the
Tibetan Plateau
Partially molten layers have important implications for the
weakening and flow of the mid- to lower crust and the
growth of the Tibetan Plateau (Owens & Zandt, 1997;
Medvedev & Beaumont, 2006). Under regional north^
south compression caused by the northward subduction of
the Indian continent and the southward subduction of the
Asian continent (e.g. Na¤ belek et al., 2009; Capitanio et al.,
2010; Zhao et al., 2010, 2011), the mid- to lower crust, wea-
kened by partially molten layers in central^northern
Tibet, may flow northward owing to the horizontal pres-
sure gradient along the crustal channel. In southernTibet,
beneath the Himalayan orogen, many geophysical obser-
vations (e.g. Nelson et al., 1996; Unsworth et al. 2005;
Ashish et al., 2009; Zhang & Klemperer, 2010) suggest that
partial melting and a resultant weaker crustal channel
probably dominate in the middle crust. Ductile extrusion
of the Greater Himalayan Sequence has, therefore, been
attributed to southward flow of such weakened middle
crust between c. 28 and 9Ma (e.g. Grujic et al., 1996, 2002;
Zhang et al., 2004; Grujic, 2006; Searle et al., 2006, 2007,
2009; Harris, 2007; King et al., 2011). In eastern Tibet, the
weakened mid- to lower crust could have flowed domin-
antly eastward towards and around the Sichuan Basin
(Clark & Royden, 2000; McKenzie et al., 2000; DeCelles
et al., 2002; McKenzie & Jackson, 2002; Clark et al., 2005;
Enkelmann et al., 2006; Royden et al., 2008; Yao et al.,
2008; Bai et al., 2010), causing crustal thickening, surface
uplift and the latest earthquakes along the eastern margin
of the Tibetan Plateau (Fig. 1a) (Burchfiel et al., 2008;
Royden et al., 2008).
In central^northern Tibet, the weak channel caused by

crustal partial melts is likely to exist in the mid- to lower
crust or even upper mantle, with eastward flow

(e.g. Huang et al., 2000;Wei et al. 2001; Cowgill et al., 2003;
Meissner et al. 2004; Wang et al., 2010). Recent geophysical
studies also suggest that there is a possible northward
lower crustal flow, which caused the crustal thickening
and northward growth of the northern Tibetan Plateau
(Zhu & Helmberger, 1998; Karplus et al., 2011).
Geophysical data show that the crustal thickness of the
northern Tibetan Plateau just south of the Qaidam Basin
is about 60^70 km, which is significantly thicker than the
c. 45 km thick crust in the Qaidam Basin (Zhu &
Helmberger, 1998; Vergne et al., 2002; Shi et al., 2009;
Karplus et al., 2011). Moreover, a 15^20 kmMoho offset sep-
arates the thick Tibetan Plateau crust to the south from
the Qaidam Basin crust to the north (Zhu & Helmberger,
1998; Shi et al., 2009; Karplus et al., 2011), and the southern-
most lower crust of the Qaidam Basin is underlain by the
northernmost lower crust of the Tibetan Plateau (Shi
et al., 2009; Karplus et al., 2011).The apparently overlapping
crustal material may represent Songpan^Ganzi lower
crust underthrusting or northward flow beneath the
Qaidam Basin Moho (Karplus et al., 2011). Thus the high
Tibetan Plateau may be thickening northward into south
Qaidam as weak, thickened, lower crust is injected beneath
stronger Qaidam crust (Karplus et al., 2011). However,
such a Moho offset has also been interpreted as evidence
against a significant ductile flow in the lower crust across
the Kunlun^Qaidam border and in favour of either succes-
sive stacking of crustal thrust wedges as the mechanism
for the northeastward growth of the plateau (Vergne
et al., 2002) or a south-directed fault ramp along which
the Qaidam lower crust and mantle lithosphere have sub-
ducted beneath the northern Kunlun Range (Meyer et al.,
1998; Yin et al., 2008b).
We argue that there is a trend of northward propagation

in the occurrence of crustal melt-enhanced ductile flow
and inflation, with the present crustal bulge being located
in northern Tibet (Fig. 16), based on the crustal thickness
and Moho offset data mentioned above and the following
lines of evidence.

