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The composition of the deep crust is a key to understanding the formation of the low-velocity zone in the
middle to lower crust of the Tibetan Plateau. The Suyingdi rhyolites exposed in the northern Qiangtang
Terrane have high Sr (296-384 ppm) and low Y (5.81-7.93 ppm), with therefore high Sr/Y ratios
(42-56), showing geochemical features of adakitic rocks. Zircon U-Pb dating yields an eruption age of
38.2+£0.8 Ma (MSWD = 0.78). These adakitic rhyolites are high-K calc-alkaline in composition, displaying
a weakly peraluminous character. They have low MgO content (0.20-0.70 wt.%) and Mg* values (24-39),

Keywords: as well as low Sc (2.25-2.76 ppm), Cr (8-14 ppm), Co (1.6-3.5 ppm) and Ni (2-3 ppm) concentrations.
Tibetan Plateau The rocks are LREE-enriched ((La/Yb)y = 50-62) and display weakly negative Eu anomalies (Eu/Eu*
adakite = 0.82-0.95) and pronounced negative Nb and Ta anomalies. They have low initial (87Sr/%6Sr); ratios
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(0.707860 to 0.708342) and enriched Nd isotopic compositions with enq(t) values ranging from —8.4
to —5.0, which are indistinguishable from those of Cenozoic potassic and ultra-potassic lavas exposed
in northern Tibet. Their much higher SiO, and lower Fe;03 contents, yet similar MgO, Cr, Co, Ni, and
Mg"* values to the potassic and ultra-potassic lavas, however, indicate that the rhyolites are unlikely to
have formed by fractional crystallization of these lavas. Because of their low Nb/Ta ratios and similar
Sr-Nd isotopic compositions to granulite xenoliths within the Cenozoic potassic rocks, we infer that the
Suyingdi adakitic rhyolites were most likely produced by partial melting of a thickened lower crust in
the garnet stability field. The magma source is most likely dominated by granulite facies metabasalts
and clay-poor metamorphosed sedimentary rocks which indicate that the lower crust of northern Tibet
is heterogeneous. In combination with data from previously-reported peraluminous and metaluminous
adakitic rocks in the same region, the age and petrogenesis of the Suyingdi adakitic rhyolites suggest
that the low-velocity zone in the deep crust of central and northern Tibet was most likely the result of
partial melting of thickened crust.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction also irrevocably affected the isotopic composition of global oceans

(Raymo and Ruddiman, 1992; Turner et al., 1996; Ruddiman, 1998;

The Tibetan Plateau is generally considered to have formed in
the early Cenozoic as a consequence of the continental collision
between India and Asia along the Indus-Tsangpo suture (Molnar
et al, 1993; Nelson et al, 1996; Owens and Zandt, 1997; Yin,
2000, 2006; Yin and Harrison, 2000; DeCelles et al., 2002; Chung
et al,, 2005; Ding et al., 2005). Uplift of the Tibetan Plateau dur-
ing the last ~65 Ma has not only changed the global climate, but
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Chung et al., 1998; Dupont-Nivet et al., 2007). Although the time
and mechanism of uplift still remain unclear (Molnar et al., 1993;
Coleman and Hodges, 1995; Turner et al., 1996; Chung et al., 1998;
Rowley, 1998; Roger et al., 2000; Tapponnier et al., 2001; Blisniuk
et al.,, 2001; Harris, 2006), there is a distinction in radiogenic iso-
topic compositions of the Cenozoic lithosphere-derived igneous
rocks exposed in southern and northern Tibet (Coulon et al., 1986;
Arnaud et al., 1992; Turner et al., 1996; Miller et al., 1999; Hacker
et al., 2000; Williams et al., 2001, 2004; Chung et al., 2003; Ding
et al., 2003, 2007; Hou et al., 2004; Wang et al., 2005, 2008, 2012;
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Fig. 1. Simplified geological map of the Tibetan Plateau showing major blocks and temporal-spatial distribution of Cenozoic volcanic rocks (after Yin and Harrison, 2000;
Chung et al., 2005). Ages shown for volcanic rocks are from Ding et al. (2003, 2007), Chung et al. (2005), Guo et al. (2006), Wang et al. (2008), and references therein. Main
suture zones between major blocks: AKMS, Anyimagen-Kunlun-Muztagh; JS, Jinshajiang; BS, Bangong; IS, Indus. Major faults: MBT, Main Boundary Thrust. The inset geologic
map shows outcrops of Cenozoic rhyolites at Suyingdi, northern Qiangtang Terrane, with location of samples used in this study.

Guo et al., 2006, 2007, 2013; Gao et al., 2007, 2008, 2010; Mo
et al.,, 2007; Holbig and Grove, 2008; Ji et al., 2009; Zhao et
al,, 2009; Chen et al., 2010). The isotopic characteristics of the
magma sources in southern Tibet are commonly considered to
record northward subduction of the Indian continental lithosphere,
whereas those in northern Tibet are likely produced by the south-
ward subduction of Asian continental lithosphere (Yin and Harri-
son, 2000; Tapponnier et al., 2001; Chung et al., 2005; Yin, 2006;
Ding et al., 2007; Nabélek et al., 2009).

However, a large number of geophysical studies have demon-
strated that there is a widespread low-velocity zone in the middle
to lower crust across the whole Tibetan Plateau (Nelson et al.,
1996; Owens and Zandt, 1997; Yuan et al., 1997; Zhao et al., 2001;
Wei et al., 2001; Unsworth et al., 2005; Le Pape et al., 2012). This
low-velocity zone is commonly interpreted as a partially-molten
zone and its distribution seems not to have been affected by the
differences in tectonic mechanisms between southern and north-
ern Tibet. Although several models have been proposed to inter-
pret the formation of the molten zone, none of them is universally
accepted (Wei et al., 2001; Unsworth et al., 2005; Caldwell et al.,
2009; Bai et al, 2010; Zhang and Klemperer, 2010). The Ceno-
zoic igneous rocks exposed in Tibet are dominantly from mantle
sources, and so the general lack of crustal-derived igneous rocks
has impeded greater insight into the formation of the molten zone
(Roger et al.,, 2000; Tapponnier et al., 2001; Chung et al., 2005;
Spurlin et al., 2005).

