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ABSTRACT

It is generally believed that the Tibetan 
Plateau is the result of crustal thickening in 
response to the collision of the Asian and In-
dian plates. However, the specifi c timing and 
uplift mechanism remain controversial. The 
widespread occurrence of Cenozoic lavas  in 
the northern Qiangtang terrane provides a 
unique opportunity to constrain the dynamic 
processes that resulted in uplift of the north-
ern Tibetan Plateau. Eocene lavas from the 
northern Qiangtang terrane display adakitic 
geochemical characteristics, such as high 
SiO2 and Al2O3 contents, low Y and Yb con-
tents, positive Sr anomalies, and high Sr/Y 
and La/Yb ratios, in combination with high 
Mg# (43–69) and negative anomalies for Nb 
and Ta, which suggest a garnet + rutile-in 
and plagioclase-free source residue. The 
same samples also have high K2O and Th 
contents, high Th/Ce ratios, and low Nb/U, 
Ce/Pb, Ti/Eu, and Nd/Sm ratios, as well as 
high 87Sr/86Sr(i) (0.7062–0.7075) and low εNd(t) 
(–6.3 to –2.9), which show a clear continen-
tal crust affi nity. These high-Mg# adakitic 
rocks, combined with other characteristics 
of Tibetan  Cenozoic lavas, indicate that they 
were derived from partial melting of delami-
nated lower continental crust, which subse-
quently reacted with surrounding mantle 
perid otites during ascent to crustal depths. 
The Eocene high-Mg# adakitic rocks (46–
38 Ma), north-south–trending shoshonitic 
dikes (47–38 Ma), and contemporaneous 
mantle-derived Mg-rich potassic and shosho-
nitic lavas indicate that the thickness of the 
crust was at least 50 km before ca. 46 Ma, 
at which time rapid uplift and extension oc-

curred, most likely caused by small-scale 
delamination of the lithospheric mantle at 
46–38 Ma (Eocene) in central Tibet.

INTRODUCTION

Adakites were originally defi ned by Defant 
and Drummond (1990), following Kay (1978), 
as rocks resulting from partial melting of a sub-
ducted slab in the garnet stability fi eld with spe-
cial geochemical features, such as high Al2O3 
and Sr, low Y and Yb contents, and high Sr/Y 
and La/Yb ratios. Subsequent studies on conti-
nental magmatism and experiment petrology 
(Rapp and Watson, 1995; Rapp et al., 1999) 
have revealed that similar geochemical signa-
tures are also documented in Archean tonalite-
trondhjemite-granodiorite (TTG) and igneous 
rocks from continental collisional orogens 
(Defant et al., 2002; Chung et al., 2003; Condie, 
2005; Zhang et al., 2007; Q. Wang et al., 2008). 
It has already been accepted that adakitic rocks 
developed in continental collisional orogens 
provide significant geochemical constraints 
on the evolution of a thickened mafi c lower 
continental crust (J.F. Xu et al., 2002a; Chung 
et al., 2003; Hou et al., 2004; Q. Wang et al., 
2005, 2008). In some cases, high Mg# (molar 
Mg/[Mg + Fe]) adakitic rocks have been linked 
with lithospheric delamination, as exemplifi ed 
by eastern China (J.F. Xu et al., 2002a; Gao 
et al., 2004; Q. Wang et al., 2006; Huang et al., 
2008), Tibetan Plateau (Lai et al., 2003; Lai and 
Qin, 2008; Zhang et al., 2007; Liu et al., 2008; 
Q. Wang et al., 2008, 2010, Turkey (Karsli et al., 
2010; Kadioglu and Dilek, 2010; Topuz et al., 
2011; Shabanian et al., 2012), Iran (Shabanian 
et al., 2012), North America (Lee et al., 2006), 
and South America (Coldwell et al., 2011). In 
this sense, exploring the petrogenesis of adakitic 
rocks is the key to unraveling the conti nental 

crustal evolution in continental collisional 
orogens (Martin, 1999; Condie, 2005; Martin 
et al., 2005).

