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shoshonitic. Our study demonstrates, however, that most of these lavas are high-K calc-alkaline andesites, dacites

Editor: C.P. Jaupart and rhyolites. Moreover, they are characterized by high Sr (367-2472 ppm) and Al,05 (14.55-16.86 wt.%) and low

Y (3.05-16.9 ppm) and Yb (0.31-1.48 ppm) contents and high La/Yb (27-100) and Sr/Y (48-240) ratios, similar to
Keywords: adakitic rocks derived by partial melting of an eclogitic source. They can be further classified as either
adakites peraluminous and metaluminous subtypes. The peraluminous rocks have relatively high SiO, (>66 wt.%)
high-Mg andesites contents, and low MgO (<1.0 wt.%), Cr (4.94-23.3 ppm) and Ni (2.33-17.0 ppm) contents and Mg (20-50) values,
peraluminous while the metaluminous rocks exhibit relatively low SiO, (55-69 wt.%) contents, and high MgO (1.41-6.34), Cr
Z‘;tl’;:mio“ (25.7-383 ppm), Ni (14.13-183 ppm) and Mg* (46-69) values, similar to magnesian andesites. “°Ar/>**Ar and

Focene SHRIMP zircon U-Pb dating reveal thejlt both peraluminous and mgtaluminous adalfitic rocl<§ eruptgd ip the
Qiangtang Eocene (46-38 Ma). Paleocene-Early Miocene thrust faults and associated syn-contractional basin deposits in the
Tibet Qiangtang Block suggest that this region was undergoing crustal shortening within a continent during the Eocene.
The low £nq (-2.81 to -6.91) and high 87Sr/8Sr (0.7057-0.7097), Th (11.2-32.3 ppm) and Th/La (0.23-0.88) values
in the Duogecuoren adakitic rocks further indicate that they were not derived by partial melting of subducted
oceanic crust. Taking into account tectonic and geophysical data and the compositions of xenoliths in Cenozoic
lava in northern-central Tibet, we suggest that the peraluminous adakitic rocks were most probably derived by
partial melting of subducted sediment-dominated continent of the Songpan-Ganzi Block along the Jinsha suture
to the north at a relatively shallow position (the hornblende+garnet stability field), but the metaluminous
adakitic rocks likely originated from the interaction between peraluminous adakitic melts generated at greater
depths (the garnet+rutile stability field) and mantle. Because the Duogecuoren adakitic rocks must have
originated from a garnet-bearing (namely, eclogite facies) source, Eocene continental subduction along the Jinsha
suture caused the thickening of the Qiangtang crust. Given that crustal thickening generally equates with
elevation, the uplift of the Central Tibetan Plateau probably began as early as 45-38 Ma, which provides important
evidence for tectonically driven models of oceanic O-Sr isotope evolution during global cooling and Asian
continental aridification beginning in the Eocene.
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1. Introduction

Changes in oceanic O-Sr isotopic composition, global cooling and
Asian continental aridification beginning in the Eocene have been
attributed to the uplift of the Tibetan Plateau (Dupont-Nivet et al.,
2007; Raymo and Ruddiman, 1992; Ruddiman, 1998). However, the
time and mechanism of uplift remain unclear. A widely accepted
interpretation is that the rapid uplift of west (i.e., west of about 92°E)
and southeast (i.e., east Qiangtang) Tibetan Plateau began around 20—
13 Ma (e.g., Blisniuk et al., 2001; Harris, 2006; Molnar et al., 1993;
Turner et al., 1996) and 40-30 Ma (Chung et al., 1998) ago, respectively,
in response to the convective removal of the lower portion of the
thickened Asian lithosphere (e.g., Molnar et al., 1993). Recently, an
alternative interpretation argues that uplift of the Tibetan Plateau was
stepwise, and initiated from the central block (i.e., Qiangtang) in the
Eocene and then northwards and southwards after the Eocene, in
response to the subduction of Asian or Indian continental lithosphere
(e.g., Roger et al., 2000; Tapponnier et al., 2001). Despite the differing
mechanisms, both hypotheses emphasize that uplift of the southeast
Tibet Plateau (i.e., east Qiangtang) was initiated in the Eocene, based
mainly on occurrences of 51-30 Ma shoshonitic (or potassic) and
minor calc-alkaline magmatic rocks (e.g., Chung et al., 1998; Roger et
al., 2000; Spurlin et al., 2005; Tapponnier et al., 2001). In contrast,
Kohn and Parkinson (2002) argued that the eruption of Eocene
shoshonitic lavas in the east Qiangtang Block has no implications for
topography of the Tibetan Plateau, and Chung et al. (2005) suggest
that Eocene shoshonitic lavas in the east Qiangtang Block were
actually related to back-arc extension rather than the convective
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removal of the lower portion of the thickened Asian lithosphere.
Accordingly, they argue against any Eocene uplift in the east
Qiangtang Block. In the west Qiangtang Block (i.e., west of about
92°E), most Cenozoic volcanic rocks have been considered to be
shoshonitic and were generated only during the past 15-3 Ma (e.g.,
Chung et al., 1998, 2005; Turner et al., 1996; Williams et al., 2004),
similar to some late (16-0 Ma) shoshonitic rocks in the east Qiangtang
Block (Wang et al., 2001). Minor exceptions are sporadic outcrops of
31-29 Ma shoshonitic rocks in the Yulinshan area and 45 Ma Na-rich
basalts in the Bangdaco area (Ding et al., 2003).

Given that the question of whether Eocene uplift of the Tibetan
Plateau took place is so important for interpreting global climate
change and shifts in oceanic isotope composition, our study has
focused on two fundamental problems regarding Cenozoic lavas in the
Qiangtang Block: (1) Did large-scale lavas erupt in the west Qiangtang
Block during the Eocene? (2) If so, did eruption of the lavas have
implications for the topography of the Tibetan Plateau?

In this study, we mainly report the geochronology and geochem-
istry data of the Duogecuoren lavas from the west Qiangtang Block,
which have the largest outcrop area among Cenozoic lavas in
northern-central Tibet. Geochronological and geochemical data
suggest that they are mainly Eocene (46-38 Ma) high-K calc-alkaline
rocks with adakite geochemical characteristics, which may be derived
by partial melting of eclogitic rocks (e.g., Atherton and Petford, 1993;
Defant and Drummond, 1990; Rapp et al., 2003). Moreover, they are
distinct from Miocene (18-15 Ma) low-MgO adakites in Northern
Tibet (Wang et al., 2005), and include both peraluminous-low-MgO
and metaluminous-high-MgO adakitic subtypes. Their distinctive
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Fig. 1. (a) Map of Tibetan Plateau showing major blocks and temporal-spatial distribution of Cenozoic volcanic rocks (modified from diagrams of Yin and Harrison, 2000; Chung et al.,
2005). Ages shown for volcanic rocks are from Ding et al. (2003), Chung et al. (2005), Wang et al. (2005), Guo et al. (2006), and references therein, and from this study. Main suture
zones between major blocks: AKMS—Anyimagen-Kunlun-Muztagh; ]S—Jinshajiang; BS—Bangong; IS—Indus. Major faults: MBT—Main Boundary thrust. (b) Simplified geologic map
showing outcrops of magmatic rocks in Duogecuoren area, west Qiangtang, northern Tibet.
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petrogenesis provides an important constraint on the time and
mechanism of the uplift in Central Tibet.

