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Triassic Nb-enriched basalts, magnesian andesites, and adakites
of the Qiangtang terrane (Central Tibet): evidence
for metasomatism by slab-derived melts in the mantle wedge
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Abstract New chronological, geochemical, and isotopic
data are reported for Triassic (219-236 Ma) adakite-mag-
nesian andesite-Nb-enriched basaltic rock associations from
the Tuotuohe area, central Qiangtang terrane. The adakites
and magnesian andesites are characterized by high Sr/Y
(25-45), La/Yb (14—42) and Na,O/K,0 (12-49) ratios, high
Al,O5 (15.34-18.28 wt%) and moderate to high Sr con-
centrations (220498 ppm) and enp () (+0.86 to +1.21)
values. Low enrichments of Th, Rb relative to Nb, and
subequal normalized Nb and La contents, and enrichments
of light rare earth elements combine to distinguish a group
of Nb-enriched basaltic rocks (NEBs). They have positive
enp (1) (+2.57 to +5.16) values. Positive correlations
between Th, La and Nb and an absence of negative Nb
anomalies on mantle normalized plots indicate the NEBs
are products of a mantle source metasomatized by a slab
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melt rather than by hydrous fluids. A continuous composi-
tional variation between adakites and magnesian andesites
confirms slab melt interaction with mantle peridotite. The
spatial association of the NEBs with adakites and magne-
sian andesites define an ‘“adakitic metasomatic volcanic
series” recognized in many demonstrably subduction-rela-
ted environments (e.g., Mindanao arc, Philippines;
Kamchatka arc, Russia; and southern Baja California arc,
Mexico). The age of the Touhuohe suite, and its correlation
with Triassic NEB to the north indicates that volcanism
derived from subduction-modified mantle was abundant
prior to 220 Ma in the central Qiangtang terrane.

Keywords Adakite - Nb-enriched basalt -
Magnesian andesite - Triassic - Subduction zone -
Tibet

Introduction

The Triassic tectonic evolution of Central Tibet has
attracted widespread interest because of the presence of a
>500-km-long and up to 100-km-wide Paleozoic—Triassic
blueschist (or eclogite)-bearing metamorphic belt (or Tri-
assic melange) in the central Qiangtang terrane (e.g., Li
et al. 1995; Kapp et al. 2000, 2003; Yin and Harrison 2000;
Zhang 2001; Zhang et al. 2006a, b). Kapp et al. (2000,
2003) argued that its protolith from the Songpan-Ganzi
block or oceanic basin was underthrust ~200 km south-
ward beneath the Qiangtang terrane during Triassic flat
subduction of the Paleo-Tethyan oceanic lithosphere along
the Jinshajiang suture. The blueschist (or eclogite)-bearing
metamorphic rocks were contemporarily generated and
then exhumed in an intracontinental setting from depths of
35-50 km to upper crustal levels in <12 Ma by Late
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Fig. 1 a Map of the Tibetan
plateau showing major Terranes

and temporal-spatial
distribution of Late Permian
(?7)-Triassic volcanic rocks
[modified from diagrams of Yin
and Harrison (2000), Pan and
Ding (2004) and Chung et al.
(2005)]. Main suture zones
between major Terranes: AKMS
Anyimagen-Kunlun-Muztagh,
JS Jinshajiang and LS Litang,

80°E 90°E 100°E
::\“"'- Tarim _/(__.- ~~~~~~~~~~~~ Qaidam O 200 400 km
L A Songba s fas
N Qiangtang  Tuotuohe area AKMS 1
N (Fig. 1B) \l—-. :

Early Mesozoic blueshist-bearing
~~~~~~ metamorphic belt

. 30N
BS Bangong, IS Indus. Major -
faults: STDS southern Tibet [_] Triassic arc volcanic rock area
detachment system; MBT Main —7 Late Permian(?)-Triassic
Boundary thrust. b Simplified volcanic rock area STDS— % )

: : [~ Blueschist-bearing : N, '
g;(zllqglc .maplshoyvmg l(zut.cm}[:s [ metamorphic belt p Himalaya Vo
O 1MassIC voIcanic rocks 1mn the <] (thrust, strike-slip and | ~——~——MBT (.
Tuotuohe area, Qiangtang [ normal) faults di ;o
terrane, central Tibet [after Pan ] suture India /i il 25N
and Ding (2004)]. The - . i
. O
geochronological data for 80E 90E 100°E
volcanic rocks are from Zhang
and Zheng (1994) 92/ 30'E . "h-’. 93 00, ] [ Tertiary Quaternary sediments
__Kﬁg.{ 1ove f) ] Triassic strata and vd canic rocks
0_2/ _ [[] Permian Triassic strata and vd canic rocks|
,rl. T —'\ [ D Permian strata and vd canic rocks
~— __— {:Z'B/a'ta"'na_(;o] > \rN K Ar, Ar Ar or zircon ages of vd canic rock
o — ) & s Fadt
[ 342 i g X .
15Nk gixin Tuotuo RNe;;Tuotuohe M E' Qing Zang highway

Ridge,

' K220+3Ma

K235+ 11Ma,

W

K225+ 11Maf

* Yaxicuo Lake K195+ 10Ma E:J e
SN -

it

=<
80 k
m93 30'E B

Sampiing P
area

K197+9Ma

—_—
0 km
92] 30E 93| 00E

Triassic—Early Jurassic crust-scale normal detachment
faulting during continued early Mesozoic subduction. The
Kapp et al. (2000, 2003) model predicts that: (1) significant
portions of the central Tibetan continental mantle litho-
sphere were removed during Triassic flat subduction; (2)
there was no Triassic magmatic arc in the Qiangtang ter-
rane and no mantle wedge beneath the terrain; and (3) the
deeper crust of central Tibet mainly consists of Triassic
accretionary melange, and related Cenozoic in situ melts.
The latter prediction contrasts with other proposals that
partial melting of autochthonous and Proterozoic
(>0.9 Ga) continental lithosphere may have generated the
shoshonitic or high-K magmas, which are characteristic of
Cenozoic volcanic rocks in central Tibet (e.g., Turner et al.
1996).

Other researchers contend that the Qiangtang melange
developed in situ, based on arguments that the suture
separates distinct fossil fauna types, alternative strati-
graphic interpretations, and geochemical data (Li et al.
1995; Zhang 2001; Zhang et al. 2006a). For example,
Zhang et al. (2006a) concluded that the compositions of
metasiliciclastic rocks and metabasalts of the Qiangtang
metamorphic belt did not correlate with those of the Jin-
shajiang suture. Rather than representing underthrust
equivalents of the Jinshajiang suture, Zhang et al. (2006a)
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argue that the Qiangtang metamorphic belt must have
developed in place. Accordingly, the issue of Triassic low-
angle Paleo-Tethyan subduction represents a key point of
contention for Mesozoic—Cenozoic tectonic models of
central Tibet. This paper reports on a study of igneous
rocks in the Qiangtang terrane that provide an important
new perspective on the nature of the Triassic subduction
and the extent of subduction-related magmatism in the
region.

Early reconnaissance studies concluded that the volcanic
rocks to the south of the town of Tuotuohe (Fig. 1), located
to the northeast of the blueschist (or eclogite)-bearing
metamorphic belt, were produced in a Late Permian
intracontinental rift (Dewey et al. 1988; Pearce and Mei
1988; Kapp et al. 2003) and those to the north of Tuotuohe
were related to a Triassic oceanic arc or an arc developed
on thinned continental lithosphere (Pearce and Mei 1988).
Based on fossil evidence documented in later field surveys
and a regional tectonic synthesis, Hsii et al. (1995) con-
cluded that Permian and Triassic volcanic rocks occurred
both to the south and north of Tuotuohe and that they all
originated from southward subduction of Paleotethys oce-
anic lithosphere. More recent geochronological data (see
below) confirm that Triassic volcanic rocks occur south of
Tuotuohe and they are considered by Pan and Ding (2004)
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and Zhang and Zheng (1994) to have been generated in an
arc setting.