Details of the timing and mechanisms of uplift 
of the Tibetan Plateau have long been debated, 
such as whether the earliest uplift occurred at ca. 
46 Ma in northern and northeastern Tibet (Chung 
et al., 1998, 2005; Guo et al., 2006; C. Wang 
et al., 2008; Q. Wang et al., 2008, 2010; Lai and 
Qin, 2013), or if the whole plateau was instead 
formed by one or more stages of uplift (Turner 
et al., 1993, 1996; Williams et al., 2001, 2004; 
Tapponnier et al., 2001; C. Wang et al., 2008; 
Chen et al., 2012). Changes in tectonic regime 
are typically marked by changes in the composi-
tion of associated magmatic products; as such, 
the extensive distribution of Cenozoic volcanic 
rocks throughout the Tibetan Plateau provides 
a good opportunity for understanding deep 
structural changes to the plateau during uplift, 
as well as changes at the surface (Turner et al., 
1993; Chung et al., 2005). For example, based 
on the Cenozoic volcanic rocks from the pla-
teau, Turner et al. (1993, 1996) argued that the 
convective thinning of underlying lithospheric 
mantle led to the uplift of the plateau at 13 Ma. 
In contrast, the differing ages of magmatic belts, 
coupled with other tectonic characteristics, led 
Tapponnier et al. (2001) to suggest that uplift of 
the plateau was stepwise, initiating in the cen-
tral Tibet (Qiangtang terrane) during the Eocene 
before progressing northward and southward in 
response to the subduction of Asian or Indian 
continental lithosphere. Thus, the Cenozoic 
volcanism and uplift of the central plateau 
(Qiangtang terrane) have been explained by two 
distinct mechanisms: convective thinning (e.g., 
Turner et al., 1993, 1996; Chung et al., 1998; 
Miller et al., 1999; Williams et al., 2001) and 
intracontinental subduction (e.g., Roger et al., 
2000; Tapponnier et al., 2001; Ding et al., 2003, 
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2007; Guo et al., 2006; Q. Wang et al., 2008, 
2010). Given this controversy, additional stud-
ies are required to decipher the petrogenesis of 
the Cenozoic volcanic rocks and corresponding 
uplift in the Qiangtang terrane of central Tibet.

In addition, it is believed that collisional 
orogenic belts should have a thickened crust 
and associated lithospheric keel. However, a 
principal result of deep seismic profi ling world-
wide has been the recognition that old colli-
sional orogens in fact lack substantial crustal 
roots or lithospheric keels (e.g., Nelson, 1992; 
Gao et al., 1998; Lustrino, 2005; Kenzie and 
Priestley, 2008), which is believed to be the 
consequence of delamination (e.g., Bird, 1979; 
Nelson, 1992). This contrasts markedly to 
active collision zones such as the Alps and the 
Himalayan–Tibetan Plateau, which exhibit sub-
stantially thickened and inhomogeneous crust, 
and even subcontinental lithospheric mantle 
(e.g., Nelson, 1992; Gao et al., 1998; Kenzie 
and Priestley, 2008). The role of delamination 
in the uplift of the Tibetan Plateau is also still 
debated (e.g., Wu et al., 2008). Thus, further 
work is required to prove whether delamination 
of thickened lower crust and/or subcontinen-
tal lithospheric mantle is an important process 
within collisional orogens (e.g., Bird, 1979; 
Nelson, 1992; Gao et al., 1998).