2. Geological setting

On a large scale, the Tibetan Plateau constitutes a tectonic collage
of continental blocks (terranes). From north to south, the interior of
the Tibetan Plateau comprises the roughly east-west-trending
Songpan-Ganzi, Qiangtang and Lhasa blocks (Fig. 1a) (Chung et al.,
2005; Yin and Harrison, 2000). The Qiangtang Block is bounded by the
Jinshajiang suture to the north, and the Bangong suture to the south
(Yin and Harrison, 2000). It is generally accepted that the suturing of
the Songpan-Ganzi-Qiangtang and Qiangtang-Lhasa blocks occurred
in the Middle Cretaceous (Yin and Harrison, 2000), and consequently
the Qiangtang Block has been in an intra-continental setting since that
time.

Cenozoic magmatic rocks are unevenly distributed in the Qiang-
tang Block and are mainly concentrated in the northern part of the
block close to the Jinshajiang suture (Fig. 1a). Previous studies
indicated that, apart from minor calc-alkaline granites and rhyoda-
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cites, most are shoshonitic in composition, and their eruption ages
range from ca. 51 to 0 Ma (Turner et al., 1996; Chung et al., 1998, 2005;
Deng, 1998; Hacker et al., 2000; Roger et al., 2000; Yin and Harrison,
2000; Wang et al., 2001; Ding et al., 2003; Williams et al., 2004;
Spurlin et al., 2005; Jiang et al., 2006; Mo et al., 2006; Guo et al., 2006;
Liang et al., 2007). The lavas of the Duogecuoren-Zhentouya area in
the west Qiangtang Block display the largest outcrop areas of all
Cenozoic magmatic rocks in the central-northern Tibetan Plateau
(Fig.1a). Previously, the Duogecuoren lavas (Fig. 1a) had been considered
to be Miocene-Pliocene (e.g., Turner et al., 1996; Chung et al., 1998, 2005;
Lai et al, 2003; Williams et al,, 2004). Our new field investigations
suggest that Cenozoic volcanic rocks are widely distribute in the
Duogecuoren area in outcrops that range from 600-700 m? to several
km? in size (Fig. 1b). Our more comprehensive data set (see Appendices
A-G) suggests that, except for ~3 Ma lavas in the northern Dongyuehu
area (Hacker et al., 2000), all of the volcanic rocks are of Eocene age (46-
38 Ma), as discussed below (Fig. 1b). Moreover, except for the
shoshonitic lavas in the Bandaohu area, the Eocene lavas are adakitic
(with features such as high Sr/Y ratios, high Sr concentrations, and very
low Y and heavy rare earth element [REE] contents).
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Fig. 2. (a) Si0, (wt.%) versus ACNK (Al,03/(Ca0 +Na,0+K,0) diagram. (b) Y (ppm) versus Sr/Y diagram (after Defant et al., 2002). (c) SiO, (wt.%) versus Mg* (100 x Mg?*/(Fe?* +Mg?*))
diagram. Mantle AFC curves, with proportions of assimilated peridotite indicated, are after Stern and Kilian (1996) (Curve 1) and Rapp et al. (1999) (Curve 2). Crustal AFC is after Stern
and Kilian (1996). The data for metabasaltic and eclogite experimental melts (1-4.0 GPa), and peridotite-hybridized equivalents, are from Rapp et al. (1999, 2003) and references
therein. (d) Y+Nb (ppm) versus Rb diagram (after Pearce et al., 1984). The field for Early Miocene adakitic rocks in the Hohxil area of the Songpan-Ganzi Block is constructed using
data of Wang et al. (2005). The field for Late Miocene rhyolites in the Ulugh Muztagh area of the Songpan-Ganzi Block is constructed using data of McKenna and Walker (1990). The
data for High-Mg andesites in SW Japan are from Shimoda et al. (1998), Tatsumi (2001), Tatsumi and Hanyu (2003), and reference therein; Late Mesozoic magmatic rocks in
Qiangtang are from Li et al. (2005) and Liao et al. (2005); the data for the subducted oceanic crust-derived adakites are from Defant et al. (2002) and Martin et al. (2005), and
references therein; the data for the Duogecuoren shoshonitic rocks are from unpublished data of Q. Wang. The data for the Duogecuoren adakitic rocks are from Appendix A and

unpublished data of Y. Dong.



Q. Wang et al. / Earth and Planetary Science Letters 272 (2008) 158-171 161

3. Analytical methods

Two samples for SHRIMP zircon U-Pb dating were collected from
the low-MgO-peraluminous adakitic rock (D2390) in the Heihuling

( Duogecuoren metaluminous adakitic mck}
Duogecuoren peraluminous adakitic rocks

1000 £  — Duogecuoren Eocene shoshonitic rocks
F [F===] Late Mesozoic rocks in Qiangtang
- Metapelitic granulite xenolith (1503c)
L Melt from metapelitic granulite
. I:l Melt inclusions from quartz crystals
_-E 100 & N in metapelitic granulite
=] C 3
= - =
Q . )
§ L L l
w | R N, . o~ o, e ey, T ke L T -
=
o
= 0E 3
L (ﬂ) "
1 S L M L |
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
— 7T
1000

100

Rocks/Primitive mantle
=

RbBaTh K NbTaLaCe St NdHf ZrSmEuTiGd Dy Y Er YbLu
25 1 I B e L L
r dakites 1
[ @ ]
’a i
20 ™ Fe) , =
f\/ %@\gg é) rutile eclogite melting E
& o [ |:\i\\,§_ N Amphibolite and ]
£ L[ o™ Tmoo- o) O O O hornblende -
z r o) O %D o) O eclogite ]
- - og On ) DD = melting 4
N O B
L DQ O O ]
[ O ]
5T ]
0 [ ((.:) I P T S T S T S S S SR SR
10 20 30 40 S0 60 70 80 90 100

Zr/Sm

Fig. 3. (a) Chondrite-normalized rare earth element (REE) patterns for the Duogecuoren
magmatic rocks. Late Mesozoic magmatic rocks in Qiangtang are from Li et al. (2005)
and Liao et al. (2005). The data for metapelitic granulite xenolith (1503c) and melt
inclusions from quartz crystals in metapelitic granulite are from Hacker et al. (2005).
Chondrite normalizing values are from Boynton (1984). (b) Primitive mantle-normal-
ized rare earth element (REE) patterns for the Duogecuoren magmatic rocks. Primitive
mantle normalizing values are from Sun and McDonough (1989). (c) Nb/Ta versus Zr/Sm
diagram (after Condie, 2005). The field of slab-derived adakites and melting fields are
after Condie (2005). The data for the Duogecuoren shoshonitic rocks are from
unpublished data of Q. Wang. The data for the Duogecuoren adakitic rocks are from
Appendix A and unpublished data of Y. Dong.
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Fig. 4. (a) SiO, (wt.%) versus K,0O diagram. (b) Th versus Th/La diagram. The field for
the xenoliths (garnet-bearing amphibolites, granulites and eclogites) from Cenozoic
volcanic rocks in the Qiangtang and Pamir areas is constructed using data of Deng
et al. (1998) and Hacker et al. (2005). The field for Late Permian mafic rocks in the
Songpan-Ganzi (SG) and west Yangtze (YZ) Block is constructed using data of Xu
et al. (2001) and Song et al. (2004). The field for the Neoproterozoic rocks in the
Songpan-Ganzi and west Yangtze Blocks is constructed using data of Li et al. (2003).
The data for marine sediments and GLOSS (global subducting sediment) are from
Plank and Langmuir (1998). The data for BCC (bulk continental crust), LCC (lower
continental crust) and UCC (upper continental crust) are from Condie (1993), Plank
(2005), and references therein. MORB data are from Niu and Batiza (1997). Other
data (e.g., the Hohxil adakitic rocks and Ulugh Muztagh rhyolites) are the same as in
Fig. 2.