In order to constrain the composition of the deep crust, we
present new geochronological and geochemical data for Cenozoic
rhyolites exposed in the northern Qiangtang Terrane (Fig. 1). Our
results demonstrate that the Eocene rhyolites are adakitic rocks

that have been produced by partial melting of a thickened lower
crust, thus providing new constraints on the middle to lower crust
of central Tibet.

2. Geological background and sample descriptions

The Tibetan Plateau consists mainly of three east-west-trending
terranes which are, from north to south, the Songpan-Ganzi,
Qiangtang and Lhasa terranes (Fig. 1; Yin and Harrison, 2000;
Chung et al, 2005; Ding et al., 2007). The Qiangtang Terrane is
separated from the Songpan-Ganzi Terrane by the Jinshajiang su-
ture, whereas it is separated by the Bangong suture from the Lhasa
Terrane to the south, representing the final closure of the Paleo-
and Meso-Tethyan oceans, respectively (Yin and Harrison, 2000;
Ding et al., 2003). It is generally accepted that the formation of the
Jinshajiang suture predates the Jurassic (Tapponnier et al., 2001),
whereas the Bangong ocean opened during the Permian-Triassic
(Sengor, 1984) or Early Jurassic (Yin et al.,, 1988) and closed prior
to the Early Cretaceous (Murphy et al., 1997).

The Qiangtang Terrane is divided into two parts by an east-
west-trending blueschist-bearing tectonic mélange (Kapp et al.,
2000; Ding et al., 2003). The mélange was originally considered
to be a suture zone separating the northern Qiangtang Terrane of
Cathaysian affinity from the southern Qiangtang Terrane of Gond-
wanan affinity (Li et al,, 1995). However, it has been more re-
cently interpreted as a metamorphic core complex produced by
underthrusting of oceanic crust and its sedimentary cover beneath
the Qiangtang Terrane during the Early Mesozoic by southward-
directed low-angle subduction along the Jinshajiang suture, only
to be exhumed in an intracontinental setting by Late Triassic-
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Early Jurassic normal faulting (Kapp et al., 2000, 2003). In the
northern Qiangtang Terrane, Cenozoic volcanic rocks are exten-
sively developed and dominated by potassic and ultra-potassic
lavas formed at 45-27 Ma (Ding et al., 2003, 2007), some of which
contain mafic and felsic granulite xenoliths (Hacker et al., 2000;
Jolivet et al., 2003; Lai et al., 2011). These rocks are mostly
shoshonitic in composition and mainly exposed in the Duoge-
cuoren and Zhentouya areas (Fig. 1; Deng, 1998; Guo et al., 2006).
It has been suggested that the geochemical characteristics of the
potassic and ultra-potassic lavas are controlled by the composition
of an enriched asthenospheric mantle source, the degree of par-
tial melting of that source, and the combined processes of crustal
assimilation and fractional crystallization (AFC) (Guo et al., 2006).
A recent investigation, however, demonstrated that most of these
lavas are high-K calc-alkaline andesites, dacites and rhyolites with
geochemical characteristics of adakites, and thus are considered to
represent partial melting of subducted sediment-dominated con-
tinental crust of the Songpan-Ganzi Terrane (Wang et al., 2008).
Volcanic rocks of similar age are also exposed in the Yulinshan,
Fenghuoshan-Nanggian and Tanggula areas (Wang et al., 2001;
Ding et al.,, 2003; Chung et al., 2005; Guo et al.,, 2006). In the
southern Qiangtang Terrane, Cenozoic volcanic rocks are locally ex-
posed in the Nading Co, Ejumaima, Shuanghu and Siling Co areas,
with eruption ages between 65 Ma and 28 Ma (Ding et al., 2007).
These lavas are mostly Na-rich and calc-alkaline in composition
and are considered to be derived from a primitive mantle source
metasomatized by partial melts of metasedimentary lower crustal
rocks (Ding et al., 2007).

To the north, the Songpan-Ganzi Terrane is characterized by
a huge volume of Triassic terrigenous sediments that were de-
posited on continental and oceanic crust and derived mostly from
the Triassic Qinling-Dabie orogen (Bruguier et al., 1997). The oc-
currence of non-marine sediments within this terrane defines the
final accretion of the Qiangtang Terrane to the Eurasian margin
along the Jinshajiang suture during the earliest Jurassic (Li et al.,
1995; Yin and Harrison, 2000). Cenozoic volcanic rocks in the
Songpan-Ganzi Terrane are volumetrically minor, but widely dis-
tributed (Fig. 1). They are mainly mafic and potassic to ultra-
potassic in composition, and range in age from 17 Ma to Re-
cent (Turner et al., 1993, 1996; Deng, 1998; Cooper et al., 2002;
Guo et al, 2006). Some acidic lavas have also been discovered
in this terrane, including the ~4 Ma rhyolites in the Ulugh Muz-
tagh area and 18-15 Ma K-rich adakitic volcanic rocks in the
Hohxil area (McKenna and Walker, 1990; Wang et al., 2005;
Guo et al., 2006).