This paper presents new geochronological and geo-
chemical data for volcanic rocks to the south of Tuotuohe.
These data demonstrate that the rocks have Triassic ages
and consist of NEBs-magnesian andesites-adakites, which
are similar to the adakite metasomatic arc volcanic series
identified in the Phillipines, Mexico, Kamchatka and
elsewhere (e.g., Defant and Kepezhinskas 2001). The
occurrence of this association in the central Qiantang pla-
ces important constraints on subduction processes along the
Jinshajiang suture zone.

Geological setting

The Qiangtang terrane is one of three main east-west
trending continental terranes of the Tibetan plateau
(Fig. 1a; Yin and Harrison 2000; Pan and Ding 2004;
Chung et al. 2005). It is bounded to the north by the Jin-
shajiang suture and a subordinate offset in the eastern
Qiangtang terrane: the Litang suture. It is generally
accepted that accretion of the Songpan-Ganzi and Qiang-
tang terranes along this suture occurred in the Triassic and
that subduction was to the south (Dewey et al. 1988; Yin
and Harrison 2000). To the south, the Qiangtang terrane is
bounded by the Banggong suture where suturing with the
Lhasa terrane is generally considered to have occurred
during the late Jurassic (Dewey et al. 1988; Yin and Har-
rison 2000).

Volcanic rocks of the central Qiangtang terrane (Fig. 1
a) include those of the Batang Group, which are located
25-40 km north and northeast of Tuotuohe and are
underlain by Triassic conglomerates, sandstones, and
minor carbonate units (Fig. 1b). The volcanic rocks are
directly overlain by Triassic (Norian age: 206-216 Ma)
marine carbonates (Pearce and Mei 1988; Leeder et al.
1988), which is consistent with their reported 198 + 10 Ma
whole rock K-Ar age (Zhang and Zheng 1994). Their
major and trace element compositions are consistent with
subduction origins and their location along the south or
southwest side of the Jinshajiang suture or Litang suture in
the central-eastern Qiangtang terrane (Fig. la) is widely
accepted as evidence for subduction southward during the
Triassic (Dewey et al. 1988; Pearce and Mei 1988; Hsii
et al. 1995; Yin and Harrison 2000; Pan and Ding 2004).

Volcanic rocks that outcrop on and around the Kaixin
Ridge to the south of Tuotuohe (Fig. 1b) were previously
considered to be entirely Late Permian in age, based on the
observation that some occurrences conformably overlie
Permian sedimentary rocks and others are overlain by
coal-bearing sedimentary rocks inferred to be part of a
fossiliferous Permian sequence of the same area (Leeder

et al. 1988; Pearce and Mei 1988). Paleontological data
(Sha 1998), however, suggests that both late Permian
(Netschajewia jiangsuensis-polygrina subtilost riata-con-
veximaginatus assemblages) and Triassic (Aulotortus
bulbus-A. gaschi (foraminifer) assemblages) fauna occur in
the sedimentary rocks around the Kaixin Ridge.

Subsequent field studies have distinguished both Perm-
ian and Triassic volcanic rocks in the Kaixin Ridge area,
based on district-wide correlations in flow characteristics.
Most fundamentally, Permian volcanic sequences consist
entirely of basalts, whereas Triassic sequences are gener-
ally composed of basalt-andesite (or rhyolite) suites (Zhang
and Zheng 1994; Pan and Ding 2004) (Fig. la, b). Geo-
chronological data suggest that most volcanic rocks to the
southwest and east of the Kaixin Ridge have Triassic ages
[whole rock K-Ar ages of 195 + 10 to 235 + 11 Ma:
Zhang and Zheng (1994); shown in Fig. 1b]. The volcanic
rocks analyzed by Pearce and Mei (1988) are distributed
over a section of the 1985 Tibet Geotraverse which
extended about 75 km to the north and south of Toutouhoe.
The six rocks were compositionally diverse and included
picritic basalt, basalt, basaltic andesite, and andesite. A
limited number of trace element analyses revealed a mix of
subduction-like signatures and Nb-enriched compositions
that Pearce and Mei (1988) concluded were consistent with
Permian intracontinental rift magmas that had undergone
variable extents of crustal assimilation.

Our study area is to the south of Tuotuohe, to the east of
the Kaixin Ridge and close to the Qing-Zang highway
(Fig. 1b). Field observations suggested that the upper part
of the stratigraphy in this area consists mainly of basalts
and diabases whereas the lower part contains only minor
basalts interlayered with more abundant magnesian ande-
sites. Three samples were selected for age dating in this
study, including one of the upper basalts (02TT-8) and
examples of the underlying magnesian andesite (02TT-19)
and andesite (02TT-20).

Petrography

The Tuotuohe basalts are black, exhibit porphyritic tex-
tures, and consist of plagioclase (50-60%), augite (10—
35%), magnetite (5-10%), olivine (0-3%) and crypto-
crystalline—glassy material (10-15%), and secondary
carbonate (2-10%). Phenocrysts are mainly plagioclase,
augite and magnetite. Plagioclases (phenocryst and
matrix) are generally lath-shaped and some grains or parts
were altered into fine sericite. Augites are commonly
columnar and some grains or parts were altered to fine
chlorite. Olivines were commonly altered into serpentine
or chlorite, leaving olivine pseudomorphs. Cryptocrysta-
lline material and some magnetite occur among fine
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plagioclases in the matrix. Pore spaces and cavities are
generally filled with secondary carbonates. The Tuotuohe
diabases are also generally black, exhibit porphyritic
texture, and consist of plagioclase (35-45%), augite (50—
60%), magnetite (5-10%), and minor olivine (0-2%).
Augite and magnetite are mainly xenomorphic and are
circled by automorphic (lath-shaped) plagioclases. Some
plagioclases are altered into fine sericite and some augites
are altered to fine chlorite. The Tuotuohe magnesian
andesites are deep grey and exhibit porphyritic texture.
They comprise plagioclase (50-60%), augite (2-5%),
quartz (1-2%), magnetite (1-2%) and some cryptocrys-
talline—glassy material (20-35%). Phenocrysts consist of
plagioclase and minor augite. Matrices exhibit a micro-
crystlline—cryptocrystalline texture, and are composed of
microcrystals (plagioclase, pyroxene and magnetite) and
cryptocrystalline—glassy material. The Tuotuohe andesites
are grey and exhibit porphyritic texture, similar to above
andesites. But they have different mineral contents: pla-
gioclase (50-60%), hornblende (1-5%), quartz (1-5%),
magnetite (1-2%) and some cryptocrystalline—glassy
material (25-40%). Phenocrysts mainly consist of
plagioclase. Matrices exhibit microcrystalline—crypto-
crystalline texture, and are composed of microcrystals
(plagioclase, hornblende, magnetite and quartz) and some
cryptocrystalline material.

Methods

Samples were initially examined by optical microscopy;
unaltered or the least-altered samples were selected for
further analysis.

Samples for major and trace element analysis were first
split into small chips and leached in 4N hydrochloric acid
for 1 h to remove secondary carbonate minerals, then
powdered after rinsing with deionized water and drying.
Major element oxides (wt%) of most samples except
sample 02TT20-1 in this study were analyzed at the
Hubei Institute of Geology and Mineral Resources by
wavelength dispersive X-ray fluorescence spectrometry.
Analytical errors are less than 2%. FeO contents of the
samples were determined by conventional wet chemical
titration methods. The analytical procedures for FeO and
other major elements are described in detail by Gao et al.
(1995). Major element oxides (wt%) of Sample 02TT20-1
were determined using a Varian Vista PRO ICP-AES at
the Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences. The details of the analytical pro-
cedures were described by Li et al. (2002). 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
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China University of Geosciences (Wuhan) following
procedures described by Hu et al. (2000) and Wang et al.