area and high-MgO-metaluminous adakitic rock (5144-1) in the
southern Dongyuehu Lake area. Zircon grains were separated using
conventional heavy liquid and magnetic techniques. Zircon grains
were handpicked and mounted in an epoxy resin disc, and then
polished and coated with gold film. Internal morphology was
examined using cathodoluminescence images prior to U-Pb isotopic
analyses. The U-Pb isotopic analyses were performed using the
Sensitive High-Resolution lon Microprobe (SHRIMP-II) at the Chinese
Academy of Geological Science (Beijing). Details of the analytical
procedures of zircon analysis using SHRIMP have been given by Jian
et al. (2003). One sample for LAM-ICP-MS zircon U-Pb dating was
collected from the shoshonitic rock (8524-1) in the Bandaohu area.
Zircon grains were separated using conventional heavy liquid and
magnetic techniques. The separated zircons were sorted under a Leica
binocular microscope fitted with UV light, and a representative set of
each distinct morphological population was mounted in epoxy blocks
and polished for analysis. Cathodoluminescence images were
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collected using a Cameca SX100 electron microprobe (EMP) at GEMOC
Key Centre, Macquarie University and these were used to examine
internal structure. U-Pb dating was performed at GEMOC Key Centre,
using a New Wave Research LUV213 laser system attached to an
Agilent 7500s inductively-coupled plasma mass spectrometer (ICP-
MS). The analytical procedures for the U-Pb dating are described in
detail in Jackson et al. (2004). Laser operating conditions used in this
study included a spot size of 30 um, a repetition rate of 5 Hz and a
beam energy of 0.2 ] cm™? (measured in a beam splitter). Common Pb
was corrected by ComPbCorr#3_151 (Andersen, 2002) for those with
common 2°°Pb>1%.

Selected relatively fresh whole rock chips were ultrasonically
cleaned in distilled water with <5% HNO; and distilled water,
successively, and then dried and handpicked to remove visible
contamination. Argon isotope analyses for 6 samples were conducted
on a MM-1200 mass spectrometer at the Laboratory of analyzing
center, Guilin Resource and Geological Institute following procedures
similar to those described in detail by Wang et al. (2007a). The rock
chips were wrapped in Sn foil and sealed in 6-mm-ID evacuated
quartz-glass vials together with ZBH-25 (biotite) flux monitors, and
irradiated for 37 h at the Beijing Nuclear Research Center. The monitor
samples were individually fused and analyzed for argon-isotope
compositions. All samples were step-heated using a radio-frequency
furnace. Argon isotope analyses were conducted on a MM-1200 mass
spectrometer at the Laboratory of analyzing center, Guilin Resource
and Geological Institute. The monitor standard was the ZBH-25
(biotite, 132.5 Ma). All errors are quoted at the 1s level and do not
include the uncertainly of the monitor age. Argon isotope analyses for
the other 3 samples were conducted at the UQAGES (University of
Queensland Argon Geochronology in Earth Sciences) laboratory
following procedures detailed by Vasconcelos (1999). Ten to 20 pure
grains from each sample were loaded into irradiation disks along with
Fish Canyon standards (28.02 Ma) (Renne et al., 1998). The disks were
wrapped in Al foil, vacuum-sealed in silica glass tubes and irradiated
for 14 h at the B-1 CLICIT facility at the Radiation Center, Oregon State
University, USA. Sample and flux monitor irradiation geometry
followed those of Vasconcelos (1999). After a 2-month cooling period,
two to four grains for each sample were analysed by the laser
incremental heating “°Ar/>*°Ar method at the UQAGES laboratory.
Irradiation correction factors are (2.64+0.02)x 10" for (3°Ar/>’Ar)c,;
(7.04+0.06))x10™* for (3°Ar/>’Ar)ca; (8+3)x 1074 for (*°Ar/>°Ar)k. A ]
factor of 0.003644+0.000024 for the irradiation was calculated from
the analysis of 15 individual sanidine flux monitor grains. Plateaus,
defined as three or more contiguous steps accounting for more than
50% of the total amount of 3°Ar released from each sample, were used
to calculate plateau ages (1 sigma error). All ages are reported using
the constants of Steiger and Jdger (1977).

Major element oxides (wt.%) were determined using a Varian Vista
PRO ICP-AES at the Key Laboratory of Isotope Geochronology and
Geochemistry, Guangzhou Institute of Geochemistry, Chinese Acad-
emy of Sciences. The details of the analytical procedures were
described by Li et al. (2002a). 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
Key Laboratory of Isotope Geochronology and Geochemistry, Guangz-
hou Institute of Geochemistry, Chinese Academy of Sciences, follow-
ing procedures described by Li et al. (2002a). Analytical precision for
most elements is better than 3%.

Sr and Nd isotopic compositions for some samples were deter-
mined using a Finnigan MAT-262 mass spectrometer at the Institute of
Geology and Geophysics, Chinese Academy of Sciences, Beijing,
following procedures similar to those of Zhang et al. (2002). The
87Sr/86Sr ratio of NBS987 standard and the *Nd/'**Nd ratio of the La
Jolla standard measured during the period of analysis were 0.710234
+7 (2om) and "*Nd/"**Nd=0.511838+8 (20m), respectively. Sr and
Nd isotopic compositions of other samples were measured by a

Micromass Isoprobe multi-collector mass spectrometer (MC-ICP-MS)
at the Guangzhou Institute of Geochemistry, Chinese Academy of
Sciences. Analytical procedures are similar to that described by Wei
et al. (2002) and Li et al. (2004). The 87Sr/3%Sr ratio of the NBS987
standard and ">Nd/'*Nd ratio of the JNdi-1 standard measured were
0.710288+28 (20m) and 0.512109+12 (20m), respectively. All
measured >Nd/"*Nd and 8¢Sr/38Sr ratios are fractionation corrected
to 1®Nd/'**Nd=0.7219 and 8°Sr/%8Sr=0.1194, respectively.