(1) The Ulugh Muztagh, Weixueshan, Bukadaban,
Hudongliang and southern Malanshan leucogranites
and rhyolitic rocks, as well as the westernWuxuefeng
adakitic rocks (Fig. 1c), constitute an approximately
east^west-trending zone of Miocene^Quaternary
crust-derived magmatic rocks (Fig. 1b and c). This
zone is close to the Kunlun Fault Zone in the southern
Kunlun Ranges (Fig.1b and c).The main peaks or gla-
ciers (e.g. Ulugh Muztagh, Bukadaban, Malanshan,
Weixueshan, Wuxuefeng, Daxue and Yuzhufeng) of
the Kunlun Ranges are also distributed along the
Kunlun Fault Zone and exhibit approximately the
same trend as that of the Miocene^Quaternary
crust-derived magmatic rocks (Fig. 1b and c), indi-
cating a possible relationship between crustal melting,
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fault activity and surface uplift of the northern
Tibetan margin (Van der Woerd et al., 2002;
Tocheport et al., 2006).

(2) The Kunlun Fault Zone has traditionally been identi-
fied as a significant rheological boundary (Unsworth
et al., 2004) between weak, warm Tibetan crust
(Klemperer, 2006) and the rigid eastern Kunlun^
Qaidam block. However, the northernmost extension
of low seismic wave velocity zones lies beneath the
southern part of the Kunlun Ranges (Owens &
Zandt, 1997; Wei et al., 2001; Unsworth et al. 2004;
Klemperer, 2006), corresponding to the Kunlun Fault
Zone and the Ulugh Muztagh^Wuxuefeng crust-
derived magmatic zone exposed at the surface
(Fig. 1c). Moreover, the reanalyses and remodelling of
existing magnetotelluric data (Le Pape et al., 2012)
show that a crustal melt at a depth of 20^45 km pene-
trates beyond the Kunlun Fault Zone into northern
Tibet and compromises the previous identification of
this fault zone as an important rheological boundary.
Conversely, there is no low seismic velocity zone in
the crust beneath the northern Kunlun Ranges and
the Qaidam Block (Wei et al., 2001; Unsworth et al.
2004; Klemperer, 2006).

(3) The Kunlun Fault Zone is also limited to the brittle
upper crust (Zhu & Helmberger, 1998; Klemperer,
2006; Karplus et al., 2011; Le Pape et al., 2012) and ex-
hibits local Quaternary normal faulting in addition
to contemporary sinistral strike-slip activity (Jolivet
et al., 2003; Xu et al., 2006). In fact, Oligocene^
Quaternary normal fault activity associated with of
the northernTibetan margin has frequently occurred
in the southern Kunlun Ranges (e.g. Arnaud et al.,
1993; Mock et al., 1999; Elliott et al., 2010).

(4) The centroid depth of the 2001 Hohxil earthquake
was about 15 km, and the earthquake rupture was
widely attributed to sinistral strike-slip activity along
the Kunlun Fault Zone (e.g. Lin et al., 2002; Li
et al., 2005; Tocheport et al., 2006; Xu et al., 2006);
the depth of the rupture has a lower limit of 14·2^
21km, with 17 km as the optimal value (e.g. Wan
et al., 2004). Moreover, the normal component of the
sub-events that occurred to the west of the earth-
quake rupture, near the epicenter locations (Fig. 1b
and c) (e.g. Xu et al., 2006) may be responsible for
the uplift of Bukadaban Mountain (Fig. 1b and c)
(Van der Woerd et al., 2002; Tocheport et al., 2006).
In fact, in the west of the southern Kunlun Range,
the 2008 Yutian earthquake occurred in the highest
region (�6700m) on Earth (Fig. 1a) and was also
associated with a normal faulting event with a sinis-
tral component of strike-slip motion (Elliott et al.,
2010). This event has been attributed to variations in
the gravitational potential energy of the lithosphere

related to the great elevation of the Tibetan Plateau
(Elliott et al., 2010).