To the south, the Lhasa Terrane was shortened by ~180 km in
response to the Indian-Asian collision and underwent an Andean-
type orogeny prior to the collision (Murphy et al., 1997; Yin and
Harrison, 2000; Tapponnier et al., 2001). It is characterized by
voluminous calc-alkaline volcanic rocks of the Paleocene Linzi-
zong volcanic suite (Miller et al., 2000; Zhou et al., 2004; Mo et
al., 2007, 2008) and by huge calc-alkaline granitoids of the Ter-
tiary Gangdese Batholith (Debon et al., 1986; Mo et al., 2005;
Zhu et al.,, 2008; Ji et al., 2009). Published radiometric ages for the
volcanic and intrusive rocks demonstrate that magmatism started
in the Early Cretaceous (~130 Ma) and lasted until the Late Eocene
(~40 Ma), with a distinct time gap between ~75 and 60 Ma
(Coulon et al., 1986; Debon et al., 1986; Harrison et al., 1997;
Murphy et al,, 1997; Miller et al., 1999; Wen et al., 2008). The
Linzizong volcanic rocks are widely distributed in the southern
Lhasa Terrane and consist mainly of calc-alkaline andesitic lavas,
tuffs and breccias, with dacitic to rhyolitic ignimbrites (Miller et
al., 2000; Mo et al., 2008). Isotopic dating of the volcanic rocks
near Lhasa has yielded eruption ages between 60 Ma and 49 Ma
and revealed a westward younging trend (Miller et al., 2000;
Zhou et al.,, 2004). Geochemical studies suggest that the Linzi-

zong volcanic rocks were produced by subduction of the Neo-
Tethys Ocean (Mo et al., 2007). Overlying the Linzizong volcanics,
Miocene potassic to ultra-potassic lavas (24-8 Ma) are sporadically
exposed in the southern Lhasa Terrane and it is commonly consid-
ered that they formed as a result of slab break-off beneath south-
ern Tibet (Davies and von Blanckenburg, 1995; Miller et al., 1999;
Chemenda et al., 2000; Williams et al., 2004; Ding et al., 2007). The
Gangdese Batholith is mainly composed of dioritic plutons formed
in the Cretaceous to Tertiary (Harris et al., 1988; Mo et al., 2005;
Ji et al.,, 2009). Formation of the Gangdese Batholith is attributed
to northward subduction of the Neo-Tethys ocean floor beneath
the Lhasa Terrane along the Indus suture, but prior to the Indian-
Asian collision (>50 Ma) (Debon et al., 1986; Mo et al.,, 2005;
Zhu et al., 2008). In addition to the Gangdese Batholith, some post-
collisional (26.2-10.1 Ma) adakitic intrusive rocks are also present
in the Lhasa Terrane and are generally interpreted to be produced
by partial melting of thickened mafic lower crust (Chung et al.,
2003; Hou et al., 2004; Guo et al., 2007), although a few workers
ascribe their petrogenesis to partial melting of subducted oceanic
crust (Qu et al., 2004).

In this study, our samples were collected from the volcanic
rocks exposed in the Suyingdi area in the northern Qiangtang Ter-
rane. The lavas consist mainly of high-K rhyolites that erupted
at two locations, uncomfortably overlying Jurassic and Neogene
sediments (Fig. 1). The rhyolites show typical porphyritic texture
(Figs. 2a-b), with the phenocrysts mostly consisting of anhedral
quartz and euhedral feldspar with embayed crystal margins. The
feldspar phenocrysts are dominated by plagioclase (andesine to
labradorite), with some K-feldspar. Most display twinning or zon-
ing (Figs. 2b-c) and reaction rims are commonly present at the
margin of plagioclase phenocrysts (Fig. 2d). In some samples, there
are a few euhedral biotite phenocrysts that have been partly con-
verted to chlorite (Figs. 2a-b). The matrix is mainly composed of
tiny crystals of plagioclase, K-feldspar, and quartz, with minor vol-
canic glass.

3. Analytical methods

Major and trace elements of twenty-three samples were ana-
lyzed using a Rigaku ZSX100e Xray fluorescence spectrometer and
a Perkin-Elmer Sciex ELAN 6000 ICP-MS, respectively (online Ap-
pendix A, Supplementary Table 1). One sample (L13BR26) were
separated from for zircon U-Pb dating and dated by an Agilent
7500a ICP-MS with a pulsed Resonetic 193 nm ArF excimer laser
(online Appendix A, Supplementary Table 2). The whole-rock Sr-
Nd and Pb isotopes of eight volcanic samples were analyzed using
a Micromass Isoprobe multi-collector inductively-coupled plasma
mass spectrometer (MC-ICP-MS) and a NEPTUNE MC-ICP-MS, re-
spectively (Table 1). Except for Pb isotopic analyses were deter-
mined at the ALS Chemex (Guangzhou) Co Ltd, other analyses
were accomplished at the State Key Laboratory of Isotope Geo-
chemistry, Guangzhou Institute of Geochemistry, Chinese Academy
of Sciences. The Detailed analytical procedures are attached in on-
line Appendix B, Analytical methods.

4. Results
4.1. Whole-rock geochemistry

The volcanic samples are characterized by uniform geochem-
ical compositions and record high SiO, contents ranging from
70.43 wt.% to 72.02 wt.% (Supplementary Table 1). They have high
K;0 (3.53-3.74 wt.%) and slightly lower NayO (2.98-3.55 wt.%)
contents, thus recording relatively high K;O/NapO ratios (1.01-
1.21), indicating that they are high-K calc-alkaline lavas (Fig. 3a).
The rocks are subalkaline, and nearly all of them plot in the field



X. Long et al. / Earth and Planetary Science Letters 414 (2015) 30-44 33

Fig. 2. Textural features of the Suyingdi rhyolites from the northern Qiangtang Terrane: (a) under plane-polarized light and (b-d) under cross-polarized light, showing flow
alignment with phenocrysts dominated by anhedral quartz and euhedral plagioclase (andesine to labradorite), with minor K-feldspar and biotite. The abbreviations for

minerals: Qz, quartz; P, plagioclase; Kf, K-feldspar; Bi, biotite; Chl, chlorite.

of rhyolite in the TAS discrimination diagram (Fig. 3b). Compared
with the Hohxil K-rich adakitic volcanic rocks in the Songpan-
Ganzi Terrane (Wang et al., 2005), the rocks display slightly lower
Al,O3 (14.74-15.41 wt.%), and much lower CaO (2.25-2.76 wt.%),
and MgO (0.20-0.70 wt.%) contents and Mg* values (24-39)
(Fig. 3c). The ASI index (A/CNK = [Al;03/(Ca0 + Na;O + K30)
mol%]) varies from 1.03 to 1.16, defining a weakly peraluminous
character (Fig. 3d).