4. Results

Lavas of the Duogecuoren area include both adakitic and
shoshonitic suites, based on petrological criteria and geochemical
data. The adakitic rocks can be further subdivided into peraluminous
and metaluminous subtypes (Fig. 2a). Both subtypes have similarities
with slab-derived adakites, including high Sr (367-2472 ppm) and
Al,03 (14.55-16.86 wt.%) and low Y (3.05-16.9 ppm) and Yb (0.31-
1.48 ppm) contents combined with high La/Yb (27-100) and Sr/Y (48-
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Fig. 5. (a) Nd-Sr and (b) Nd isotope diagrams for the Duogecuoren adakitic rocks.
Cenozoic subducting oceanic crust-derived adakitic rocks are after Defant et al. (1992),
Kay et al. (1993), and Stern and Kilian (1996). The data for the Duogecuoren shoshonitic
rocks are from unpublished data of Q. Wang. The data for high-Mg andesites in SW
Japan are from Shimoda et al. (1998). The data for garnet-bearing amphibolites
xenoliths from Cenozoic volcanic rocks in Qiangtang are from Deng et al. (1998). The
data for the Neoproterozoic igneous and metamorphic rocks in the Songpan-Ganzi and
west Yangtze Blocks are from Roger and Calassou (1997) and Li et al. (2003).
Proterozoic-Triassic sediments in the Songpan-Ganzi Block are from Chen et al.
(2006) and She et al. (2006). Other data (e.g., the Hohxil adakitic rocks, Ulugh Muztagh
rhyolites, Late Permian mafic rocks in SG west YZ, marine sediments and GLOSS) are the
same as in Fig. 4.
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240) ratios (see Appendix A; Fig. 2b) (Defant et al.,, 1990, 2002),
negligible to positive Eu and Sr anomalies, and Nb, Ta and Ti depletion
(Fig. 3a and b). The peraluminous adakitic rocks mainly contain
phenocrysts of plagioclase, K-feldspar, quartz, magnetite and minor
biotite, and are geochemically characterized by relatively high SiO,
(>66 wt.%) contents (Fig. 2a), and low MgO (<1.0 wt.%), Cr (4.94-
23.3 ppm) and Ni (2.33-17.0 ppm) contents, Mg* (20-50) values (see
Appendix A and Fig. 2¢) and Nb/Ta ratios (Fig. 3c). Some samples plot
in the field of syn-collisional granites (Fig. 2d). The metaluminous
adakitic rocks contain phenocrysts of plagioclase, augite, hornblende,
magnetite and minor K-feldspar * olivine and microcrystals of feldspar
and augite in the matrix. They are geochemically characterized by
relatively low SiO, (55-69 wt.%) (Fig. 2a), and high MgO (1.41-6.34 wt.%),
Cr (25.7-383 ppm), Ni (14.13-183 ppm) and Mg" (46-69) values (see
Appendix A), similar to slab-derived adakites or high-Mg andesites
(Fig. 2c). They also exhibit higher Nb/Ta ratios than the peraluminous
rocks (Fig. 3c). All samples of metaluminous adakitic rocks plot in the
field of arc granites (Fig. 2d).

However, the Duogecuoren peraluminous and metaluminous ada-
kitic rocks are different from slab-derived adakites in that: (a) some of
them are peraluminous whereas slab-derived adakites are mainly
metaluminous (Fig. 2a); (b) they have much higher K,0 (2.45-5.08 wt.%)
and Th (11.2 to 32.3 ppm) contents and Th/La (0.23-0.88) ratios than
slab-derived adakites (Fig. 4); (c) they have lower &yq (-2.81 to -6.91)
and higher 37Sr/86Sr (0.7057-0.7097) values than slab-derived adakites
(see Appendix A and Fig. 5).
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They are also clearly different from Late Mesozoic (Jurassic-
Cretaceous) magmatic rocks, which are similar to “normal” arc
andesite-dacite-rhyolite, in that they display high Y and heavy rare
earth element contents, low Sr/Y ratios and clearly negative Eu and Sr
anomalies (Figs. 2b and 3a and b). The Duogecuoren adakitic lavas are
also different from the Bandaohu shoshonitic lavas (Fig. 1b) in that
the latter contain phenocrysts of K-feldspar, hornblende, magnetite
and minor plagioclase, quartz and biotite, and exhibit much higher
K50 (Fig. 4a) and almost all trace element contents (Figs. 2c and 3a
and b).

The data for SHRIMP U-Pb zircon, “°Ar/>°Ar, and LAM-ICP-MS U-Pb
zircon dating are listed in Appendices C-G. The results of SHRIMP U-Pb
zircon analyses for two samples (metaluminous (5144-1) and
peraluminous (D2390) adakitic rocks) are illustrated on a concordia
plot in Fig. 6a-c. The 11 analyses for sample 5144-1 and 13 analyses for
sample D2390 define single age populations with a weighted mean
206p 238 age of 44.3+1.8 Ma (20) (MSWD=3.0) and 41.960.73 Ma
(20) (MSWD=1.03), respectively (Fig. 6a-c). The results of “°Ar/*°Ar
dating for 12 analyses from 9 other samples of (high MgO)
metaluminous adakitic rocks exhibit ages ranging from 45.69+0.16
to 37.60+0.16 Ma (Figs. 7 and 8). Thus, the Duogecuoren adakitic rocks
were formed in the Eocene (46-38 Ma). In addition, the LA-ICP-MS U-
Pb zircon results for sample 8524-1 of the Bandaohu shoshonitic rocks
establish an age 0f 40.18 +0.39 Ma (Fig. 6d), similar to the formation age
of adakitic rocks. Therefore, apart from ~3 Ma lavas in the northern
Dongyuehu area (Fig. 1b) (Hacker et al., 2000), the adakitic and
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Fig. 6. SHRIMP zircon (a-c) and LA-ICP-MS U-Pb (d) concordia diagrams for Samples 5144-1, D2390 and 8524-1.
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Fig. 7. Incremental-heating spectra for 2 replicate grains from the 3 samples from the Duogecuoren high-Mg adakitic rocks. (a) The two grains analysed for Sample 5137-1 yield
reproducible plateaus (42.2+0.3 and 41.6+0.3). A probability density plot for the two grains yields a maximum probability peak at 42.0 Ma and defines a mean-weighted age of 41.8 +
0.3 Ma when all outliers are eliminated. An isochron for both grains yields an age of 41.9£0.3 Ma, with a “°Ar/*®Ar intercept of 254+ 10 Ma. (b) One of two grains analysed for Sample
9013-1 yields a plateau (42.0+0.3). A probability density plot for both grains yields a maximum probability peak at 42.0 Ma and defines a mean-weighted age of 42.5+0.4 Ma when all
outliers are eliminated. An isochron for the two grains yields an age of 42.9+0.3 Ma, with a “°Ar/*Ar intercept of 340+ 90 Ma. (c) The two grains analysed for Sample LQS-7 yield the
plateaus (41.5+0.4 and 41.7 £0.5). A probability density plot for both grains yields a maximum probability peak at 41.3 Ma and defines a mean-weighted age of 41.5+1.1 Ma when all
outliers are eliminated. An isochron for both grains yields an age of 41.5+0.4 Ma, with a “°Ar/*°Ar intercept of 308 +4 Ma.

shoshonitic lavas in the Duogecuoren area were mainly erupted in the
Middle Eocene (46-38 Ma).

5. Discussion
5.1. Previous models for the petrogenesis of adakitic rocks

Avariety of origins have been proposed for adakitic rocks: (a) melting
of subducted oceanic crust, followed by interaction with the overlying
mantle wedge (e.g., Stern and Kilian, 1996; Rapp et al., 1999; Defantet al.,
2002; Zhou et al., 2006b; Wang et al., 2007a, 2008); (b) high-pressure
fractional crystallization (involving garnet) of hydrous basaltic melts

(Prouteau and Scaillet, 2003; Macpherson et al., 2006); (c) crustal
assimilation and low pressure fractional crystallization (involving
olivine +clinopyroxene + plagioclase + hornblende + titanomagnetite)
process from parental basaltic magmas (Castillo et al., 1999); (d) mixing
of felsic and basaltic magmas (Streck et al., 2007); (e) melting of
thickened mafic lower continental crust (e.g., Atherton and Petford,
1993; Hou et al., 2004; Chung et al., 2005; Wang et al., 2005, 2007b;
Zhang et al., 2006); and (f) melting of delaminated lower crust (Kay and
Kay, 1993; Xu et al,, 2002; Gao et al., 2004; Wang et al., 2006). The
tectonic setting and the geochemical and mineralogical characteristics
of the Duogecuoren adakitic rocks can be used to rule out the six
hypotheses.
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Fig. 8. The “°Ar/>°Ar age spectra diagrams for the Duogecuoren adakitic rocks.