In this paper, we report new geochemical 
data for the Luanqinshan, Yuejinla, Dongyuehu, 
and Meiriqiecuo Eocene lavas from the north-
ern Qiangtang terrane. Combined with previous 
geochemical data for coeval rocks in the Qiang-
tang terrane (such as the Eocene adakitic rocks, 
Mg-rich potassic rocks, and shoshonitic rocks), 
these data allow us to infer the composition of 
their source materials, and corresponding for-
mation mechanisms. The new geochemical 
data indicate that they have the characteristics 
of high-Mg# adakitic rocks, which were prob-
ably derived from melting of delaminated lower 
crust. Their distinctive petrogenesis, combined 
with evidence from mantle-derived Mg-rich 
potassic rocks and shoshonitic rocks from the 
Qiangtang terrane, provides an important con-
straint on the timing and mechanisms of early 
uplift in central Tibet.

BACKGROUND

On a regional scale, the Tibetan Plateau is 
composed of a tectonic collage of continental ter-
ranes (blocks). From north to south, the plateau is 
predominantly made up of the following E-W–
trending terranes (Fig. 1A): the  Songpan-Ganzi, 
Qiangtang, Lhasa, and Himalayan (Yin and 
Harri son, 2000). These terranes are separated 
by the Jinsha, Bangong, and Indus-Yalu sutures, 
which represent fragments of the Paleotethys, 

Midtethys, and Neotethys Oceans, respectively 
(Yin and Harrison, 2000).

A Late Triassic to Early Jurassic east-west–
trending belt of blueschist-bearing mélange 
is present in the center of the Qiangtang ter-
rane (Kapp et al., 2000, 2003) and has been 
interpreted as representing a distinct suture 
zone separating a northern Qiangtang terrane 
of Cathaysian affi nity from a southern Qiang-
tang terrane of Gondwanan affi nity (Li et al., 
1995). The Qiangtang terrane contains many 
Cretaceous marine limestones (Deng, 1998), 
as well as widespread E-W–trending Paleogene 
nonmarine basins, fi lled with fl uvial sandstone 
and conglomerate, and lacustrine limestone and 
mudstone (Ding et al., 2003).

Cenozoic magmatic volcanic and subordi-
nate intrusive rocks are unevenly distributed 
throughout the Qiangtang terrane and are mainly 
concentrated in the northern part of the Terrane 
(Fig. 1A), including high-Mg potassic rocks, 
shoshonitic rocks, and calc-alkaline lavas, pre-
dominantly with eruption ages of 50–28 Ma 
(e.g., Zheng et al., 1996; Chi et al., 1999; Deng, 
1998; Tan et al., 2000; Roger et al., 2000; Yin 
and Harrison, 2000; J.H. Wang et al., 2001; Lin, 
2003; Lin et al., 2003; Ding et al., 2003, 2007; 
Williams et al., 2004; Wei et al., 2004; Li et al., 
2005; Spurlin et al., 2005; Jiang et al., 2006; Guo 
et al., 2006; Liang et al., 2007; C. Wang et al., 
2008; Q. Wang et al., 2008, 2010; B.D. Wang et 
al., 2010; Dong et al., 2008; S. Liu et al., 2008; 
J.F. Liu et al., 2009; Lai and Qin, 2013), in addi-
tion to a minority with ages of 5–0 Ma (e.g., 
Deng, 1998; Hacker et al., 2000). The lavas of 
the Duogecuoren-Wuerkengwula mountains 
area in the northern Qiangtang terrane display 
the largest outcrop areas of all Cenozoic mag-
matic rocks in the  central-northern Tibetan Pla-
teau (Figs. 1A and 1B). The Eocene volcanic 
rocks are widely distributed in the Duogecuoren 
area in outcrops that range from 600–700 m2 
to several square kilometers in size (Q. Wang 
et al., 2008) (Fig. 1B). Eocene volcanic rocks 
in Wuerkengwula mountains area cover an area 
of 2500 km2 (Lin, 2003; Lin et al., 2003), which 
occur as lava sheets that range in thickness from 
10 to 425 m. They unconformably overlie the 
Jurassic and Cretaceous sedimentary rocks (Lin, 
2003; Lin et al., 2003; Lai and Qin, 2013). The 
Luanqinshan, Yuejinla, Dongyuehu, and Meiri-
qiecuo lavas erupted at 39.8–43.7 Ma (Q. Wang 
et al., 2008), 39.9–43.7 Ma (Q. Wang et al., 
2008), 44.5 Ma (Dong et al., 2008; Q. Wang 
et al., 2008), and 43.4 Ma (this study), respec-
tively (Fig. 1B).