The rhyolite samples have low Sc = 2.3-2.8 ppm, Cr =
8-14 ppm, Co = 2-3 ppm and Ni = 2-3 ppm, which are much
lower than those of the Hohxil K-rich adakitic rocks (Wang et al.,
2005). The rhyolites have relatively high Sr (296-384 ppm) and
low Y (5.81-7.93 ppm) concentrations, and thus show high Sr/Y ra-
tios (42-56), which are similar to those of average adakite, but dif-
ferent from those of normal Phanerozoic arc igneous rocks (Condie,
2005). The rhyolites are also LREE-enriched ((La/Yb)y = 50-62)
and display weakly negative Eu anomalies (Eu/Eu* = 0.82-0.95)
(Fig. 4a), with pronounced negative Nb and Ta anomalies, and
marked positive Pb spikes in the primitive mantle-normalized
trace element variation diagram (Fig. 4b).

4.2. Zircon U-Pb ages

Twenty-five zircons from rhyolite sample L13BR26 were ana-
lyzed to constrain the formation age of the volcanic rocks. The
zircon grains are transparent and prismatic with lengths ranging
from 100 to 220 um and widths from 80 to 110 um. In CL images,
they display well-developed concentric oscillatory zoning (Fig. 5).
The zircons have high Th/U ratios (0.93-1.66), which, together with
the concentric oscillatory zoning, indicate an igneous origin. The
twenty-five zircon grains are concordant and yield almost identi-
cal 296pph/238Y ages between 32.5 Ma and 42.2 Ma (Supplementary

Table 2), with a weighted mean age of 38.2 + 0.8 Ma (MSWD =
0.78), representing the time of eruption of the rhyolitic lava.

4.3. Sr—=Nd-Pb isotopic compositions

Eight samples were analyzed for Sr-Nd isotopes and they dis-
play variable 87Rb/%6Sr ratios from 1.2244 to 1.4473, with the mea-
sured 87Sr/86Sr ratios varying between 0.707861 and 0.708343.
Using the formation age of the rhyolite (38.2 Ma), the calculated
initial (37Sr/86Sr); ratios range from 0.707860 to 0.708342 (Ta-
ble 1), which is consistent with the published data for Cenozoic
volcanic rocks in the Songpan-Ganzi and northern Qiangtang ter-
ranes (Fig. 6) (Ding et al., 2003; Wang et al., 2005, 2008), but
lower than that of granulite xenoliths discovered within the Ceno-
zoic (ultra-)potassic lavas in the northern Qiangtang Terrane (Lai
et al, 2011). The #7Sm/'*4Nd ratios range from 0.0889 to 0.0917
and their measured '*3Nd/'4Nd ratios vary between 0.512180 and
0.512354 (Table 1). Because all of the samples have fsm/ng ra-
tios between —0.54 and —0.53, one stage Nd isotopic model ages
(Tpm) are used in the discussion. One sample (L13BR29) has a
low calculated initial enq(t) value of —8.4 and old Tpy model
age of 1206 Ma. The rest of the volcanic samples show simi-
lar eng(t) values, ranging from —5.3 to —5.0, with Tpy model
ages between 976 Ma and 1010 Ma. The Nd isotopic charac-
teristics are consistent with the Cenozoic volcanic rocks in the
Songpan-Ganzi and northern Qiangtang Terrane (Ding et al., 2003;
Wang et al, 2005, 2008), but lower than those of the calc-
alkaline lavas exposed in the southern Qiangtang Terrane and the
18-12 Ma adakitic rocks of the Lhasa Terrane (Hou et al., 2004;
Ding et al., 2007) (Fig. 6).

For the Pb isotopes, the rhyolite samples are characterized
by radiogenic Pb with ranges of 206Pb/204Pbh (18.348-18.626),
207pp204pp  (15.708-15.723), and 298Pb/2%4Pb (38.610-38.695).
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Sr-Nd-Pb isotopic composition of the Suyingdi rhyolites.

Table 1
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(®7sr[®8sr)s — (3Rb/8sr)s(e*1).

(87Rb/865r)s /(87Rb/%5ST)ctyur — 1.
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DM —

They are more radiogenic than MORB and show ratios distinct from
GLOSS (Average global subducted sediment composition) (Fig. 7).
Unlike the Sr-Nd isotopes, the rhyolites exhibit Pb isotope com-
positions different from the Cenozoic ultra-potassic rocks in the
Qiangtang Terrane (Ding et al.,, 2003). Although the rhyolites have
moderate 206Pb/204Ph ratios, similar to the Cenozoic ultra-potassic
rocks and the early Tertiary Linzizong volcanic rocks exposed in
the Lhasa Terrane, their 207Pb/2%4Pb ratios are higher than those
of the Linzizong volcanic rocks, whereas their 2°8Pb/2%4Ph ratios
are lower than the ultra-potassic rocks (Figs. 7a-b). It is notewor-
thy that the Pb isotope compositions of the rhyolites are similar to
those of the Cenozoic potassic rocks in the Songpan-Ganzi Terrane
and overlap the fields of global marine sediments in conventional
Pb isotope diagrams (Fig. 7).