(2007a). The analytical precision for most elements is
better than 10%. Nd isotopic compositions were deter-
mined using a Finnigan MAT-262 mass spectrometer
operated in a static multi-collector mode at the Institute of
Geology and Geophysics, Chinese Academy of Sciences,
Beijing, following the procedures of Zhang et al. (2002).
The '**Nd/***Nd ratio of the La Jolla standard measured
during the period of analysis was '*“Nd/"Nd =
0.511838 + 8 (20,,). Procedural blanks were about 50 pg
for Sm and Nd. The measured '“*Nd/'**Nd ratios were
normalized to '**Nd/'**Nd = 0.7219. Results from major
and trace element analyses, along with Nd isotope data,
are listed in Table 1.

A sample for sensitive high-resolution ion microprobe
(SHRIMP-II) zircon U-Pb dating was collected from the
Tuotuohe basalt (sample 02TT-8). Zircon grains were
separated using conventional heavy liquid and magnetic
techniques. Representative zircon grains were handpicked
and mounted in an epoxy resin disc, and then polished
and coated with gold film. Internal morphology was
examined using both backscatter electron and cathodo-
luminescence images prior to U-Pb isotopic analyses. The
U-Pb isotopic analyses were performed using SHRIMP-II
at the Chinese Academy of Geological Science (Beijing).
Details of the analytical procedures used for zircon
analysis are given by Jian et al. (2003). Inter-element
fractionation in ion emission of zircon was corrected
relative to the TEMORA reference standard (417 Ma).
The uncertainties in ages listed in Table 2 are cited as 1o,
and the weighted mean ages are quoted at 95% confi-
dence level.

Two relatively fresh samples (02TT-19 and 02TT-20)
were selected for K—Ar and “’Ar—*’Ar age determination,
utilizing MM-1200 and GV-5400 mass spectrometers,
respectively, at the Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences. The whole rock chips of
30-60 meshes in size were ultrasonically cleaned in dis-
tilled water with < % HNO; and deionized water,
successively, and then dried and handpicked to remove
visible contamination. The rock chips of both 02TT-19 and
02TT-20 were then used for K—Ar dating. The K-Ar age
data are listed in Table 3. The rock chips of sample 02TT-
19 were also used for “°Ar—°Ar dating. The sample and a
monitor standard DRA1 sanidine (Wijbrans et al 1995)
with an age of 25.26 + 0.07 Ma were irradiated in the 49-2
reactor in Beijing for 54 h. Details of the analytical pro-
cedures used for “’Ar—*’Ar analysis are given by Qiu
(2006) and Qiu and Jiang (2007). The “°’Ar—*’Ar dating
results are calculated and plotted using the ArArCALC
software of Koppers (2002). The “°Ar—*°Ar age data are
listed in Table 4.
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Table 1 Major oxides (%), trace elemental (ppm) and Nd isotopic compositions of the Nb-enriched basaltic rocks (basalts and diabases)-
magnesian andesites-adakites in the Tuotuohe area of the central Qiangtang (Tibet)

No. 1 2 3 4 5 6 7 8 9 10
Sample 02TT-1 02TT-2 02TT-3 02TT-5  02TT-6 02TT-6-1  02TT-7 02TT-8  02TT-9 02TT-10
Rocks Diabase Basalt Diabase  Biabase  Diabase Diabase Basalt Basalt Diabase Basalt
SiO, 47.64 46.49 48.64 47.80 48.05 47.78 51.56 47.92 50.30 50.75
TiO, 1.82 1.58 1.61 1.80 1.39 1.81 1.56 143 1.63 1.47
Al O3 16.15 15.75 16.06 16.47 16.79 16.44 15.79 17.53 16.52 16.67
Fe,03 4.49 3.39 4.44 3.87 4.28 3.76 8.46 8.34 4.77 4.53
FeO 6.05 7.10 6.05 6.70 4.98 6.85 2.78 1.65 4.15 4.58
MnO 0.17 0.17 0.15 0.17 0.14 0.18 0.13 0.11 0.15 0.13
MgO 7.04 8.62 7.56 741 8.11 7.47 6.55 6.29 6.69 7.70
CaO 8.44 8.01 6.02 7.41 7.82 7.30 291 7.20 9.07 5.18
Na,O 3.77 3.90 4.57 3.90 3.96 3.96 6.68 4.90 3.49 5.72
K,0 0.48 0.07 0.58 0.44 0.59 0.48 0.06 0.09 0.38 0.11
P,05 0.19 0.17 0.16 0.16 0.21 0.16 0.19 0.14 0.19 0.18
LOI 2.62 4.00 348 2.80 2.96 2.94 2.90 4.02 2.36 3.36
> 98.86 99.25 99.32 98.93 99.28 99.13 99.57 99.62 99.70 100.38
Na,O/K,0 8 56 8 8 7 8 111 54 9 52
Mg* 0.55 0.60 0.57 0.56 0.62 0.57 0.53 0.55 0.59 0.61
Sc 30.8 30.2 27.7 32.7 28.1 325 29.7 26.9 34.2 31.2
\" 246 223 218 261 213 258 185 233 255 240
Co 38.1 36.3 37.3 41.3 37.3 40.5 34.6 355 36.2 36.1
Ni 114 107 137 133 112 129 118 117 121 154
Rb 8.57 1.66 11.6 9.30 10.9 11.0 1.16 2.51 6.99 2.22
Sr 344 494 717 456 617 455 487 387 458 838
Y 28.1 24.3 26.4 28.4 20.3 28.5 20.7 17.2 23.8 22.6
Zr 156 118 148 168 130 164 157 138 143 136
Nb 8.94 7.29 8.45 9.56 11.7 9.27 13.6 12.5 11.3 10.3
Ba 217 63.4 333 229 397 252 61.4 48.8 249 121
Hf 3.51 2.72 3.25 3.63 2.97 3.54 3.52 2.97 3.19 3.04
Ta 0.63 0.51 0.59 0.64 0.79 0.68 0.95 0.81 0.76 0.68
Pb 10.8 321 11.0 6.12 11.1 5.31 13.7 14.0 8.70 10.1
Th 0.95 0.79 0.83 0.83 1.20 0.84 1.28 1.03 1.09 0.97
U 0.35 0.24 0.27 0.32 0.36 0.30 0.41 0.37 0.27 0.36
La 8.46 7.63 8.27 8.22 12.0 7.64 14.3 12.5 10.5 9.04
Ce 21.0 18.4 20.5 20.2 27.3 19.6 31.0 26.9 254 22.9
Pr 2.98 2.64 2.82 2.87 3.47 2.81 3.92 3.39 3.36 3.12
Nd 144 12.8 134 14.1 15.5 13.3 17.3 14.6 15.7 14.3
Sm 3.79 3.42 3.50 3.80 3.47 3.65 3.65 3.06 3.77 3.39
Eu 1.33 1.17 1.32 1.36 1.36 1.36 1.16 1.00 1.41 1.19
Gd 4.31 3.74 4.01 4.37 3.62 4.35 3.53 2.93 4.07 3.69
Tb 0.689 0.608 0.620 0.673 0.563 0.685 0.610 0.496 0.637 0.610
Dy 4.51 3.83 3.97 4.25 3.41 441 3.64 2.96 3.95 3.67
Ho 1.07 0.94 0.98 1.08 0.74 1.03 0.82 0.63 0.90 0.80
Er 2.834 2.50 2.68 2.87 2.15 291 2.24 1.86 2.50 2.37
Tm 0.42 0.35 0.40 0.41 0.28 0.41 0.29 0.24 0.33 0.31
Yb 2.93 2.51 2.72 2.96 2.06 2.86 2.12 1.75 2.40 2.19
Lu 0.46 0.40 0.44 0.48 0.33 0.49 0.34 0.28 0.37 0.36