The Luanqinshan, Yuejinla, Dongyuehu, and 
Meiriqiecuo volcanic rocks include light-gray 
and gray trachyandesites, trachytes, andesites, 
and dacites, all in massive structure and typical 

porphyritic textures. The trachyandesites and 
trachytes exhibit a trachytic groundmass texture 
and contain more phenocrysts (5%–20%) than 
the andesites and dacites (<5%). The main pheno-
cryst phases in trachyandesites and trachytes 
are plagioclase and pyroxene, with less sani-
dine, biotite, amphibole, and quartz, and minor 
Fe-Ti oxides, apatite, and zircon. Some biotite 
and amphibole crystals exhibit dark margins, 
while quartz has embayed textures. Andesites 
and dacites have the same mineralogy as trachy-
andesites and trachytes.

ANALYTICAL TECHNIQUES

Selected fresh pieces of whole rock were 
sawn into chips and were ultrasonically cleaned, 
fi rst in distilled water with <5% HNO3, and 
then in distilled water alone; they were subse-
quently dried, and visible contamination was 
removed by handpicking. The rocks were then 
crushed and subsequently ground in an agate 
ring mill, and the resulting powder was ana-
lyzed for major and trace elements, as well as 
Sr and Nd isotopes, at the Guangzhou Institute 
of Geochemistry, Chinese Academy of Sciences 
(GIGCAS), Guangzhou, China.

Bulk-rock major-element abundances were 
determined using an X-ray fl uorescence spec-
trometer (XRF), following analytical procedures 
described by Goto and Tatsumi (1996). The 
analytical uncertainties for the major elements 
analyzed were generally better than 5% (Chen 
et al., 2010). Bulk-rock trace-element data were 
obtained by inductively coupled plasma–mass 
spectrometry (ICP-MS) following the analyti-
cal procedure described by Chen et al. (2010). 
The precision of rare earth element (REE) and 
high fi eld strength element (HFSE) concentra-
tions obtained using this method is estimated to 
be 5% (Chen et al., 2010). Sr and Nd isotopic 
compositions were measured using a Micromass 
Isoprobe multicollector–inductively coupled 
plasma–mass spectrometer (MC-ICP-MS) at 
GIGCAS, using analytical procedures that have 
been described by X.H. Li et al. (2004), Wei et al. 
(2002), and Chen et al. (2010). Chemical separa-
tion of Sr and Nd from matrix was performed 
using methods similar to those described by Li 
and McCulloch (1998), J.F. Xu et al. (2002b), 
and Chen et al. (2010). Measured 87Sr/86Sr val-
ues of the NBS987 standard and 143Nd/144Nd 
values of the JNdi-1 standard were 0.710288 ± 
0.000028 (2σm) and 0.512109 ± 0.000012 
(2σm), respectively; all measured 143Nd/144Nd 
and 87Sr/86Sr values were fractionation corrected 
to 146Nd/144Nd = 0.7219 and 86Sr/88Sr = 0.1194, 
respectively.

The 40Ar/39Ar dating was performed using a 
GV5400 Ar-Ar mass spectrometer; details of 
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the experimental procedures can be found in Qiu 
and Jiang (2007). Argon gas was extracted from 
the sample by step-heating using a MIR10 CO2 
continuous wave laser. The released gases were 
purifi ed by two Zr/Al getter pumps operated 
for 5–8 min at room temperature and ~450 °C, 
respectively. The background level of the sam-
ple holder was lower than 2 mV prior to analy-
sis, while the signal of the sample was generally 
between 40 and 200 mV. The 40Ar/39Ar dating 
results were calculated and plotted using the 

ArArCALC software by Koppers (2002). Using 
the ZBH-2506 biotite (132 Ma) as a fl ux moni-
tor, the J-value was determined to be 0.00955.