5. Discussion
5.1. Petrogenesis of the Suyingdi adakitic rhyolites

The Suyingdi rhyolites have relatively high Sr (296-384 ppm),
and low Y (5.81-7.93 ppm) and Yb (<0.58 ppm), thus giving high
Sr/Y (42-56) and (La/Yb)y (50-62) ratios, indicating geochemical
characteristics of adakitic rocks (Figs. 8a-b). Their adakitic nature is
in contrast to other Cenozoic volcanic rocks in Tibet, as discussed
above, although they are similar to the Duogecuoren adakitic rocks.
Hence they are different from the potassic and ultra-potassic lavas,
the Na-rich and calc-alkaline lavas and the strongly peraluminous
rhyolites exposed in northern Tibet (McKenna and Walker, 1990;
Deng, 1998; Jolivet et al., 2003; Ding et al., 2003, 2007; Wang et
al., 2005, 2008, 2012; Guo et al., 2006). Several petrogenetic mod-
els have been proposed to interpret the origin of adakitic rocks,
including: (1) melting of subducted oceanic crust, followed by
interaction with the overlying mantle wedge (Defant and Drum-
mond, 1990; Stern and Kilian, 1996; Rapp et al., 1999; Mar-
tin et al, 2005; Wang et al., 2007); (2) fractional crystalliza-
tion of parental basaltic magmas with/without crustal assimilation
(Prouteau and Scaillet, 2003; Macpherson et al., 2006); (3) magma
mixing between felsic and basaltic magmas (Streck et al., 2007);
(4) partial melting of delaminated lower crust (Kay and Kay, 1993;
Xu et al., 2002; Wang et al., 2006); and (5) partial melting of thick-
ened lower crust (Atherton and Petford, 1993; Chung et al., 2003;
Hou et al., 2004).

The Suyingdi adakitic rhyolites are characterized by high SiO,
(70.43-72.02 wt.%), low MgO (0.20-0.70 wt.%) and Mg# (24-39),
and similar amounts of K;0 and Na0 (~3.5 wt.%), which are dif-
ferent from those of typical slab-derived adakites (Fig. 8c) (Martin
et al., 2005). These geochemical features, in combination with their
low Cr (8-14 ppm), Co (2-3 ppm) and Ni (2-3 ppm) contents,
indicate an evolved magma source and exclude melt-mantle in-
teraction that commonly occurs when slab-derived melt traverses
mantle peridotite in the wedge above a subducting slab (Rapp et
al., 1999; Smithies, 2000). Recent studies reveal that some pri-
mary adakitic magmas formed by crustal assimilation and frac-
tional crystallization (AFC) processes of parental basaltic magmas
and these show significant systematic variations in geochemistry
and isotopic compositions (e.g., MgO, Cr, Ni contents and Sr-Nd
isotopic values), and usually develop complex compositional zona-
tion in the mafic minerals (e.g., amphibole and clinopyroxene)
(Castillo et al., 1999). The uniform geochemistry and eng(t) val-
ues of the rhyolite samples in this study, together with the ab-
sence of amphibole and clinopyroxene, do not support an origin
from primary basaltic magma by AFC processes. This interpreta-
tion is supported by their REE concentrations, because the rhyo-
lites have lower LREE concentrations and slightly higher La/Sm and
(La/Yb)y ratios than those of the Cenozoic mantle-derived Na-rich
and calc-alkaline lavas exposed in the southern Qiangtang Terrane
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granulies in North Qiangtang (Lai et al.,, 2011).

(Figs. 9a-b). The rhyolites show negative enq(t) values (—8.4 to
—5.0), which are significantly lower than those (—3.0 to +1.1)
of the calc-alkaline lavas (Ding et al., 2007) and preclude a di-
rect origin from the calc-alkaline lavas simply by fractional crys-
tallization. The Sr-Nd isotopic compositions of the rhyolites are
indistinguishable from those of the Cenozoic potassic and ultra-
potassic lavas exposed in northern Tibet (Fig. 6) (Deng, 1998;
Ding et al.,, 2003; Guo et al.,, 2006), but their much higher SiO,
and lower Fe,03; contents, and similar MgO, Cr, Co, Ni, and Mg*
values, indicate that the rhyolites are unlikely to have formed
by fractional crystallization of the potassic or ultra-potassic lavas
(Fig. 10). This is consistent with their REE concentrations, because
there is no trend of fractional crystallization between the rhyo-
lites and the Cenozoic potassic and ultra-potassic lavas (Fig. 9). The
high SiO;, simple mineralogy and absence of mafic xenoliths sug-
gest that magma mixing between felsic and basaltic magmas is
also not feasible for the formation of the adakitic rhyolites. Be-
cause adakitic rocks produced by partial melting of delaminated
lower crust generally have high MgO, TiO,, Fe;0s, Cr, Co, and
Ni that increase during ascent of the magmas (Xu et al., 2002;
Wang et al., 2006), the characteristics of low compatible trace el-
ements of the Suyingdi rhyolites exclude an origin from partial
melting of delaminated lower crust (Fig. 10). The low Nb/Ta and

Zr/Sm ratios support amphibolite melting, but not eclogite melting
(Fig. 8d).

Recent published Nd isotopic data for mafic and felsic granulites
exposed in the northern Qiangtang Terrane (Lai et al., 2011) are
comparable with the isotopic compositions of the Suyingdi rhyo-
lites (Fig. 6). In combination with the adakitic characteristics, we
suggest that the rhyolites were most likely produced by partial
melting of thickened lower crust that consists of granulite facies
rocks in the garnet stability field. We note that the rhyolites have
relatively large variations in Mg# (24-39). Because of their very
low MgO contents (0.20-0.70 wt.%), we interpret the Mg# vari-
ations as indicative of a heterogeneous magma source, including
not only mafic, but also felsic granulites.

Because adakitic rocks (46-38 Ma) are exposed in the northern
Qiangtang Terrane and are more mafic than the younger Suyingdi
adakitic rhyolites (Lai et al, 2007; Wang et al., 2008), there is a
possibility that the latter were produced by fractional crystalliza-
tion of mafic minerals from these slightly earlier adakitic rocks.
This fractional crystallization trend is illustrated in Fig. 10. How-
ever, such fractional crystallization is not supported by the REEs,
because the earlier adakitic rocks plot with an opposite trend
of higher La and Sm concentrations and slightly lower La/Sm,
(La/Yb)n ratios than those of the Suyingdi rhyolites (Fig. 9). There-
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fore, we suggest that the Suyingdi rhyolites were unlikely to be
derived from the earlier adakitic rocks by fractional crystallization.