The possibility that melting of subducted Neotethyan oceanic crust
generated the Duogecuoren adakitic rocks can be ruled based on their
geochemical characteristics and the tectonic context of the Qiangtang
Block in the Eocene. Commonly, adakites from modern arcs that are
interpreted as slab melts have mid-ocean-ridge basalt (MORB)-like
Sr-Nd isotopic compositions and relatively low K,0, Th and Th/La
values, which originate from the basaltic portion of subducting slabs
(Figs. 4 and 5) (Defant and Drummond, 1990; Kelemen et al., 2003;
Plank, 2005). In contrast, the Duogecuoren adakitic rocks have more
evolved isotopic compositions (Fig. 5) and much higher K50, Th and
Th/La values (Fig. 4), indicating that their source rocks were not
basaltic oceanic crust. Additionally, since the Middle Cretaceous when
the suturing of the Songpan-Ganzi-Qiangtang and Qiangtang-Lhasa
blocks occurred (Yin and Harrison, 2000), the Qiangtang Block has
been in an intra-continental setting. Even if as much as 1500 km of
crustal shortening took place in the Cenozoic (Molnar and Tapponnier,
1975), then the Duogecuoren area remained much more than 500 km
away from the Indus Suture from the Eocene to the present (Fig. 1a).
Thus, flat subduction of Neotethyan oceanic crust beneath the
Qiangtang Block in Eocene would be required. However, no geophy-
sical data support such a scenario (e.g., Kind et al., 2002; Molnar and
Tapponnier, 1975; Tapponnier et al, 2001). Moreover, the close
proximity of large-scale Cretaceous—Early Tertiary arc magmatic
rocks in southern Tibet to the Indus suture (Fig. 1a) implies that
prior to continental collision, oceanic lithosphere did not descend into
the asthenosphere beneath Tibet at an unusually shallow angle
(Molnar and Tapponnier, 1975). The Neotethyan slab is more likely to
have become detached from the orogenic system in southern Tibet
and then to have sunk into the deep mantle in Eocene time (DeCelles
et al., 2002; Kohn and Parkinson, 2002).

The high-pressure fractional crystallization (involving garnet) of
hydrous basaltic melts could not generate the Duogeguoren adakitic

rocks. Suites of adakitic rocks derived by high-pressure fractional
crystallization involving garnet will generally display distinct geochem-
ical trends (Macpherson et al., 2006). In such suites, the Al,03 and La
contents decrease with the increasing of SiO, contents (Fig. 9a-b), and
La/Y, Dy/Yb and Sr/Y ratios clearly increase with the increasing of SiO,
contents (Fig. 9c-e). However, the Duogeguoren adakitic rocks exhibit
none of these trends (Fig. 9a-e). Moreover, the only coeval basaltic rocks
associated with the Eocene adakitic rocks are very minor mafic
shoshonitic occurrences, which cannot be linked to the adakitic rocks
by fractional crystallization garnet (Fig. 9a-j).

The Duogecuoren adakitic rocks were also not derived from
parental basaltic magmas by crustal assimilation and low pressure
fractional crystallization. The Duogecuoren adakitic rocks do not
exhibit the compositional trends produced by low pressure fractional
crystallization of a hornblende-bearing assemblage in Fig. 9a-b and f-
i. The high SiO,-peraluminous adakitic rocks have much lower Y and
HREE contents than the low SiO,-metaluminous adakitic rocks, which
is also not in agreement with the crystal fractionation trend of olivine
(Ol)+plagioclase (Pl)+clinopyroxene (Cpx)+orthopyroxene (Opx)
(Fig. 2b). Moreover, both high SiO,-peraluminous and low SiO,-
metaluminous adakitic rock samples have similar Sr-Nd isotopic
compositions, mainly with higher enq(0) and lower 37Sr/25Sr values
than shoshonitic rock samples (Figs. 5 and 9j-k), which is inconsistent
with a crustal assimilation model. A SiO, versus Mg# diagram (Fig. 2c)
illustrates that the range of adakitic rock compositions are also
inconsistent with the trend of crustal assimilation and fractional
crystallization (AFC) processes.

Mixing of dacitic and basaltic magmas was recently proposed for
the genesis of some high-Mg and low SiO, adakitic rocks, whose high
Sr/Y and overall adakite affinity may be inherited from a dacite end
member of crustal origin (Streck et al., 2007). A similar process in the
Duogecuoren area would require that the high-Mg and low SiO,



166 Q. Wang et al. / Earth and Planetary Science Letters 272 (2008) 158-171
T e e e e e O e L L BB ) T e e e e e e e
(a) 350 -(b) — L (C) J
17 F ] L i
300 [~ = L 4
~ 16 1 10 -
® gzsof 1 L ]
B =3 > o E
. 5 4 & 200 - 4% |
= S150- ——I I T
< ur . 5t .
100 [~ I i
13 1 o
ol 3oty 1 I '
o L J
12 coaa bt be st by b aay 0 |||||L|1|L|1c|)l|p|||qL|||I|1||I|L|| 0 sl st et b i aay
45 50 55 60 65 70 75 80 45 50 55 60 65 70 75 80 45 50 55 60 65 70 75 80
Si0, (wi %) Si0, (wt %) Si0, (wt %)
T T T T T T e o e e e e B e R N R N R R R N S R R R
o
L H(d) s (€) . - (f) T
200 - 5T pe] o -
L Oou@ .
3 175 s 4f 55“6@ & ﬁl i
v 150 4% L p i
o e} ) 00 el
- - = @
3 0 =125 b = 3r 8C93 8 -
a2 % = co o i
100 [ 12 . o
5T 1
1 oy i (‘C'
L 1+ N .
25 | 1 - -
0 I L L L 0 TR EEENE R NN SN E RN FEEEE RN [ I N S I L EE R
45 50 55 60 65 70 75 80 45 50 55 60 65 70 75 80 45 50 55 60 65 70 75 80
Si0, (wt %) Si0, (wt %) Si0, (wt %)
5000 [T T T 350 [T T T T 80 T T T
300 [~ & . ]
4000 [ 5 - - N) R ]
L & J - =
%) 2507 i 4
~ | N a o ]
£ 3000 Bam < = i
gt v o 12} Sq 22 ﬁa 14 !
< . ) o ) - 8 49 k
= 2000 - o %%%3 o g 12 150 0% ]
%chtgufgm I 000 0y od | 1
- o 1 100 - o 7]
i 3 &0 @ & I ® 0°% T 1 1
1000 O sl o go ] g
- . 10 [ -
| SR FET TN TN NN PR PR TR Y SEEIE IS N S S E 0 A PR R N R PR BT
45 50 55 60 65 70 75 80 45 50 55 60 65 70 75 80 45 50 55 60 65 70 75 80
Si0, (wt %) Si0, (wt %) S$i0, (wt %)
— T T 0 [T T T T T [ e e e e S  EEEEsEEE
1 HK) - M
R 0.710F b
- 72. %
B -3- ¥ D
1 a 0.7091 .
J 4 f 4 g
=] = w2
= 4 = £ o
kS Z5r 1 07088 .
3 _wc.‘i ti"_) OO |
0 - 6t 4% o
© Duogecuoren metaluminous o o707k 9 o © (go o 2}
adakitic rocks ar = ) o 8 &
O Duogecuoren peraluminous 3} o
adakitic rocks J 0.7061 7]
L v Duogecuoren shoshonitic rocks) | 9T ] &
0 TN TR S T N TN TN T MO O N T T T T T T ' 10 FEREEEEN PRI S AR S A AU S AVAN S ATEN A SN AT 0705|||s|||||I\|||\||||I|||||\|||\||||
0 40 80 120 160 200 240 280 320 360 400 45 50 55 60 65 70 75 80 45 50 55 60 65 70 75 80
La (ppm) Si0, (wt %) Si0, (wt %)