CHRONOLOGY AND GEOCHEMISTRY

Chronology

Prior to the present study, only three K-Ar 
ages (36.3 ± 0.9 Ma, 36.8 ± 1.0 Ma, and 38.9 ± 
1.0 Ma) had been reported for the Meiriqiecuo 

lava (Lin, 2003). In the present study, analysis 
of a Meiriqiecuo lava (sample D6441) yielded 
a 40Ar/39Ar plateau age of 43.35 ± 0.22 Ma 
(Fig. 2; Table 1). Thus, we considered that the 
Meiriqiecuo lava was mainly erupted at 43.35 ± 
0.22 Ma. These results, together with previously 
published high-quality ages (e.g., 40Ar/39Ar or 
zircon U-Pb ages; e.g., Chi et al., 1999; Lin, 
2003; Lin et al., 2003; B.H. Li et al., 2004; 
Zhao et al., 2007; C. Wang et al., 2008; Q. Wang 
et al., 2008, 2010), indicate that the largest lavas 
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Figure 1. (A) Map of the Tibetan Plateau showing major crustal terranes, as well as the temporal and spatial distribution of Cenozoic vol-
canic rocks (modifi ed from Yin and Harrison, 2000; Chung et al., 2005; Q. Wang et al., 2008). Age data for volcanic rocks are from previous 
studies (Turner et al., 1996; Chung et al., 1998; J.H. Wang et al., 2001; Ding et al., 2003; Hou et al., 2004; Lai et al., 2003; Chung et al., 
2005; Spurlin et al., 2005; Q. Wang et al., 2005; Jiang et al., 2006; Ding et al., 2007; Liang et al., 2007; Mo et al., 2007; C. Wang et al., 2008; 
Dong et al., 2008). The main suture zones between major terranes are also shown, where AKMS—Anyimaqen–Kunlun–Muztagh suture, 
JS—Jinshajiang suture, BS—Bangong suture, and IYS—Indus-Yalu suture. MBT—Main Boundary thrust. (B) Simplifi ed geological map 
showing outcrops of magmatic rocks in the Duogecuoren area, northern Qiangtang terrane, Tibetan Plateau (modifi ed from Dong, 2008). 
Age data for volcanic rocks are from Lin (2003), Lin et al. (2003), Q. Wang et al. (2008, 2010), and this study.
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of the Duogecuoren–Wuerkengwula mountains 
area that outcrop in the central-northern Tibetan 
Plateau were mainly erupted from 46 to 38 Ma 
(Q. Wang et al., 2008) (Fig. 3).

Major- and Trace-Element Geochemistry

In Figure 4A, we present a plot of (Na2O 
+ K2O) versus SiO2 for the volcanic rocks of 
Luanqinshan, Yuejinla, Dongyuehu, and Meiri-
qiecuo, which include trachyandesites, trachytes, 
andesites, and dacites (see also Table 2). On a 
K2O versus SiO2 plot (Fig. 4B), most samples 
are potassium-rich (K2O/Na2O > 0.5).

In major-element Harker diagrams (Fig. 5), 
the contents of TiO2, MgO, and CaO decrease 
with increasing SiO2, whereas Na2O, Al2O3, and 
P2O5 show no obvious correlation. The samples 
have lower MgO, CaO, TiO2, Na2O, P2O5, and 

K2O, similar Na2O, and higher Al2O3 contents 
than ultrapotassic (Holbig and Grove, 2008) and 
Mg-rich potassic rocks (MgO ≥ 6%, K2O/Na2O 
≥ 1) from the northern Qiangtang terrane (Wil-
liams et al., 2004; Guo et al., 2006; Zhao et al., 
2009a; Chen et al., 2012) (Figs. 4 and 5). These 
geochemical differences probably refl ect the 
contrasting compositions of the source in each 
case. However, they have similar MgO, CaO, 
Al2O3, TiO2, Na2O, P2O5, and K2O contents to 
the adakitic rocks in eastern China that were 
derived by partial melting of the delaminated 
lower crust (e.g., J.F. Xu et al., 2002a; Gao et al., 
2004; W.L. Xu et al., 2006).