5.2. Composition of the lower crust below northern Tibet

The voluminous Cenozoic magmatic rocks exposed in north-
ern Tibet are mostly mantle-derived and can not be used to trace
the composition of the lower crust. They are dominated by potas-
sic and ultra-potassic volcanic rocks that were most likely derived
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Fig. 6. Sr-Nd isotopic composition of the Suyingdi adakitic rhyolites. Data sources
are as follows: Himalayan basement (Ahmad et al., 2000); Yarlung Zangbo Ophi-
olite (Miller et al., 2003; Xu and Castillo, 2004; Zhang et al., 2005); Na-rich and
calc-alkaline lavas in northern Tibet (Deng, 1998; Ding et al., 2007); potassic and
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Tibet (Zhao et al., 2009; Chen et al., 2010); potassic rocks of the southwestern Lhasa
Terrane (Miller et al., 1999); adakitic rocks of the Lhasa Terrane (Chung et al., 2003;
Hou et al, 2004; Gao et al., 2007; Guo et al, 2007); granites of the Gangdese
Batholith (Mo et al., 2005); Amdo orthogneiss (Harris et al., 1988); Linzizong vol-
canics (Mo et al., 2007); Triassic Songpan-Ganzi flysch (She et al., 2006); lower crust
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2007).

from an enriched mantle source with or without crustal contam-
ination (Deng, 1998; Ding et al., 2003; Guo et al., 2006). The
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Na-rich and calc-alkaline lavas occurring in the southern Qiangtang
Terrane were also considered to have originated from a primitive
mantle source (Ding et al., 2007). Although there are some crust-
derived magmatic rocks present in the northern Qiangtang Terrane,
most magmatic rocks are adakitic and were likely generated by
partial melting of subducted sediment-dominated continental crust
of the Songpan-Ganzi Terrane along the Jinshajiang suture or else
originated from the interaction between mantle and sediment-
derived melts derived from subducted continental crust (Lai et al.,
2007; Wang et al., 2008).

With the exception of the young strongly peraluminous rhyo-
lites exposed at the northern margin of the Songpan-Ganzi Ter-
rane (Jolivet et al., 2003; Guo et al., 2006; Wang et al., 2012),
there are no reported Cenozoic magmatic rocks derived from con-
tinental crust in the Qiangtang Terrane. The strongly peralumi-
nous rhyolites, however, were produced by dehydration melting
of metasedimentary rocks at shallow crustal depths (Wang et
al,, 2012). In this study, the Suyingdi rhyolites are adakitic and
show geochemical characteristics of adakites derived from thick-
ened lower crust (Fig. 10). Because of their high La/Ce and Rb/Sr
ratios (Fig. 11a), these rhyolites are distinct from slab-melt de-
rived adakites and from the Cenozoic enriched mantle-derived
ultra-potassic lavas of northern Tibet. The moderate Rb/Ba and
Rb/Sr ratios of the rhyolites plot along the mixing trend be-

tween basalt and the calculated psammite-derived melt (Fig. 11b),
which indicates that the magma source was most likely dominated
by metabasalts and clay-poor metamorphosed sedimentary rocks,
such as previously subducted greywackes. This is also supported by
their high Th concentrations, significantly negative Ce anomalies,
and high radiogenic Pb components, which indicate strong con-
tributions from subducted sediments (Supplementary Table 1 and
Fig. 7). Therefore, we suggest that the lower crust below north-
ern Tibet is heterogeneous and likely composed of metamorphosed
mafic and sedimentary rocks. This is supported by recent stud-
ies in which mafic and felsic granulite xenoliths from the lower
crust were discovered within Cenozoic potassic and ultra-potassic
rocks in northern Tibet (Hacker et al., 2000; Jolivet et al., 2003;
Lai et al., 2011). The geochemistry of the granulite xenoliths sug-
gests that the protolith of the mafic granulites could have been
metamorphosed from earlier underplated mafic rocks or restites
from the partial melting of metamafic-intermediate rocks, whereas
the felsic granulites originated from metasedimentary rocks (Lai et
al,, 2011).

5.3. Origin of the crustal low-velocity zones in central and northern
Tibet

In the last few decades, abundant geophysical investigations
have repeatedly demonstrated that there are many low-velocity
zones in the middle to lower crust throughout Tibet (e.g. Nelson
et al., 1996; Owens and Zandt, 1997; Wei et al., 2001; Unsworth et
al., 2004; Klemperer, 2006; Caldwell et al., 2009; Bai et al., 2010;
Zhang and Klemperer, 2010). The low-velocity zones were inter-
preted to be unusually weak layers at depths between 15 and
50 km (Unsworth et al., 2005; Le Pape et al, 2012). In south-
ern Tibet, these weak layers are commonly considered to have
formed as result of partial melting (e.g. Nelson et al, 1996;
Owens and Zandt, 1997; Caldwell et al., 2009; Bai et al.,, 2010).
Weak crustal layers have also been reported in the middle to lower
crust of northern Tibet (Owens and Zandt, 1997; Wei et al., 2001;
Unsworth et al., 2004; Klemperer, 2006; Le Pape et al., 2012). The
granulite xenoliths discovered within the Cenozoic potassic vol-
canic rocks in the Qiangtang Terrane, however, record high tem-
peratures (>800°C) which indicate that the lower crust in central
and northern Tibet may be both hot and dry (Miller et al., 1999;
Hacker et al., 2000), hence they are generally considered as evi-
dence against crustal melting in the mid- to lower crust of central
and northern Tibet (Tapponnier et al., 2001; Cowgill et al., 2003).
In order to interpret the crustal low-velocity zones at 15-50 km
depth in central and northern Tibet, several alternative models
have been suggested, including crustal shearing, preferred orien-
tation of micas, the presence of aqueous fluids, underplating of
mantle-derived melts, or the separation between an upper felsic
and a lower mafic crust (Wei et al., 2001; Tapponnier et al., 2001;
Vergne et al.,, 2002; Shapiro et al., 2004; Unsworth et al., 2004;
Klemperer, 2006).