Fig. 9. (a) SiO, versus Al,0s; (b) SiO; versus La; (c) SiO, versus La/Y; (d) SiO, versus Dy/Yb; (e) SiO, versus Sr/Y; (f) SiO, versus Na,0; (g) SiO, versus Ba; (h) SiO, versus Rb; (i) SiO,
versus Zr/Sm; (j) La versus La/Yb; (k) SiO, versus ena(0); (1) SiO, versus 87Sr/26Sr. Fractional crystallization trends in a-h: HPFC, high-pressure fractional crystallization involving
garnet (Macpherson et al., 2006); LPFC, low pressure fractional crystallization involving olivine +clinopyroxene + plagioclase + hornblende + titanomagnetite (Castillo et al., 1999). Due
to the incompatibility of Zr and compatibility of Sm in hornblende (Drummond et al., 1996), the fractional crystallization will cause the increasing of Zr/Sm ratios in residual magmas
(i). Fractional crystallization and partial melting trends in j are after Turner et al. (1996). The data for the Duogecuoren shoshonitic rocks are from unpublished data of Q. Wang. The
data for the Duogecuoren adakitic rocks are from Appendix A and unpublished data of Y. Dong.

metaluminous adakitic rocks were derived by the mixing of the dacitic
to rhyolitic peraluminous adakitic magmas and shoshonitic magma,
which represents the only candidate for a mantle-derived mafic end
member. Several factors suggest this model is highly unlikely. First,
magma mixing should produce straight arrays in binary plots
(Macpherson et al., 2006), but K;0, Al,03, La and Rb versus SiO,
plots (Figs. 4a, and 9a-b, h) do not display such straight arrays.
Secondly, the high-Mg and low SiO, metaluminous adakitic rocks in

the Duogecuoren area have Dy/Yb, Sr/Y and La/Yb ratios that are
similar to the low-Mg and high SiO, peraluminous adakitic rocks
(Fig. 9d, e, j), indicating that their adakite affinity is not inherited from
the dacite-rhyolite end member. Finally, the shoshonitic rocks have
lower eng(0) and higher &7Sr/86Sr values than most high-Mg and low-
Mg adakitic rocks, indicating that the shoshonitic and dacitic-rhyolitic
magmas cannot be two end members in a magma mixing scenario
(Fig. 9Kk, ).
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There is a possibility that the high SiO,-peraluminous adakitic
rocks were generated by melting of thickened mafic lower continental
crust owing to their relatively low-MgO or -Mg* values (Fig. 2c), and Cr
and Ni contents. However, the low SiO,-metaluminous adakitic rocks
cannot originate by this mechanism, as they have higher Mg* values
than metabasaltic and eclogite experimental melts (1-4.0 GPa) (Rapp
et al., 1999, 2003). In fact, some samples have very high Cr and Ni
contents and contain olivine phenocrysts.

Some intra-continental high-MgO or -Mg* adakitic rocks have
been considered to originate from the melting of delaminated lower
crust (e.g., Xu et al, 2002; Gao et al, 2004; Wang et al., 2006).
Although the model seems applicable to the Duogecuoren metalumi-
nous adakitic rocks, it is not supported by evidence from xenoliths in
Cenozoic volcanic rocks or by structural studies. As detailed in
numerous studies, xenolith compositions suggest that the northern
Qiangtang has a dominantly sedimentary lower crust formed from
subducted Triassic Songpan-Ganzi accretionary wedge rocks in the
Early Mesozoic or Cenozoic (Hacker et al, 2000, 2005; Yin and
Harrison, 2000; Kapp et al, 2003, 2005; Schwab et al., 2004).
Obviously, this sedimentary lower crust has a lower density than
mantle rocks at the same pressure and temperatures (Hacker et al.,
2005), which is not favourable for the delamination of lower crust.
Moreover, within a continent, the delamination of lower crust is
generally restricted to such regions that are undergoing extension, are
underlain by a mantle plume, or have had part of the conductive upper
mantle removed (Jull and Kelemen, 2001; Wang et al., 2007b). In fact,
several examples of adakitic rocks derived by melting of delaminated
lower crust have been documented in regions that were characterized
by lithospheric extension (Xu et al., 2002; Gao et al., 2004; Wang et al.,
2006). In contrast, the presence of thrust faults (Fig. 1a) and
contraction basins suggests that the Qiangtang Block was undergoing
crustal shortening during the Paleocene-Early Miocene (Yin and
Harrison, 2000; Tapponnier et al., 2001; Wang et al., 2002; Kapp et al.,
2005; Spurlin et al,, 2005). Accordingly, it seems unlikely that the
delamination of lower crust took place in the Qiangtang Block in the
Eocene.

5.2. A new model for the petrogenesis of the Duogecuoren adakitic rocks

We propose an alternative model for the Duogecuoren adakitic
rocks (Fig. 10), given that crustal shortening in this area most plausibly
required continental subduction as the major accommodation

A JS AKMS

S A Qiangtang | Songpan-Ganzi

QlangtaW
Songpan-Ganzi crust

Mantle Lithosphere

Asthenosphere

Fig. 10. A suggested model to produce Eocene igneous rocks in the Northern Qiangtang
area (modified from Yin and Harrison (2000), Tapponnier et al. (2001), Kapp et al.
(2005) and Ding et al. (2007)). S—shoshonitic rocks; MA—metaluminous adakitic rocks;
PA—peraluminous adakitic rocks; suture: AKMS—Anyimagen-Kunlun-Muztagh; JS—
Jinshajiang.