(5) Based on tectonic and stratigraphic data, Yin et al.
(2008b) proposed that lower crustal flow may be
occurring beneath the Kunlun Range.They suggested
that the southern margin of the Qaidam Basin has
undergone transgression throughout the Cenozoic,
which implies that the surface uplift rate induced by
lower-crustal flow, if it has occurred, has been lower
than the sedimentation rate.

We envisage that, under regional north^south compression
caused by continuous north^south convergence between
the Indian and Eurasian plates or the northward subduc-
tion of the Indian continent and the southward subduction
of the Asian continent, the mid- to lower crust, weakened
by partially molten layers in central^northern Tibet, may
flow northward owing to the horizontal pressure gradient
along the crustal channel. As a result, inflation of ductile
crust and crustal thickening (McKenzie et al., 2000;
McKenzie & Jackson, 2002; Clark et al., 2005) has
occurred in response to blockage caused by the stronger
Qaidam crust to the north, leading to surface uplift along
the northern margin of the Tibetan Plateau (Fig. 16). In
addition, the melt-weakened ductile mid- to lower crust
may have also simultaneously flowed eastward owing to
the blockage caused by the strong Tarim crust to the NW
of Tibet (Fig. 16). If so, then in addition to the possible
‘far-field stresses’ triggered by the partitioning of the
north^south convergence between the Indian and
Eurasian plates (Lin et al., 2002; Li et al., 2005; Tocheport
et al., 2006; Xu et al., 2006), the crustal melt-enhanced duc-
tile flow may have caused eastward movement of the
Songpang^Ganzi Block upper crust and triggered sinistral
strike-slip activity on the Kunlun Fault Zone. As a result,
mid- to lower crust-derived magmas have erupted, and
shallow earthquakes (e.g. the 2001 Hohxil earthquake)
have taken place along the Kunlun strike-slip fault zone
(Figs 1b, c and 16). In fact, many researchers have sug-
gested that eastward flow of the ductile mid- to lower
crust is widespread (e.g. Royden et al., 1997, 2008; Clark &
Royden, 2000; Cowgill et al., 2003; Clark et al., 2005;
Enkelmann et al., 2006; Burchfiel et al., 2008; Cook &
Royden, 2008; Yao et al., 2008; Bai et al., 2010; Unsworth,
2010;Wang et al., 2010). This may also have resulted in crus-
tal thickening and subsequent surface uplift and extension
accompanied by earthquakes along the eastern margin of
the Tibetan Plateau (Burchfiel et al., 2008; Royden et al.,
2008).
The crustal melt-enhanced ductile flow model discussed

here differs from the block extrusion tectonic model in
that the latter requires major bounding faults to cut the
entire lithosphere whereas the flow model requires only
upper crustal faulting. For instance, the 2001 Hohxil
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earthquake (Fig. 1a and b) has previously been attributed
to sinistral strike-slip activity on the Kunlun Fault Zone
that resulted from the eastward block extrusion of Tibet
(Lin et al., 2002; Li et al., 2005). However, such an extrusion
model requires that the Kunlun Fault Zone penetrates the
entire lithospheric mantle (Tapponnier et al., 2001), which
is inconsistent with the brittle upper-crust depth of the
Kunlun Fault Zone as defined by geophysical data
(Owens & Zandt, 1997; Zhu & Helmberger, 1998;
Klemperer, 2006; Karplus et al., 2011; Le Pape et al., 2012),
particularly the lower depth limit (14·2^21km) of the 2001
Hohxil earthquake rupture (e.g. Wan et al., 2004). In fact,
the Kulun Fault Zone cannot be an important rheological
boundary because crustal melts at 20^45 km penetrate
beyond this fault zone into northernTibet (Le Pape et al.,
2012). Moreover, the melt penetration across the Kunlun
Fault is accommodating crustal shortening in northern
Tibet but may also characterize the growth of the plateau
(Medvedev & Beaumont, 2006) to the north, with exten-
sion of the crustal thickening to the south of the Qaidam
Basin (Karplus et al., 2011). The extrusion model should be
a low-temperature process that implies movement of dis-
crete crustal blocks between lithosphere-penetrating faults
(Tapponnier et al., 2001), and possibly occurred during the
early stages of collision between the India and the
Eurasian plates (Owens & Zandt, 1997). Our crustal flow
model, although also accounting for the sinistral strike-slip
activity of the Kunlun Fault Zone and associated earth-
quakes (Fig. 16), is a high-temperature process that implies
a decoupling of motions in the upper crust from those in
the mid- to lower crust.
Yin et al. (2008a) proposed a model involving continen-