The geochemistry of the Suyingdi adakitic rhyolites indicates
derivation from thickened lower crust. Zircon U-Pb dating of the
rhyolites yields an eruption age of 38.2 Ma, which suggests that
the lower crust of central Tibet was partially molten at least in
the Eocene. This is supported by the trace element ratios of the
rhyolites that show an increasing degree of partial melting in
the Rb/Y-Nb/Y diagram (Fig. 12a). Their high (La/Yb)y ratios in-
dicate that partial melting took place in the garnet stability field
(Fig. 12b), which is consistent with the magma source contain-
ing both mafic and felsic granulites. The Zr saturation temper-
atures indicate that the Suyingdi adakitic rhyolites have partial
melting temperatures between 778 °C and 797 °C (Supplementary
Table 1), lower than the Zr saturation temperatures of mantle-
derived (ultra-) potassic lavas in the southern Qiangtang Terrane,
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but higher than adakites in the Lhasa Terrane (Figs. 12c-d). This
suggests that partial melting was most likely triggered by the un-
derplating of high-temperature mantle-derived magma and sup-
ports previous studies that indicate a hot lower crust beneath
central and northern Tibet (Miller et al., 1999; Hacker et al., 2000).
The melting temperatures of the Suyingdi rhyolites are similar to
those of the high-temperature strongly peraluminous rhyolites ex-
posed at the northern margin of the Songpan-Ganzi Terrane (Wang
et al, 2012), but higher than those of the low-temperature Hi-
malayan tourmaline leucogranites (Inger and Harris, 1993; Searle
and Godin, 2003). Based on the mineral associations, Wang et
al. (2012) suggested that the high-temperature, strongly peralumi-

nous rhyolites formed by muscovite-biotite dehydration melting of
metasedimentary rocks over a pressure range of 0.5-1.2 GPa, indi-
cating a depth at 16.5-40 km. This suggests that the weak crustal
layers observed in the mid- to lower crust of northern Tibet may
contain partial melts, although the rhyolitic lavas have been inter-
preted as crustal channel flow from the Himalayan leucogranitic
magmas (Wang et al., 2012). Additionally, the presence of the Ho-
hxil K-rich adakites in the northern Songpan-Ganzi Terrane sug-
gests that the thickened lower crust of northern Tibet was also
partially molten during the Miocene (Wang et al., 2005). In com-
bination with our data for the Suyingdi adakitic rhyolites and
the previously-reported peraluminous and metaluminous adakitic
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same as in Fig. 8. The mixing curve between the basalt- and pelite-derived melts is from Sylvester (1998).
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rocks in the northern Qiangtang Terrane, we therefore suggest that
the crustal low-velocity zones at 15-50 km depth in central and
northern Tibet were most likely formed by partial melting of thick-
ened crust in the garnet stability field.

5.4. Tectonic implications of the Cenozoic volcanic rocks in Tibet

The Eocene volcanic rocks, induced by the continent-continent
collision between the Indian and Eurasian plates, record the pro-
cesses of mountain building and crustal thickening, and thus are of
great importance in determining the tectonic evolution of the Ti-
betan Plateau (Molnar et al., 1993; Rowley, 1998; Yin and Harrison,
2000). Several scenarios have been proposed to account for the for-
mation of the Eocene volcanic rocks in central Tibet, but differ in
terms of melting depth (e.g. middle to lower crust and/or litho-
sphere mantle) and the role of crustal deformation. The models
include: 1) crustal underthrusting (Powell and Conaghan, 1975);
2) uniform thickening and shortening of the Asian lithosphere
(England and Houseman, 1986; Dewey, 1988); 3) extension after
the convective removal of the lower portion of the thickened Asian
lithosphere (Molnar et al., 1993); and 4) extrusion along major
strike-slip faults (Tapponnier et al., 1982, 2001).

The crustal underthrusting model assumes that the Tibetan
Plateau is underlain by crust of double normal thickness pro-
duced by the underthrusting of the Indian continent (Powell and
Conaghan, 1975). Although recent studies reveal a crustal thick-
ness of 70-80 km in southern Tibet and 60-70 km in northern
Tibet (Zhao et al., 2001; Zhang et al., 2011), the Indian continen-
tal crust has never been underthrusted as far as northern Tibet, as
evidenced by the Sr-Nd isotopic data of 46-38 Ma and 18-15 Ma
crustal-derived adakitic rocks (Wang et al., 2005, 2008; Lai et al.,
2007). This is also supported by our Sr—-Nd-Pb isotopic data of the
adakitic rhyolites (Figs. 6 and 7) and mafic and felsic granulites de-
rived from different depths of the northern Qiangtang Terrane (Lai
et al,, 2011), which also argue against the crustal underthrusting
model.

In contrast, the thickening and shortening model suggests that
the Tibetan crust was formed by horizontally northward-migrating
shortening and vertical stretching of the Asian crust, and that the
behavior of the lithosphere can be approximated by the modeling
of a viscous sheet (Dewey and Burke, 1973). Quantitative model-
ing indicates that thickening and shortening should progressively
spread northwards into Asia (England and Houseman, 1986). How-
ever, such a prediction is inconsistent with the distribution of
Cenozoic potassic and ultra-potassic lavas (Fig. 1) that are gen-
erally attributed to rapid uplift of continental crust caused by
catastrophic lithospheric convective thinning (Molnar et al., 1993;
Chung et al., 1998). The published age data establish that the
potassic and ultra-potassic lavas exposed in southern Tibet are
much younger than those in central Tibet, but older than those in
northern Tibet (Deng, 1998; Chung et al., 1998; Wang et al., 2001;
Ding et al., 2003; Guo et al., 2006). Such a distribution pattern
shows that the thickening of continental crust in the south, if in-
duced by convective removal of the lower lithosphere, must have
happened later than in central Tibet, but earlier than in the north.
This is also inconsistent with the thickening and shortening model,
which predicts crustal thickening younging northward across the
whole of the Tibetan Plateau.