St/Y 12 20 27 16 30 16 24 23 19 37
La/Yb 3 3 3 3 6 3 7 7 4 4
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Table 1 continued

No. 1 2 3 4 5 6 7 8 9 10
Sample 02TT-1 02TT-2 02TT-3 02TT-5  02TT-6 02TT-6-1  02TT-7 02TT-8  02TT-9 02TT-10
Rocks Diabase Basalt Diabase Biabase = Diabase Diabase Basalt Basalt Diabase Basalt
Nb/La 1.1 1.0 1.0 1.2 1.0 1.2 1.0 1.0 1.1 1.1
Nb/U 25.5 304 31.3 29.9 32.5 30.9 332 33.8 41.9 28.6
Ce/Pb 1.94 5.73 1.86 3.30 2.46 3.69 2.26 1.92 2.92 2.27
Eu/Eu” 1.0 1.0 1.1 1.0 1.2 1.0 1.0 1.0 1.1 1.0
1479 m/ " Nd 0.1604 0.1630 0.1358 0.1288 0.1464
M3Nd/*Nd 0.512848  0.512852 0.512723 0.512668 0.512799

20m +14 +15 +12 +14 +13
("PNd/"Nd); 0512608 0.512608 0.512519 0.512475 0.512578

eND (t) 52 5.2 34 2.6 4.6

eND (0) 4.1 4.2 1.7 0.59 3.1

Tpm (Ga) 0.86 0.90 0.84 0.87 0.80

No. 11 12 13 14 15 16 17

Sample 02TT-11  02TT-12 02TT-19  Qy59 02TT-20  02TT20-1 Qy77B  International standard

Rocks Basalt Basalt MA MA Adakite Adakite Adakite BHVO-2 BHVO-2(RV)
SiO, 49.22 48.82 61.39 62.86  62.39 61.47 59.38

TiO, 1.45 1.47 0.61 0.54 0.59 0.63 0.66

Al,O3 17.19 16.67 15.34 16.76 16.03 17.57 18.28

Fe,03 7.60 4.25 5.29 5.19 4.22 6.29 4.95

FeO 242 5.38 2.70 2.32

MnO 0.11 0.16 0.12 0.20 0.11 0.10 0.12

MgO 5.80 8.06 4.15 5.00 3.50 2.84 1.70

CaO 6.43 5.64 1.30 3.70 1.88 2.76 2.30

Na,O 5.70 497 5.73 4.54 5.94 6.45 8.70

K,0 0.03 0.25 0.23 0.19 0.19 0.14 0.75

P,05 0.23 0.21 0.03 0.12 0.03 0.01 0.38

LOI 3.40 3.32 2.58 1.00 2.28 2.20 1.82

> 99.58 99.20 99.47 100.10  99.48 100.45 99.04

Na,0/K,0 190 20 25 24 31 49 12

Mg* 0.53 0.61 0.50 0.66 0.50 0.47 0.40

Sc 21.6 26.5 18.1 23.9 18.9 19.7 13.6 32.0 32.0

A% 196 226 145 NA 142 159 NA 316 317

Co 31.2 36.3 20.9 NA 16.7 13.8 NA 44.6 45.0

Ni 112 128 22.6 NA 18.5 16.92 NA 129 119

Rb 0.67 5.58 4.98 4 3.73 2.49 NA 9.34 9.8

Sr 501 1392 220 498 310 498 NA 392 389

Y 15.6 20.3 8.75 11 9.32 11.1 NA 26.7 26.0

Zr 120 140 92.6 109 94.0 95.7 129 170 172

Nb 13.5 14.1 2.52 11 3.36 2.57 8 184 18.0

Ba 36.0 277 73.1 NA 50.0 35.8 NA 126 130

Hf 2.67 2.96 222 291 2.33 2.48 3.46 4.40 4.10

Ta 0.85 0.95 0.169 0.74 0.189 0.182 0.49 1.34 1.40

Pb 8.96 10.4 4.83 4.06 9.41 1.76 2.60

Th 1.18 1.17 1.65 4.1 1.71 1.82 6 1.23 1.20

U 0.41 0.36 0.586 NA 0.745 0.834 NA 043 0.42

La 13.1 12.8 18.8 14 25.1 42.5 42 144 15.0

Ce 29.4 29.9 27.0 25.5 344 54.6 69.2 35.8 38.0

Pr 3.78 3.94 2.64 NA 3.37 5.04 NA 5.03 5.70
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Table 1 continued

No. 11 12 13 14 15 16 17
Sample 02TT-11  02TT-12 02TT-19 Qy59  02TT-20 02TT20-1 Qy77B  International standard
Rocks Basalt Basalt MA MA Adakite Adakite Adakite BHVO-2 BHVO-2(RV)
Nd 15.9 17.3 8.94 12.9 11.4 17.1 27 25.1 25.0
Sm 3.14 373 1.37 2.8 1.80 2.60 5 6.06 6.20
Eu 1.04 1.33 0.522 0.79 0.773 1.25 1.37 1.98 2.06
Gd 3.04 4.07 1.18 NA 1.61 232 NA 6.03 6.30
Tb 0.482 0.600 0.202 0.45 0.268 0.355 0.6 0.88 0.90
Dy 273 3.56 1.18 NA 1.49 1.97 NA 5.11 5.20
Ho 0.58 0.75 0.267 NA 0.301 0.375 NA 1.01 1.04
Er 1.76 2.24 0.827 NA 0.879 1.02 NA 2.58 2.40
Tm 0.22 0.27 0.134 NA 0.144 0.154 NA 0.34 0.33
Yb 1.59 2.00 0.974 1.00 0.913 1.03 1.0 2.12 2.00
Lu 0.26 0.33 0.163 0.15 0.151 0.158 0.17 0.3 0.28
Sr/Y 32 69 25 45 33 45

La/Yb 8 6 19 14 27 41 42

Nb/La 1.0 1.1 0.1 0.8 0.1 0.1 0.2

Nb/U 32.9 39.2 43 45 3.1

Ce/Pb 3.28 2.88 5.59 8.47 5.80

Eu/Eu” 1.0 1.0 13 1.4 1.6

7Sm/"Nd - 0.1198 0.0931 0.0959 0.0926

1SNd/*Nd 0.512675 0.512527 0.512549  0.512533

20m +12 +12 +9 +13

("BNd/"MNd); 0512494 0.512387 0.512405  0.512394

eND (1) 3.0 0.86 1.2 0.99

eND (0) 0.72 22 -1.7 2.0

Tom 0.77 0.79 0.78 0.78

MA Magnesian andesite. No. 1-13, 15 and 16 are from this study, and No. 14 and 17 are after Pearce and Mei (1988). RV Recommended values.

Eu/Eu’= (Eu/0.07035)/((Sm/0.195)"(Gd/0.259)) '/

Analytical results
Geochemistry

The basalts have silica contents between 46.49 and 51.56
wt%, MgO contents between 5.80 and 8.62 wt% (Fig. 2a)
and Mg* (Mg?*/(Fe** + Mg®*")) between 0.53 and 0.62.
They are highly sodic (Na,O/K,O > 7) and Ti-rich
(TiO, = 1.43-1.82 wt%). Their trace element contents
differ from the vast majority of arc basalts in terms of
higher contents of Nb (7.3-14.1 ppm), Ta (0.51-
0.95 ppm), Zr (118-164 ppm) and elevated Nb/La (1.0—
1.2) and Nb/U (26-41) ratios (Fig. 3a, b; Table 1). They
also exhibit distinctly lower Ce/Pb and higher Ba/La ratios
than MORB and OIB (Fig. 3C). Niobium variation dia-
grams for the basalts define positive correlations with other
incompatible elements, such as Th and La (Fig. 4a, b), but
are negatively correlated with Y, Yb, and eyp (t), and
poorly correlated with Rb (Fig. 4c—f). The basalts have
lower Nb/U ratios than typical OIB, N-MORB and

E-MORB (Fig. 3a; Sun and McDonough 1989) and display
pronounced positive anomalies in Ba, Sr and Zr that are
rare in these rock types (Fig. 5a). Their REE spectra are
steeper than is typical of E-MORB but less fractionated
than OIB patterns (Fig. 5a). However, the Tuotuohe basalts
have incompatible trace element contents similar to those
of Nb-enriched basalts (NEB) reported from the Philip-
pines and Mexico (Sajona et al. 1993; Aguillon-Robles
et al. 2001). The mantle-normalised Nb/La ratios of the
Tuotuohe basalts exceed the 0.5 value used to define NEB
(Sajona et al. 1996) and they are referred to as NEB below
for ease of discussion. Although the term does not neces-
sarily carry a genetic connotation, we argue below that the
Tuotuohe basalts do in fact have an arc-related origin.