mechanism (Yin and Harrison, 2000; Tapponnier et al., 2001; Ding
et al., 2003; Kapp et al., 2005). The continental subduction could have
been either south-dipping along the Jinsha suture (Meyer et al., 1998;
Roger et al., 2000; Yin and Harrison, 2000; Tapponnier et al., 2001;
Ding et al., 2003) or north-dipping along the Bangong suture (Kapp
et al., 2003, 2005; Spurlin et al., 2005). The latest geophysical data,
however, support south-dipping continental subduction along both
the Jinsha suture (Tapponnier et al., 2001; Kind et al., 2002; Vergne
et al, 2002; Kumar et al., 2006; Wittlinger et al., 2004) and the
Bangong suture (Shi et al., 2004). Thus, Eocene lavas in the northern
Qiangtang Block (Fig. 1a) were most likely related to the south-dipping
continental subduction along the Jinsha suture (Meyer et al., 1998;
Hacker et al., 2000; Roger et al., 2000; Tapponnier et al., 2001) rather
than convective thinning of the mantle lithosphere (Chung et al., 1998)
or back-arc extension (Chung et al., 2005). Priestley et al. (2006) find
that high-velocity material underlies most and possibly all of Tibet to a
depth of 225-250 km and suggest that the Indian lithosphere has not
detached and sunk beneath the plateau but that most of the plateau
has been underthrust by high-velocity Indian mantle from the south
and possibly high-velocity Asian mantle from the north. Petrogenesis
of Cenozoic shoshonitic lavas in the Qiangtang Black has generally
been ascribed to the melting of enriched lithospheric mantle, which
was initiated by continental subduction (e.g., Hacker et al., 2000; Yin
and Harrison, 2000; Tapponnier et al., 2001; Wang et al., 2001; Ding
etal., 2003; Spurlin et al., 2005). The Duogecuoren adakitic rocks differ
geochemically from coeval shoshonitic rocks (Figs. 2b, 3a and b and
4a) and clearly reflect a distinct petrogenetic mechanism. As the
Songpan-Ganzi Block likely subducted along the Jinsha suture beneath
the northern Qiangtang Block during the Paleocene-Early Miocene
(e.g., Hacker et al., 2000; Tapponnier et al., 2001), we suggest that the
adakitic rocks were most probably derived by melting of continental
crust from the southward subducted Songpan-Ganzi Block.

The Songpan-Ganzi Block consists of Triassic flysch (Yin and
Harrison, 2000) and some Late Permian basaltic and Proterozoic rocks
(Roger and Calassou, 1997; Song et al., 2004; Wang, 2005; Xiao and Xu,
2005). The Duogecuoren adakitic rocks exhibit Nd-Sr isotopic
compositions similar to Late Permian basaltic rocks in the Songpan-
Ganzi Block or west Yangtze Block (Xu et al., 2001; Song et al., 2004),
and are partially similar to Proterozoic rocks in the Songpan-Ganzi
Block or west Yangtze Block (Roger and Calassou, 1997; Li et al., 2003)
(Fig. 5). However, these Late Permian basaltic and Proterozoic rocks
display much lower Th and Th/La values than the Duogecuoren
adakitic rocks (Fig. 5), indicating that the Duogecuoren adakitic rocks
were not derived from an entirely comparable source but from one
that must also have a high Th and Th/La component (Fig. 4b). Recently
published isotopic studies (Chen et al., 2006; She et al., 2006)
demonstrate that Proterozoic-Triassic sediments in the Songpan-
Ganzi Block, including Triassic flysch, have a wide range of &yq(0)
values (-0.37 to -15.68), which overlays that of Eocene adakitic rocks
(-2.81 to -6.91) in the Duogecuoren area (Fig. 5b). Furthermore, we
note that the Duogecuoren adakitic rocks, especially the peraluminous
adakitic rocks, are geochemically similar to marine sediments. For
example, all samples for the Duogecuoren adakitic rocks plot in the
field of marine sediments in the Nd-Sr isotopic diagram (Fig. 5). They
also exhibit high K;0, Th and Th/La values similar to these marine
sediments or to the upper continental crust (Fig. 4) (Condie, 1993;
Plank and Langmuir, 1998; Plank, 2005, and references therein),
indicating that their source likely contained sediments (Plank and
Langmuir, 1993; Hawkesworth et al., 1997; Plank, 2005;). For example,
experimental results indicate that, in a subduction zone, Th enrich-
ment with respect to MORB requires sediment melting (Johnson and
Plank, 1999).

Xenoliths of garnet-bearing amphibolites, granulites and eclogites
from Cenozoic volcanic rocks in Qiangtang and Pamir areas are
considered to have been derived from mafic or sedimentary rocks of
subducted continental crust (Hacker et al., 2000, 2005). The granulites
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from 3-million-year-old Ma shoshonitic volcanic rocks in the northern
Dongyuehu area (Fig. 1b) were probably residue after low-grade
sediments such the Songpan-Ganzi flysch melted during early
introduction to the deep crust (Hacker et al., 2000). Moreover, REE
patterns of the Duogecuoren adakitic rocks are similar to those of melt
derived from metapelitic granulite or melt inclusions from quartz
crystals in metapelitic granulite in the Pamir (Fig. 3a) (Hacker et al.,
2005). Therefore, we suggest that the melting of subducted con-
tinental sediments may have played an important role in the
petrogenesis of the Duogeguoren adakitic rocks.

Dehydration melting experiments for metasedimentary rocks
suggest that their melts at high pressure (1-4 GPa) are peraluminous
with low Mg# (<47) (e.g., Castro et al., 2000; Schmidt et al., 2004).
Accordingly, only the peraluminous and low-Mg* adakitic rocks in the
Duogecuoren area could be generated directly from subducted
sediments. The metaluminous and high-Mg* adakitic rocks are similar
to the high-Mg andesites in SW Japan in terms of ACNK (Al,03/(CaO+
Na,0+K,0), Mg# Rb, Y+Nb, Th/La values and Nd-Sr isotopic
compositions. The Japanese high-Mg andesites resulted from the
reaction between subducted sediment-derived melts and mantle
(Shimoda et al., 1998; Tatsumi, 2001; Tatsumi and Hanyu, 2003). A
sediment-derived melt changes its composition from rhyolite to
andesitic as it dissolves olivine and clinopyroxene and crystallizes
orthopyroxene (Tatsumi, 2001). Therefore, we argue that the
metaluminous and high-Mg* adakitic rocks in the Duogecuoren area
most probably resulted from reaction between ascending melts
derived from subducted sediment-dominated continental crust and
mantle peridotite. However, this mechanism for the generation of
high-Mg* adakitic rocks is clearly different from those which generate
high-Mg# adakitic rocks or andesites by reaction between ascending
melts derived from delaminated lower crust (Xu et al., 2002; Gao et al.,
2004; Wang et al., 2006) or subducted oceanic sediments or crust and
mantle peridotite (Kelemen, 1995; Stern and Kilian, 1996; Shimoda
et al, 1998; Rapp et al, 1999; Tatsumi, 2001; Defant et al., 2002;
Tatsumi and Hanyu, 2003).

Although sediment melting models have primarily been applied to
arc settings involving subduction of oceanic crust containing
sediments (Johnson and Plank, 1999; Plank, 2005, and references
therein), they should also be applicable to the subduction of
continental crust containing sediments (e.g., the Songpan-Ganzi
Block). In addition to Middle-Late Permian basalts, which are similar
to contemporaneous plume-related basalts in the western Yangtze
and the eastern margin of Tibet (Song et al., 2004; Wang, 2005; Xiao
and Xu, 2005), the Songpan-Ganzi Block also contains the world's
largest accumulation of Triassic sediments. They partially cover the
earlier basalts and mainly consist of flysch. Following the Eocene
(~55 Ma) collision of India with Asia (Molnar et al., 1993; Tapponnier
et al., 2001), the Songpan-Ganzi Block subducted southward beneath
the Qiangtang Block along the reactivated Triassic Jingsha suture
(Tapponnier et al., 2001; Kind et al., 2002; Vergne et al., 2002; Kumar
et al., 2006) (Fig. 1a). During subduction of the Songpan-Ganzi Block,
the basaltic layer underlying Triassic sediments began to dehydrate
under eclogite facies conditions. As sediments have a relatively low
solidus (H,O+Cl fluid-saturated) at high pressure (775+25 °C at
2 GPa: Johnson and Plank, 1999), the ascending fluids triggered
melting of sediment-dominated continental crust, which generated K-
rich and peraluminous melts (Johnson and Plank, 1999; Schmidt et al.,
2004). The relatively low zircon saturation temperatures (Tzr) (611-
793 °C) (Miller et al., 2003) (Appendix A) for both peraluminous and
metaluminous adakitic rocks further support the above inference.
Adakitic liquids can generally be produced by melting of mafic
materials at pressures equivalent to a crustal thickness of >50 km
where the residual phases include garnettrutile but little or no
plagioclase (Rapp et al.,, 1999, 2003; Kay and Kay, 2002; Xiong et al.,
2005; Xiao and Clemens, 2007). Pelitic sediments and greywackes
have the same eclogitic mineralogy (but different mineral propor-

tions) as basaltic rocks at depths>70-100 km (i.e., 2.0-3.5 GPa:
Schmidt et al., 2004). Experimental data suggest that sediment-
dominated melts in equilibration with garnet are markedly depleted
in HREE and enriched in LREE (Johnson and Plank, 1999).