Plots of SiO2 versus trace-element concen-
trations (Fig. 6) for samples of this study from 
the northern Qiangtang terrane indicate that 
concentrations of Sr, Cr, and Ni decrease with 
increasing SiO2, whereas Ba shows no cor-

relation. When compared with mafi c granulite 
xenoliths from the northern Qiangtang terrane 
(Lai and Qin, 2008), the samples in this study 
have distinctly higher Sr, Ba, Cr, and Ni concen-
trations. In addition, they have similar Cr and Ni 
concentrations to the adakitic rocks in eastern 
China that were derived by partial melting of 
the delaminated lower crust (e.g., J.F. Xu et al., 
2002a; Gao et al., 2004; W.L. Xu et al., 2006).

Chondrite-normalized REE patterns of 
the samples in this study (Figs. 7A–7D) have 
light REE (LREE)–enriched and heavy REE 
(HREE)–depleted patterns ([La/Yb]N = 13.3–
54.9), with a lack of obvious negative Eu 
anomalies. The depleted and fl at HREE pat-
terns probably resulted from the presence of 
residual garnet and amphibole in their source, 
according to high-pressure–high-temperature 
(P-T ) melting experiments with mafi c rocks 
(Xiong, 2006). In addition, their REE concen-
trations and patterns are similar to those in the 
adakitic rocks derived by partial melting of 
the delaminated garnet-bearing lower crust in 
eastern China (e.g., J.F. Xu et al., 2002a; Gao 
et al., 2004; W.L. Xu et al., 2006). Moreover, 
the samples in this study also have Gd/Yb val-
ues (>2) that are similar to those in the adakitic 
rocks from the eclogite-facies basaltic slab in 
the central Trans-Mexican volcanic belt (Mori 
et al., 2007).

On primitive mantle–normalized spider dia-
grams (Figs. 7E–7H), the samples of this study 
are characterized by enrichments in large ion 
lithophile elements (LILEs) such as Rb, Ba, 
Th, and U. They also exhibit enrichments in 
the LREE, pronounced negative anomalies 
for HFSE such as Nb, Ta, and Ti, and distinct 
positive Sr anomalies. The samples in this study 
also have similar patterns to the adakitic rocks 
produced by partial melting of the delaminated 

Plateau age = 43.35 ± 0.22 Ma

Total gas age = 43.46 ± 0.18 Ma

Figure 2. 40Ar/39Ar age spectra for a bulk-rock sample of an adakitic rock from the Meiriqiecuo 
area in the northern Qiangtang terrane (uncertainties are displayed as 2σ).

TABLE 1. RESULTS OF ARGON ISOTOPE ANALYSES OF ADAKITIC ROCKS FROM THE MEIRIQUECUO AREA IN THE NORTHERN QIANGTANG TERRANE

Incremental heating 36Ar (a) 37Ar (ca) 38Ar (cl) 39Ar (k) 40Ar (r)

40Ar(r)
(%)

39Ar(k)
(%)

Age ± 2σ
(Ma)