The two magnesian andesites have SiO, contents of
61.39 and 62.86 wt%, exhibit high MgO (4.15 and 5.00
wt%) and Mg* (0.50 and 0.66), and are similar to typical
magnesian andesites (Polat and Kerrich 2002). They have
low Yb (<1.0) and Y (<11 ppm) contents, high Al,O3
(15.34 and 16.76 wt%) contents and high Na,O/K,0 (24—
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Table 2 SHRIMP U-Pb isotopic data for zircons from the basalt in the Tuotuohe area of the central Qiangtang block (Tibet)

Analysis # 2*Pbc U Th

232Th /238U 206Pb* (10—6) 206Pb/238U

207ppex 2%ppx  +9  297ph* 25U +%  2%Pb* 2BU x (%)

(%)~ ppm  ppm (age, Ma)
1 0.57 478 159 0.34 15.6 2382+ 7.0 0.0547 47 0284 5.6 0.0376 3.0
2 0.58 289 85 0.31 155 388+ 12 0.0597 49 0510 5.8 0.0620 3.1
3 0.46 842 361 044 26.4 2303 £ 6.6 0.0533 33 0.268 44 0.0364 29
4 0.42 472 256 0.56 28.1 431 £12  0.0590 2.7 0.563 4.0 0.0691 29
5 0.19 568 193 0.35 17.3 223.8 = 6.5 0.0538 3.9 0262 49 0.0353 3.0
6 0.11 1331 317 025 60.1 3299+ 9.2 0.0539 3.8 0.390 48 0.0525 2.8
7 0.43 69 45 0.67 7.33 749 =24 0.0839 5.1 1.426 6.1 0.1233 3.5
8 0.61 944 632 0.69 28.1 218 £ 13 0.0506 34 0.240 6.9 0.0345 6.0
9 0.00 207 13 0.07 27.7 933 £26  0.0760 1.8 1631 3.5 0.1557 3.0
10 0.41 155 189 1.26 18.4 830 + 4.4 0.0721 2.7 1.366 42 0.1374 3.2
11 0.04 252 98 0.40 117 2,782 =+ 68  0.1872 2.6 13.93 4.0 0.5400 3.0
12 0.07 1384 417 0.31 62.9 332292  0.05392 1.8 0.393 3.4 0.0529 2.8
13 0.20 337 140 043 62.5 1,258 + 34 0.0933 29 277 4.1 02154 29
14 0.46 323 151 048 20.0 446 £ 13 0.0607 3.0 0.600 42 0.0716 3.0
15 0.00 711 106 0.15 104 1,013 £27  0.07683 12 1.803 3.1 0.1702 2.9
16 0.87 36 15 042 4.04 784 =31 0.0822 79 147 8.9 0.1293 4.1
17 0.15 2378 881 0.38 108 332592  0.06095 1.3 0445 3.1 0.0529 2.8

Errors are 1-sigma; Pb, and Pb” indicate the common and radiogenic portions, respectively. Error in standard calibration was 0.50% (not included
in above errors but required when comparing data from different mounts). Common Pb corrected using measured 2**Pb

Table 3 K-Ar ages on whole rock powders

Sample Rock Weight (g) K (%) 4OAr total 107! 40AT radiogenic 1071 40K 107 Age (= 20)
(mol/g) (mol/g) (mol/g) (Ma)
02TT-19 Magnesian 0.1465 0.194 1.080 8.493 5.790 236.3 + 3.8
andesite
02TT-20 Adakite 0.107 0.149 8.829 6.053 4.447 2202 £ 34

Parameters for “°K: 7, = 0.581 x 107'% year™"; Jp=4.962 X 107" year™'; “°K = 0.01167 atom%

25) ratios (Table 1), and weak positive Eu but strong
negative Nb and Ta anomalies (Fig. 5b), similar to local
adakites They have variable Sr contents (220 and 498 ppm)
and St/Y ratios (25 and 45), relatively low La/Yb ratios (14
and 19) and slightly positive Ti anomalies (Fig. 5b).

The Tuotuohe andesites are characterized by interme-
diate compositions (Si0, = 59.38-62.39 wt%), high Al,03
(16.03-18.28 wt%), Na,O (5.94-8.70 wt%) and Sr (310-
498 ppm) contents, distinctly positive Eu anomalies, and
low heavy rare earth element contents (REE) (Yb < 1.03
ppm), and low Y contents (<11.1 ppm), which result in
high Na,O/K,0 (12-49), St/Y (33-45) and La/Yb (27-42)
ratios (Table 1) that are diagnostic features of adakitic la-
vas in subduction-zone settings (Fig. 6a) (Defant and
Drummond 1990; Kay et al. 1993; Martin 1999). The
adakites and magnesian andesites can be considered as the
low- and high-Mg parts of a single compositional group
(Fig. 2). Their multi-element patterns are directly compa-
rable (Fig. 5b) and show strongly fractionated REE spectra,
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negative Nb, Ta and Ti anomalies, negligible to slightly
positive Sr anomalies with respect to adjacent elements and
very low Ba and Rb contents (Fig. 5b). The adakites and
magnesian andesites also display similar exp (t) (+0.86 to
+1.21) but their isotopic compositions are distinct from the
NEB, which have higher and more variable exp (t) (+2.57
to +5.16, Table 1).

Geochronological data

Results from SHRIMP-II zircon U-Pb analyses are listed
in Table 2 and Fig. 7. Zircons were extracted from
one ~1 kg NEB flow sample (02TT-8) and yield a wide
range of ages (Table 2; Fig. 7). The cluster of ~750—
1,000 Ma zircon ages corresponds to the most prominent
cluster of ages reported from late Triassic Qiangtang
sandstones of the Shuanghu area at the eastern end of
the blueschist-bearing metamorphic belt (Fig. 1a). The
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Table 4 Argon isotope analyses for the magnesian andesite (sample 02TT-19)

Incremental 3 Ar(a) 37 Ar(ca) 3B Ar(cl) ¥ Ar(k) OAr(r) OAr (%) PArK) (%) Age * 20(Ma)
Heating

07M2064B 2.0 W 0.000025  0.000406  0.000003  0.000649  0.008247 5321 5.11 231.53 + 6.77
07M2064C 2.5 W 0.000017  0.000254  0.000002  0.000394  0.004119  44.43 3.11 192.42 + 14.84
07M2064D 3.0 W 0.000024  0.000362  0.000003  0.000422  0.004036  36.16 3.32 177.08 + 9.94
07M2064E 3.5 W 0.000033  0.000461  0.000005  0.000498  0.005467  36.22 3.92 201.76 = 10.19
07M2064F 4.0 W 0.000034  0.000743  0.000007  0.000601  0.006687  40.17 474 204.23 +9.16
07M2064H 4.5 W 0.000036  0.001163  0.000005  0.000570  0.005832  35.52 4.49 188.58 + 10.63
07M20641 5.0 W 0.000035  0.000908  0.000007  0.000671  0.007732  42.68 5.28 211.26 + 8.47
07M2064) 5.7 W 0.000037  0.001159  0.000009  0.000848  0.009819  47.26 6.68 212.22 +7.46
07M2064K 6.4 W 0.000039  0.000949  0.000008  0.000968  0.011151  49.31 7.62 211.22 +5.98
07M2064L 7.2 W 0.000040  0.000889  0.000009  0.000824  0.009364  44.26 6.49 208.55 + 7.55
07M2064N 8.2 W 0.000029  0.000829  0.000007  0.000825  0.009908  53.46 6.50 219.61 + 6.13
07M20640 9.5 W 0.000042  0.001927  0.000012  0.001119  0.013898  53.02 8.81 226.70 + 4.34
07M2064P 11.5 W 0.000029  0.000992  0.000008  0.000766  0.009263  51.90 6.04 220.95 + 5.80
07M2064Q 15.0 W 0.000047  0.002000  0.000014  0.001250  0.015293  52.42 9.85 223.50 + 5.34
07M2064R 20.0 W 0.000027  0.000574  0.000007  0.000766  0.007972  49.65 6.04 191.76 + 6.86
07M2064S 30.0 W 0.000050  0.001428  0.000013  0.001522  0.017528  54.23 11.99 211.12 = 4.36
J =0.0107774 £ 0.0000162, Tpweighted  plateanr= 219.0 £ 5.0, Trorat  fusiony = 211.3 £ 1.9, Touommar  isochrom = 252.0 £29.7,  Ticinverse

isochron) = 247.6 + 54.0

oldest xenocrystic zircon age (~2,800 Ma) also lies
within the range reported from these sedimentary rocks
(Fig. 9; Kapp et al. 2003). The absence of 1,600-
2,000 Ma ages is also consistent with the low abundance
of zircons with these ages in the Shuanghu sedimentary

-
o

Fig. 2 Alumina variation

rocks. The NEB zircon age distribution, however, con-
trasts with that of the Triassic Songpan-Ganzi flysch
complex located north of the Qiangtang terrane, which is
dominated by 1,600-2,000 Ma zircons (Bruguier et al.