The extension model suggests that following convective re-
moval of the lower part of the lithospheric mantle, it was re-
placed by hotter and lighter asthenosphere (England and House-
man, 1989). The model predicts a sudden increase in the sur-
face elevation and perturbation of the geotherm, which would
result in potassic and ultra-potassic lava generation via small-
degree partial melting of previously enriched lithospheric man-
tle (Chung et al., 1998). It appears to be supported by a thin

lithospheric lid observed beneath the Qiangtang and Songpan-
Ganze terranes, as evidenced by geophysical investigations (Kind
et al., 2002), and the anomalous seismic parameters (low Vp and
Q structure) of the upper mantle that are interpreted to repre-
sent unusually high temperatures (Huang et al., 2000). This model,
however, ignores the large strike-slip faults that border or slice
the plateau (Tapponnier et al, 2001; Yin and Harrison, 2000). If
the prediction is true, the Cenozoic potassic and ultra-potassic
lavas would have formed in a short time interval accompanied
with high-temperature crustal magmas and the distribution of
these lavas should be distributed in a large area instead of along
strike-slip faults. However, the fact is that the lavas exposed in
central and northern Tibet were generated at 65-29 Ma (with a
gap between 45 and 31 Ma) and <18 Ma, respectively (Fig. 1).
In southern Tibet, the potassic and ultra-potassic lavas formed in
the Miocene (26-8 Ma), and are mainly exposed in rift basins
(Turner et al., 1996; Williams et al.,, 2004). In central Tibet, they
are mostly distributed along large strike-slip faults (Yin, 2000;
Tapponnier et al., 2001; Wang et al., 2001; Chung et al., 2005). The
presence of high-temperature, Na-rich, and asthenospheric mantle-
derived melts is one of the diagnostic features of the extension
model. However, such melts occur only rarely in the eastern Qiang-
tang Terrane and its southern margin (Wang et al., 2001; Ding et
al., 2003, 2007), whereas none are documented elsewhere in cen-
tral and northern Tibet. Therefore, the diachronous distribution of
Cenozoic magmatism in Tibet is inconsistent with a simple exten-
sion model.

The extrusion model emphasizes the significant slip that took
place along several major strike-slip faults to facilitate east-
ward extrusion of crustal material (Molnar and Tapponnier, 1975;
Tapponnier et al., 1982). It suggests that uplift of the plateau oc-
curred in three steps induced by oblique subduction of Asian litho-
spheric mantle, accompanied by extrusion and crustal thickening
(Tapponnier et al.,, 2001). Although this model is consistent with
studies of crustal deformation and can explain the north-south
trending rifts (Yin and Harrison, 2000) and the diachronous nature
of Cenozoic potassic and ultra-potassic lavas in Tibet (Tapponnier
et al., 2001; Wang et al., 2001), it does not explain the low-velocity
zones in the middle to lower crust as defined by geophysical data
(Wei et al., 2001; Bai et al., 2010).

The low-velocity zones are considered to be the result of par-
tial melting, suggesting that the weak middle or lower crust can
flow on geologic time scales (Bird, 1991; Royden et al., 1997;
Clark and Royden, 2000). This is referred to as channel flow and
extends from the center to the edge of the plateau, and most
likely including the east-west extrusion of the plateau (Royden
et al., 2008; Bai et al., 2010). However, whether the formation of
the low-velocity zones can be attributed to the oblique subduc-
tion of Asian lithosphere or to other tectonic scenarios is poorly
constrained. The Suyingdi adakitic rhyolites, as discussed above,
were produced by partial melting of thickened lower crust, in-
dicating that the low-velocity zones beneath central Tibet were
most likely formed by partial melting. Their high Th concentra-
tions, significantly negative Ce anomalies, and moderate Rb/Ba
and Rb/Sr ratios show significant contributions from subducted
sediments. Because the Sr-Nd isotopic compositions of the rhy-
olites overlap the fields of Triassic Songpan-Ganzi flysch (Fig. 6;
She et al, 2006) and the Pb isotopic compositions are simi-
lar to those of marine sediments (Fig. 7; Plank and Langmuir,
1998), we suggest that subducted sedimentary rocks in the mag-
matic source were formed by the southward subduction of the
Songpan-Ganzi Terrane. This is supported by recent crustal xeno-
lith studies that reveal the lower crust beneath northern Qiangtang
mainly consists of Triassic Songpan-Ganzi sedimentary rocks sub-
ducted in the Early Mesozoic or Cenozoic (Hacker et al., 2000;
Kapp et al., 2003). Therefore, our study indicates that the forma-
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tion of the low-velocity zones in central Tibet was most likely
induced by the oblique subduction of Asian lithosphere, which in
turn favors the extrusion model.

6. Conclusions

(1) The Suyingdi rhyolites erupted at 38.2 Ma and show geochem-
ical characteristics of adakitic rocks.

(2) These adakitic rhyolites were most likely produced by partial
melting of a thickened lower crust that consists of granulite
facies rocks.

(3) The magma source of the adakitic rhyolites was probably
a mixture of metamorphosed mafic and sedimentary rocks,
which suggests that the lower crust of central Tibet is het-
erogeneous.

(4) The low-velocity zones in the mid- to lower crust of central
and northern Tibet were most likely generated by crustal melt-
ing.
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