Sample D6441 (whole rocks), T1 = 43.45 ± 0.22 Ma, T2 = 43.46 ± 0.18 Ma, T3 = 43.32 ± 0.41 Ma, T4 = 43.13 ± 0.39 Ma, MSWD = 1.96.
06M2060B  3.00 W 0.00000 0.00084 0.00000 0.00055 0.00133 56.20  0.26 51.20 ± 4.54
06M2060C  3.00 W 0.00000 0.00562 0.00000 0.00283 0.00584 82.67  1.34 44.16 ± 0.83
06M2060D  5.00 W 0.00000 0.01136 0.00000 0.00440 0.00906 86.66  2.09 44.04 ± 0.96
06M2060E  6.00 W 0.00001 0.02304 0.00000 0.00761 0.01577 87.33  3.61 44.32 ± 0.57
06M2060G  6.80 W 0.00001 0.05059 0.00000 0.01646 0.03332 92.67  7.80 43.33 ± 0.47
06M2060H  7.30 W 0.00001 0.03241 0.00000 0.01122 0.02253 93.54  5.32 42.98 ± 0.49
06M2060I  8.00 W 0.00001 0.04570 0.00000 0.01557 0.03154 92.78  7.38 43.34 ± 0.43
06M2060J  8.70 W 0.00001 0.04076 0.00000 0.01432 0.02898 92.72  6.79 43.29 ± 0.50
06M2060L  9.50 W 0.00001 0.06251 0.00000 0.02054 0.04124 93.77  9.73 42.98 ± 0.42
06M2060M 10.30 W 0.00001 0.01861 0.00000 0.00675 0.01369 88.12  3.20 43.41 ± 0.60
06M2060N 11.00 W 0.00001 0.04174 0.00001 0.01370 0.02760 88.92  6.49 43.12 ± 0.53
06M2060O 12.00 W 0.00001 0.05550 0.00000 0.01709 0.03485 94.68  8.10 43.63 ± 0.45
06M2060Q 13.50 W 0.00001 0.08110 0.00001 0.02688 0.05481 93.72 12.74 43.64 ± 0.39
06M2060R 15.00 W 0.00000 0.05222 0.00000 0.01656 0.03374 95.77  7.85 43.59 ± 0.43
06M2060S 17.00 W 0.00000 0.05983 0.00001 0.01997 0.04060 96.51  9.46 43.51 ± 0.42
06M2060T 20.00 W 0.00000 0.05106 0.00000 0.01656 0.03360 96.41  7.85 43.43 ± 0.44

Note: T1—plateau age; T2—molten age; T3—normal isochron; T4—inverse isochron; MSWD—mean square of weighted deviates.
36Ar(a) is from the atmosphere; 37Ar (ca) is produced from 40Ca; 38Ar (cl) is derived from 38Cl; 39Ar (k) is produced from 39K during the irradiation; 40Ar (r) is the radiogenic 

argon from 40K.
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lower crust in eastern China (e.g., J.F. Xu et al., 
2002a; Gao et al., 2004; W.L. Xu et al., 2006).

Major- and trace-element results indicate 
that our samples from the northern Qiangtang 
terrane show adakitic compositional charac-
teristics: They are characterized by high SiO2 

(≥56 wt%), Al2O3 (14.5–16.7 wt%), and Sr 
(816–2276 ppm), and low HREE contents (e.g., 
Y = 6.6–16.9 ppm and Yb = 0.63–1.45 ppm), 
and they have high (La/Yb)N (13.3–54.9), Sr/Y 
(78–269), and Gd/Yb (>2) ratios, similar to 
adakites from subduction-zone settings (Sr > 

400 ppm, Y < 18 ppm, Yb < 1.9 ppm) (Figs. 8A, 
8B, 8C; Defant and Drummond, 1990; Mori 
et al., 2007; Castillo, 2012) that show a garnet 
signature in their source. In addition, they also 
have geochemical characteristics similar to the 
adakitic rocks produced by the partial melting 
of the eclogite-facies basaltic slab in the cen-
tral Trans-Mexican volcanic belt (Mori et al., 
2007) and the adakitic melts produced by par-
tial melting of the delaminated garnet-bearing 
lower continental crust in eastern China (e.g., 
J.F. Xu et al., 2002a; Gao et al., 2004; W.L. Xu 
et al., 2006). Moreover, they have relatively high 
MgO contents (1.7–6.0 wt%), high Mg# (Mg# = 
100 × Mg2+/[Fe2+ + Mg2+], 43–69), and high Cr 
and Ni concentrations (Table 2; Figs. 5, 6, and 
8D). We therefore choose to refer to our samples 
as “high-Mg# adakitic rocks.”