1997).
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Fig. 3 a Nb/La versus MgO (wt%) diagram [after Kepezhinskas
et al. (1996)]. b Nb/U versus Nb diagram [after Kepezhinskas et al.
(1996)]. MORB and OIB fields are after Hofmann (1986) and
Hofmann et al. (1986). ¢ Ba/La versus Ce/Pb diagram [after Haase
et al. (1996)]. The fields of the island arc basalts and NEB (Nb-
enriched basalts) are after Kepezhinskas et al. (1996). The field of
sediment and subduction zone magmas is after Haase et al. (1996).
The data for MORB (middle oceanic ridge basalts) or N (or E)-
MORB, OIB (oceanic island basalts) and PM (primitive mantle) are
from Sun and McDonough (1989) and Niu and Batiza (1997)

The four youngest age results obtained from two zircons
with magmatic oscillatory zonings and high Th/U ratios
(0.33-0.67) define a concordant age with a weighted mean
200pp/238U  age of 229 +7 Ma (26) (MSWD = 1.01,
Table 2, Fig. 7), indicating that the Tuotuohe NEB are not
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Permian in age and are likely to be Triassic in age as inferred
by Pan and Ding (2004) and Zhang and Zheng (1994).

The magnesian andesite (02TT-19) and adakite (02TT-
20) in this study give 236.3 + 3.8 Ma and 220.2 + 3.4 Ma
K-Ar ages, respectively (Table 3), which are interpreted to
be their Triassic eruption ages. Additionally, “*’Ar—*°Ar age
data for Sample 02TT-19 are plotted in Fig. 8. It yielded
plateau and inverse isochron ages of 219.0 5.0 Ma and
247.6 £ 54.0 Ma, respectively. Collectively, the new geo-
chronological data (219-236 Ma) are consistent, within
errors, with observed local field relations, the Triassic
K-Ar ages (213-235 Ma) obtained by Zhang and Zheng
(1994) for volcanic rocks to the south and east of Toutuohe
(Fig. 1b), and fossil evidence for Triassic strata in the area
(Sha 1998).

Discussion
Stratigraphic correlations in the Central Qiangtang Belt

The new geochronological results have important impli-
cations for the tectonic models applied to the central
Qiangtang belt. The age data suggest that the Tuotuohe
volcanic rocks assigned to Permian rifting by Pearce and
Mei (1988) are actually the same age as Triassic basalt-
andesite outcrops located 30 km to the north and eastward
(the Batang Group), and likely formed in the same sub-
duction-related geodynamic environment.

Kapp et al. (2003) account for the age distribution of
inherited zircons in metasedimentary rocks from Shuanghu
in terms of regional-scale sources, such as the South China
Block (800-1,200 Ma zircons). Accordingly, they consider
that their results provide a “preliminary detrital zircon
fingerprint for Qiangtang metasedimentary rocks” (p. 17—
17). The fact that a similar zircon age distribution (Fig. 9)
was obtained from a small sample of Tuotuohe basalt
suggests that the mafic lava may have inherited zircons
from similar sedimentary rocks. If so, then zircon
entrainment probably occurred either in shallow-level
magma chambers, or after eruption, rather than in the deep
crust. Either scenario would permit relatively rapid post-
eruptive cooling of the magma following inheritance,
which would favor preservation of xenocrystic zircon and
allow for crystallisation of new groundmass zircons. For
example, the zircon crystals are euhedral and display outer
oscillatory zoning that truncates inner zones, indicating late
stability of zircon in the mafic magma. Hansmann and
Oberlie (1991) show that similar zircon occurrences in
gabbro and diorite are attributable to relatively short
inclusion times for xenocrystic grains in the mafic magmas
and crystallisation of new zircon on xenocrystic seeds after
the magmas had partially solidified.
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Pearce and Mei (1988) noted that the Batang Group
volcanic rocks are underlain by Triassic fluvial conglom-
erates and sandstones. Based on the findings of Kapp et al.
(2003), those sedimentary rocks are likely to provide an
inherited zircon age “fingerprint” analogous to that found
in the Tuotuohe NEB. Accordingly, the zircon ages docu-
mented for the Tuotuohe basalt not only establish a similar
eruption age to that of the Batang Group but also suggest
that both areas have similar volcano-sedimentary
successions.

The origin of Qiangtang adakites and NEB

Compositional similarities between magmas generated by
partial melting of the mafic lower crust under eclogite-
facies conditions on the one hand, and slab melting on the
other, provide two alternative sources for adakitic rocks
(e.g., Defant and Drummond 1990; Atherton and Petford
1993; Kay and Kay 1993; Defant and Kepezhinskas 2001;
Xu et al. 2002; Gao et al. 2004; Hou et al. 2004; Chung et al.
2005; Zhou et al. 2006; Wang et al. 2005, 2007a, b). In the
case of the Tuotuohe adakites, their Triassic age is consis-
tent with slab melting during the southward subduction of
the Paleo-Tethyan oceanic lithosphere along the Jinshajiang
suture (Dewey et al. 1988; Yin and Harrison 2000; Pan and

Ding 2004). Moreover, their very high Na,O contents
(Table 1) and low Th contents and Th/Ce ratios (Fig. 6b)
indicate that their compositions are more consistent with
slab melting rather than with magma originating in the
lower crust (Zhou et al. 2006; Wang et al. 2007a, b).
Empirically, adakites generated in the lower crust tend to be
more K-rich and are distinguished by markedly higher
contents of strongly incompatible elements such as Rb, Ba,
Th, and U (e.g., Wang et al. 2005, 2007a, b).

The compositional gradation between the Tuotuohe
adakites and associated magnesian andesites also provides
strong support for an adakite origin in the slab. The mag-
nesian magmas are most plausibly accounted for by the
variable interaction of adakitic magmas and mantle wedge
peridotite, which is inconsistent with a lower crustal source
(e.g., Defant and Kepezhinskas 2001; Polat and Kerrich
2002; Rapp et al. 1999).