tal crystalline basement thrusting to explain the crustal
thickening and surface uplift of the Qilian Shan^Nan
Shan area to the north of the Qaidam Basin. In this
model, lower crust beneath the northern Qaidam Basin
may have undergone general shear deformation, accom-
modating thrusting, vertical crustal thickening and
top-to-the-SW simple shear in the mid- to upper crust.
Apart from crustal shortening, no lower crustal injection
or thermal events in the mantle are needed to explain the
current elevation (�3000^3500m) and crustal thickness
(45^50 km) of the northern Qaidam Basin and the south-
ern Qilian Shan^Nan Shan thrust belt. The thrusting
model of Yin et al. (2008a) is a low-temperature process
similar to the block extrusion tectonic model. However,
such a low-temperature process does not adequately ac-
count for the current 44500m elevation and 60^70 km
crustal thickness of the Kunlan Range to the south of the
Qiadam Basin where high-temperature, lower crustal flow
may play an important role in the current surface uplift
and crustal thickening (Yin et al., 2008b).
Crustal melt-enhanced ductile flow was probably

initiated by the heating and eventual melting of the crust

in response to the continuous convergence between the
Indian and Eurasian plates (Owens & Zandt, 1997;
Royden et al., 2008). Such flow in the high-temperature or
partially molten mid- to lower crust makes it easier to
maintain a uniform elevation in the Tibetan Plateau
(Owens & Zandt, 1997; Jamieson et al., 2011) and would
cause the present expansion and frequent earthquakes of
theTibetan Plateau along its northern and eastern margins
(Fig. 1a) (Burchfiel et al., 2008; Royden et al., 2008).
Worldwide (e.g. in the modern Andean and Anatolian pla-
teaux), similar crustal melt-enhanced ductile flow events
may have had widespread influence on the deep structure
of the Earth’s continental crust, in addition to limiting the
thickness and elevation of mountain belts (e.g. Babeyko
et al., 2002; Unsworth, 2010; Jamieson et al., 2011).

CONCLUSIONS
In this study, we explain the petrogenesis of 9·0^1·5Ma
tourmaline-bearing mica and biotite rhyolites in the
Bukadaban^Malanshan area, southern Kunlun Range,
which are geochemically similar to the Himalayan leuco-
granites. Importantly, the �3·0^1·5Ma rhyolites from the
Bukadaban and Hudongliang areas are coeval with, or
younger than, granulite xenolith-hosting basalts (Hacker
et al., 2000) and stand as the first petrological evidence for
Tibetan crustal melting in the Quaternary. The Ulugh
Muztagh,Weixueshan and BM leucogranites and rhyolites,
as well as the westernWuxuefeng adakitic volcanic rocks,
constitute an approximately east^west-trending Miocene^
Quaternary crust-derived felsic volcanic zone (Fig. 1c).
These felsic magmas originated from partial melting of
the mid- to lower crust at depths of �16^50 km, which is
in good agreement with the depths of c. 15^50 km for the
observed abnormally weak layers, lower seismic velocity
zones or a crustal melt layer in northernTibet (Owens &
Zandt, 1997; Wei et al., 2001; Unsworth et al., 2004;
Klemperer, 2006; Le Pape et al., 2012). A crustal melt-
enhanced ductile flow model can account for the formation
of crustal inflation, surface uplift, and earthquakes along
the northern margin of theTibetan Plateau (Fig. 16).
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