Melts derived from sediment-dominated continental crust of the
Songpan-Ganzi Block should have similar REE characteristics. Those
melts mainly generated at a relatively shallow depth (the horn-
blende +garnet stability field: Condie, 2005; Foley et al., 2002; Fig. 3¢)
did not interact significantly with mantle and ascended to form the low
MgO and peraluminous adakitic rocks (Fig. 10). Melts mainly generated
at greater depths (the garnet+rutile stability field: Condie, 2005; Xiong
et al., 2005; Fig. 3c) interacted with mantle peridotite: (a) MgO and
compatible elements (e.g., Cr and Ni) entered into some melts, which
caused the formation of the high MgO and metaluminous adakitic rocks
(Fig. 10); (b) some melts or fluid metasomatized the mantle, which
created source regions for ultrapotassic (or shoshonitic) magmas (e.g.,
Schmidt et al., 2004) (Fig. 10).

5.3. Implications

Geophysical data reveal that the crustal thickness of the Qiangtang
Block is ~70-90 km, corresponding to a Central Tibetan Plateau surface
elevation>4.5 km above sea level (Tapponnier et al,, 2001; Kind et al.,
2002; Vergne et al., 2002; Wittlinger et al., 2004; Priestley et al., 2006).
However, the timing and mechanism of its uplift remain at issue (Molnar
et al., 1993; Turner et al., 1996; Yin and Harrison, 2000; Tapponnier et al.,
2001; Kohn and Parkinson, 2002; Chung et al., 2005; Harris, 2006). For
example, some research suggests that the eruption of Eocene shoshonitic
lavas in the east Qiangtang Block had no topographic implications for the
Tibetan Plateau (Kohn and Parkinson, 2002) or that uplift of the
Qiangtang plateau may have been initiated in the east from the
Oligocene-Miocene (Chung et al, 2005) rather than in the Eocene
(Chungetal., 1998). Nonetheless, tectonic data and basin and deformation
analysis indicate that crustal shortening and uplifting of the Qiangtang
plateau could, in fact, have begun in the Eocene (e.g., Tapponnier et al.,
2001; Spurlin et al., 2005; Zhou et al., 2006a). In addition, oxygen isotope
data from Late Eocene deposits in the center of the Tibetan Plateau
indicate that the surface of Tibet has been at an elevation of more than
4 km for at least the past 35 Ma (Rowley and Currie, 2006).

The Eocene adakitic rocks of the Duogecuoren area in the western
Qiangtang Block provide additional independent constraints on the
geodynamic history of the region. They are geochemically distinct
from Late Mesozoic (Jurassic-Cretaceous) intermediate-acid igneous
rocks, which have negative Eu anomalies and enriched HREE contents,
indicating plagioclase but no garnet in their source (Fig. 3c). In other
words, the adakitic rocks obviously originated from a much deeper
source than the Late Mesozoic intrusions. The adakitic rocks were
derived from the melting of eclogitic crust which was thickened by
continental subduction. This relationship implies that uplift of Central
Tibetan Plateau probably initiated as early as 45-38 Ma and was likely
related to the Eocene subduction of Asian continental lithosphere (Yin
and Harrison, 2000; Tapponnier et al., 2001; Kind et al., 2002; Kumar
et al., 2006; Rowley and Currie, 2006).

In the past decade, the relationship between Cenozoic global
climate change and the uplift of the Tibetan Plateau has attracted wide
interest but has also been the subject of dispute (e.g., Harrison et al.,
1992; Prell and Kutzbach, 1992; Raymo and Ruddiman, 1992; Molnar
et al., 1993; Turner et al., 1996; Ruddiman, 1998; Chung et al., 2005;
Harris, 2006; Dupont-Nivet et al., 2007). Many, probably most,
researchers believe that global cooling in Late Cenozoic was caused
by uplift of the Tibetan Plateau (e.g., Harrison et al., 1992; Prell and
Kutzbach, 1992; Turner et al.,, 1996). Global climate change in the
Miocene was considered to have been related to approximately
contemporaneous (13-7 Ma) uplift of the Tibetan Plateau (Harrison
et al.,, 1992; Prell and Kutzbach, 1992; Turner et al., 1996). However,
oceanic O-Sr isotopic variations, global cooling and Asian continental
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aridification began in the Eocene (40-35 Ma) (Raymo and Ruddiman,
1992; Ruddiman, 1998; Dupont-Nivet et al., 2007). Based on the
presence of shoshonitic igneous rocks in the eastern Qiangtang Block,
Chung et al. (1998) argued that large-scale uplift occurred there as
early as 37-33 Ma, thereby accounting for the tectonically driven
models of oceanic strontium isotope evolution and global cooling
(Raymo and Ruddiman, 1992; Ruddiman, 1998). Recently, however,
Chung et al. (2005) refuted this position and argued that Eocene uplift
of the east Qiangtang Block did not take place. Therefore, possible
links between climate and uplift of the Tibetan Plateau have remained
unclear. The unresolved question has been whether exploration of
Tibet could reveal evidence of even earlier uplift, particularly during
the interval of global cooling between 55 and 40 Ma (Ruddiman,
1998). It is therefore significant that our results suggest uplift of the
Central Tibetan Plateau was initiated as early as 46-38 Ma, which
provides important evidence for the tectonically driven models for O-
Srisotopic evolution in the ocean, global cooling and Asian continental
aridification in Eocene.

6. Conclusions

(1) Most of the Duogecuoren lavas of the central-western Qiang-
tang Block are high-K calc-alkaline andesites, dacites and
rhyolites, and geochemically similar to adakitic rocks derived
by partial melting of an eclogitic source. They can be further
classified as either peraluminous-low-MgO or metaluminous-
high-MgO subtypes.

(2) 4°Ar->°Ar and SHRIMP and LAM-ICP-MS zircon U-Pb dating
suggest that both peraluminous and metaluminous adakitic
rocks erupted in the Eocene (46-38 Ma).

(3) The peraluminous adakitic rocks were probably derived by
partial melting of subducted sediment-dominated continental
crust of the Songpan-Ganzi Block along the Jinsha suture to the
north, but the metaluminous adakitic rocks likely originated
from the interaction between subducted sediment-dominated
continental crust-derived melts and mantle.

(4) Eocene continental subduction along the Jinsha suture caused the
thickening of the Qiangtang crust. The elevation of the Central
Tibetan Plateau probably began as early as 45-38 Ma ago.
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