Isotopic evidence also supports a slab origin for the
Tuotuohe adakites. For example, they have Nd isotopic
compositions (Table 1) that are distinct from those of Late
Triassic syn-collisional crust-derived granites in the
Songpan-Ganzi, Kunlun Mountain and Northern Qiangtang
terranes (Fig. 10a) (Roger et al. 2003, and references
therein). Although their eyp (t) values are lower than
Carboniferous MORB distributed along the Jinshajiang
suture (Xu and Castillo 2004), the adakites plot in the field
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Fig. 5 Primitive mantle-normalized multi-element profiles of Nb-
enriched basalts and diabases (a) adakites and magnesian andesite (b)
and in the Tuotuohe area. Primitive mantle normalizing values,
N-MORB, E-MORB and OIB data are from Sun and McDonough
(1989). Data sources of Cenozoic adakites and Nb-enriched basalts in
Philippines and Mexico are from Sajona et al. (1993) and Aguillon-
Robles et al. (2001), respectively

of 260-231 Ma basalts located north of the Jinshajiang
suture (Fig. 10a), which probably represented newly
formed oceanic crust at the time of adakite magmatism (Qu
and Hou 2002; Pan and Ding 2004; Song et al. 2004).
Collectively, these lines of evidence indicate that the
Tuotuohe Middle Triassic adakites were generated by
partial melting of subducted oceanic crust that was likely to
have been young (<30 Ma) at the time of subduction, based
on the known ages of MORB along the Jinshajiang suture.

The xenolithic zircons in the NEB indicate some degree
of crustal contamination. However, we suggest that such
contamination did not play a significant role in the petro-
genesis of NEBs. For example, the range of exp (t) and
Tpm defined by the NEB (+2.6 to +5.2 and 0.84-0.90 Ga)
is smaller than that defined by MORB along the Jinshajiang
suture (+4.3 to +8.2 and 1.06-3.57 Ga: Xu and Castillo
2004). In general, crustal contamination will cause relative
Nb-depletion (Dungan et al. 1986) rather than Nb-enrich-
ment in basalts (Fig. 5a). A negative correlation between
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Fig. 6 a Lay/Yby versus Yby diagram for Tuotuohe mafic to
intermediate rock types (chondrite-normalised values: Boynton
1984)). Adakites and magnesian andesites plot within the field of
adakites and Archean TTG. Modified from Martin (1999). b Th/Ce
versus Th diagram of adakites. Data of Cenozoic crust-derived
adakite in the Songpan-Ganzi block (intracontinental setting) are from
Wang et al. (2005). Data of Cenozoic slab-derived adakites (arc
setting) are from Defant and Drummond (1990), Defant et al. (1992),
Kay et al. (1993), Sajona et al. (1993, 1996), Kepezhinskas et al.
(1996, 1997), Martin (1999), Aguillén-Robles et al. (2001) and
Defant and Kepezhinskas (2001), and references therein

Th/Nb versus La/Sm ratios (Fig. 10c) and no correlation
between Th/Nb and enp (t) values (Fig. 10b) for NEB
samples are also not consistent with extensive crustal
contamination (e.g., Puchtel et al. 1997; Condie 2003).
Their slightly variable exp (t) values are possibly related to
melt metasomatism, however, because the eyp (t) values
clearly decrease with increasing Nb contents (Fig. 4f). The
lack of significant contamination may be reconciled with
the presence of inherited zircons in the NEB if the xeno-
lithic crystals were concentrated in sandstones prior to
entrainment in the mafic magmas, as suggested above.
Minor assimilation of these sedimentary rocks could then
contribute a disproportionately large number of zircons
with negligible effect on the major element compositions
of the NEB magmas.
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style enriched mantle component with a more abundant
depleted mantle wedge component, many workers consider
them to be derived from a mantle source that was me-
tasomatized by adakitic melts (Defant and Kepezhinskas
2001 and references therein). As noted above, continuous
compositional trends (Fig. 2) between the Tuotuohe
adakites and magnesian andesites themselves provide evi-
dence for the interaction of slab melts with mantle
peridotite. Chemical trends within the NEB suite also serve
to constrain the genesis of the basaltic rocks.

The poor correlation between Rb and Nb (or Ta)
(Fig. 4e) suggests that the enrichment of Nb and Ta in the
Tuotuohe NEBs is not related to either varying degrees of
partial melting or source depletion, given that these con-
trols would create positive correlations between Rb and the
HFSE. Figure 10d illustrates the differing trends expected
for fluid-related enrichment of the mantle and melt-related
enrichment. Rubidium is a strongly mobilised element in
hydrous fluids, based on its partition coefficients for (Na,
K) C1 fluids with andesitic melt (=2.7-8.0) (Keppler 1996).
The Rb/Y ratios of adakites, however, are comparatively
low and produce sub-horizontal trends on Rb/Y versus
Nb/Y plots (Fig. 10d) defined by slab melt entrapment in
the mantle. The variably positive anomalies for Ba, Nb, Ta,
Sr, Zr on mantle-normalised plots (Fig. 5a) and positive
correlations between Th, La and Nb (Fig. 4a, b) indicate a

Ar 14Ar

Fig. 8 The “Ar/*’Ar age spectra diagrams for the magnesian
andesite (02TT-19)

Triassic Songpan-Ganzi

M Metasediments

Qiangtang (Tuohuohe) NEB >3

400 800 1200 1600 2000 2400 2800 3200 3600
Age (Ma)

Fig. 9 Correlations and origins of Qiangtang NEB. The age distri-
bution of zircons in Tuotuohe Nb enriched basalt is distinct from the
age spectra reported for detrital zircons of Songpan-Ganzi Flysch but
resembles that of Triassic Shuanghu sandstones. The Tuotuohe NEB
may correlate with the Batang volcanics, which overlie Triassic-aged
sandstones and conglomerates. Modified from Kapp et al. (2003)

mantle source metasomatised by igneous melts, which
mobilize the HFSE far more readily than aqueous fluids
(Keppler 1996). The negative correlations between Y, Yb,
enp (t) and Nb (or Ta) (Fig. 4c, d, f) indicate that this melt
was low in Y, Yb and e&xp (t), similar to the associated
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Ganzi, Kunlun Mountain and northern Qiangtang Terranes are from
Xu and Castillo (2004), Song et al. (2004) and Roger et al. (2003),
respectively. b exp (t) versus Th/Nb diagram. NEB samples do not
exhibit correlation between Th/Nb and &yp (t) values, and their
slightly variable exp (t) values are possibly related to melt metaso-
matism because the exp (t) values clearly decrease with the increasing
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adakites (Table 1). Variable contributions from an intra-
plate style mantle component, as required in the Castillo
et al. (2002) model, can account for some trends in the
Tuotuohe data, such as the negative correlation observed
on a La/YDb versus Yb plot (Fig. 10e), but is not consistent
with the data as a whole. For example, the NEBs do not
display the correlation between Th/Nb and Yb (Fig. 10f),
or between La/Nb and Yb (not shown), that would be
expected if their Nb enrichments were derived from enri-
ched mantle “blobs” as suggested by Castillo et al. (2002)
for Philippine NEBs. The negative La/Yb versus Yb cor-
relation displayed by the Tuotouhe NEB is most plausibly
the result of mixing between batches of NEB magma and
crystal fractionation and accumulation rather than variable
degrees of mantle melting.

Finally, the approximately linear positive correlation
between '*’Sm/'"**Nd and '*Nd/'**Nd for the Tuotuohe
NEBs, magnesian andesites and adakites (Fig. 10g) also
strongly suggests that they were closely related in petro-
genesis (Polat and Kerrich 2002). Accordingly, we suggest
that the Tuotuohe suite constitutes an adakite metasomatic
arc volcanic series (Defant and Kepezhinskas 2001).

In summary, the geochronological and geochemical
evidence indicates that the magnesian andesites were the
product of hybridzation of adakitic magmas with depleted
arc mantle wedge peridotite (Defant and Kepezhinskas
2001; Polat and Kerrich 2002. The adakite melts carry far
greater amounts of the HFSE than do aqueous fluids and, as
established by the xenolith studies of Kepezhinskas et al.
(1997), reaction of the melts with mantle peridotite pro-
duces amphibole and phlogopite, which concentrate the
HFSE. These metasomatic phases are nonrefractory and
break down during later mantle partial melting, resulting in
magmas (ie., NEB) with higher HFSE contents than typical
arc basalts (Sajona et al. 1993, 1996; Polat and Kerrich
2002; Wyman et al. 2000; Hollings and Kerrich 2000).
Experimental data suggest that adakitic magmas can only
be generated in the garnet stability field (e.g., Rapp et al.
1999). The Sc-REE systematics (Fig. 10h) further indicates
that the Tuotuohe adakite-magnesian andesites were pro-
duced in the garnet stability field, whereas the NEBs were
possibly generated above the garnet stability field, after
which the parental magmas of the NEB flows underwent
crystal fractionation that included a Sc-bearing phase such
as clinopyroxene (Wyman et al. 2000). The geographic
association of the NEBs, magnesian andesites and adakites
in the Tuotuohe area suggest that adakite-metasomatized
mantle domains were not dragged away from the locus of
slab melt ascent to deeper parts of the wedge by convec-
tion. Instead, decomposition of hydrous metasomatic
phases probably triggered partial melting at shallower
depths just above the zone of slab melting (Sajona et al.
1996; Wyman et al. 2000).

Geodynamic implications

The relative enrichment of high field strength elements
(HFSE: Nb, Ta and Zr) in the Tuotuohe basalts has been
equated with an intraplate mantle component that was
thought to have originated in a Late Permian intraconti-
nental rift setting (Dewey et al. 1988; Pearce and Mei
1988; Kapp et al. 2003). However our new data demon-
strate that they are Middle Triassic NEBs associated with
adakites and magnesian andesites, most probably in an arc
setting.

Modern adakite-magnesian andesite-NEB associations
are commonly associated with the subduction of young
(£20-30 Ma), hot oceanic slabs (Defant et al. 1992; Defant
and Kepezhinskas 2001; Kepezhinskas et al. 1996, 1997,
Sajona et al. 1993, 1996; Aguillon-Robles et al. 2001).
Partial melting of such slabs usually requires temperatures
>700°C at depths of 75-85 km (Defant et al. 1992; Sajona
et al. 1993; Peacock et al. 1994; Kepezhinskas et al. 1996,
1997). Recently, Gutscher et al. (2000) proposed that par-
tial melting could also occur in moderately old (10—45 Ma)
oceanic crust during the early stages of flat subduction
when the leading edge of the slab is heated by ambient
mantle.

It is commonly accepted that the opening of the Paleo-
Tethyan ocean occurred during the Carboniferous (e.g.,
Dewey et al. 1988; Yin and Harrison 2000; Pan and Ding
2004). Geochronological ages of Paleo-Tethyan oceanic
crust range between 329 and 231 Ma (Qu et al. 2002; Pan
and Ding 2004; Jian et al. 2003; Song et al. 2004), indi-
cating that production of new oceanic crust extended into
the Late Permian—Triassic. The Nd isotopic data of the
Triassic Tuotuohe adakites (Fig. 10a) suggest that they
were unlikely to have originated from Carboniferous age
subducted slab and were instead derived from the Late
Permian—Triassic (i.e., relatively young, <30 Ma) Tethyan
oceanic crust. Adakites can only occur at temperatures
above 700°C and depths greater than 70-85 km, regardless
of whether subduction occurs at normal dips or shallower
angles (Defant et al. 1992; Sajona et al. 1993; Kepez-
hinskas et al. 1997; Gutscher et al. 2000). Consequently,
the Paleo-Tethyan oceanic crust was likely to have sub-
ducted beneath the Qiangtang sub-arc mantle at depths of
70-85 km during the Triassic.

These findings have important implications for the tec-
tonic evolution of Central Tibet. The presence of Triassic
NEB implies a modified mantle source beneath the
Qiangtang terrane while the co-existing adakites implicate
a relatively deep location for the subducted slab at 220-
236 Ma. In contrast, the model of Kapp et al. (2003)
invokes low-angle subduction prior to 220 Ma, which they
link to erosion of the deep crust in a setting devoid of an
asthenopheric mantle wedge.
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Our results do not entirely negate the possibility of low-
angle subduction beneath the Qiangtang terrane, but they
do indicate that deep crustal erosion was unlikely. It
remains possible that flat subduction rapidly froze a thin
asthenospheric wedge (Gutscher et al. 2000) and that
scrapping off of underthrust melange occurred in response
to this thickening of the non-convecting mantle. This sce-
nario, however, remains difficult to reconcile with the
Kapp et al. (2003) model, which equates the paucity of
ultramafic xenoliths in the Qiangtang melange with the
absence of mantle material above the slab.

In any case, our findings suggest that the deep crust of
central Tibet was not dominated by a Triassic accretionary
melange. Therefore, Cenozoic shoshonitic or high-K vol-
canic rocks in the central Qiangtang terrane are unlikely to
have been generated by in situ melting of such melange as
proposed by Kapp et al. (2003). The Nd isotopic compo-
sitions of the Tuotuohe NEBs indicate that the sub-arc
mantle in the central Qiangtang terrane was characterized
by depleted compositions (e.g., enp(0) =0.59-4.20,
Tpm = 0.84-0.9 Ga) at the time of basalt genesis that are
distinct from the enriched mantle sources (e.g., exp(0) =
-5.95-9.09, Tppm >0.9 Ga) of Cenozoic volcanic rocks in
the Central Qiangtang terrane (e.g., Turner et al. 1996).
The modification of mantle isotopic compositions beneath
the Qiangtang terrane must have occurred after generation
of the NEB and may have been the product of (a) continued
Triassic subduction that metasomatised a frozen astheno-
spheric wedge, or (b) metasomatism linked to post-Triassic
tectonics such as Jurassic-Cretaceous or Cenozoic sub-
duction (e.g., Arnaud et al. 1992; Yin and Harrison, 2000;
Hacker et al. 2000; Tapponnier et al. 2001; Ding et al.
2003).

Conclusions

This study has several important implications for the
understanding of Permo-Triassic tectonics of central Tibet.
The concept of Permian rifting in the Qiangtang terrane
(Pearce and Mei 1988; Kapp et al. 2003) was based in large
part on basalts that this study shows to be at least as young
as Triassic in age. Moreover, the inferred intra-plate origin
of the basalts must be re-evaluated on the basis of more
recent evidence of Nb-enriched rock types found in arc
environments. The spatial association of the Tuotuohe
NEB with adakites and magnesian andesites indicates that
they are part of an “adakitic metasomatic volcanic series”
recognized in many demonstrably subduction-related
environments (e.g., Defant and Drummond 1990; Defant
et al. 1992; Sajona et al. 1993, 1996; Kepezhinskas et al.
1996, 1997; Aguillén-Robles et al. 2001; Defant and
Kepezhinskas 2001).
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The 219-236 Ma ages of the Tuotuohe suite, and their
likely correlation with Triassic NEB that are overlain by
Norian age (206-216 Ma) fossils, indicate that volcanism
derived from a subduction-modified mantle was relatively
abundant prior to 220 Ma in the central Qiangtang terrane.
Although these findings can be accommodated within a flat
subduction scenario (Gutscher et al. 2000), they do not
support the concept that flat and shallow subduction
eliminated any asthenospheric wedge beneath the Qiang-
tang terrane in the Triassic (Kapp et al. 2003). As a
corollary, tectonic erosion of the lower crust was unlikely
to have been significant under much of Qiangtang terrane
during this time. There are also implications for younger
magmatism in the area. Cenozoic shoshonitic or high-K
volcanic rocks in the central Qiangtang terrane were most
likely not derived from a lower crust consisting of tec-
tonically accreted melange. Instead, they were derived
from mantle sources that were metasomatised during Tri-
assic or younger subduction events.
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