The high Sr/Y and Gd/Yb ratios, low HREE 
concentrations, negative anomalies for Nb and 
Ta, lack of obvious negative Eu anomalies, and 
positive Sr anomalies in the rocks of this study 
imply partial melting in the presence of residual 
garnet + rutile and amphibole, but not plagio-
clase (Martin, 1987; Xiong et al., 2006). In addi-
tion, their distinctly high Zr/Hf ratios (37–48) 
indicate the existence of clinopyroxene and 
amphibole in the residue (David et al., 2000; 
Linnen and Keppler, 2002; Pfänder et al., 2007).
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Figure 3. Age distribution of 
Eocene lavas from the northern 
Qiangtang terrane (data are 
from Chi et al., 1999; Lin, 2003; 
Lin et al., 2003; B.H. Li et al., 
2004; Q. Wang et al., 2008, 
2010; this study).

Figure 4. (A) (Na2O + K2O) vs. SiO2 diagram (total alkali–silica [TAS]) (from Le Bas et al., 1986) showing data for Eocene high-Mg# adakitic 
rocks, and Mg-rich potassic rocks (MPR) from the Qiangtang terrane (Williams et al., 2004; Guo et al., 2006; Zhao et al., 2009a; Chen et al., 2012); 
ultrapotassic melts (Holbig and Grove, 2008); mafi c granulite xenoliths from the northern Qiangtang terrane (Lai and Qin, 2008); adakitic rocks 
from delaminated lower crust (J.F. Xu et al., 2002a; Gao et al., 2004; W.L. Xu et al., 2006); high-Mg# adakitic rocks (Q. Wang et al., 2008; Lai and 
Qin, 2013), low-Mg# adakitic rocks (Lai and Qin, 2013), and peraluminous adakitic rocks (Q. Wang et al., 2008) from northern Qiangtang terrane. 
The following abbreviations are used: B—basalt, O1—basaltic andesite, O2—andesite, O3—dacite, R—rhyolite, S1—trachybasalt, S2—basaltic 
trachyandesite, S3—trachyandesite, T—trachyte, U1—tephrite/basanite, U2—phonotephrite, U3—tephriphonolite, Pc—picrobasalt, and Ph—
phonolite. (B) SiO2 vs. K2O diagram for Cenozoic volcanic rocks from central Tibet; all other data sources and symbols are the same as part A.
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TABLE 2. MAJOR- (WT%) AND TRACE-ELEMENT (PPM) CONCENTRATIONS, AS WELL AS Sr AND Nd ISOTOPE 
COMPOSITIONS, FOR HIGH-Mg# ADAKITIC ROCKS FROM THE NORTHERN QIANGTANG TERRANE

Sample 04LQS-2 04LQS-3 04LQS-6 04LQS-14 04LQS-16 04YJL-05 04JYL-07 04YJL-06
alnijeuYnahsgniqnauLnoitacoL

SiO2 61.64 63.15 57.77 67.38 64.40 58.44 61.20 62.99
TiO2 0.50 0.55 0.77 0.44 0.55 0.79 0.83 0.83
Al2O3 14.84 15.00 15.41 15.88 16.26 15.19 15.20 15.89
Fe2O3 4.80 4.83 6.16 3.33 4.56 7.18 5.26 4.71
MnO 0.07 0.04 0.09 0.05 0.05 0.09 0.07 0.06
MgO 5.43 4.01 4.65 1.66 2.26 5.73 4.37 3.56
CaO 5.20 4.68 7.71 3.17 4.56 6.34 4.48 4.31
Na2O 3.95 3.95 4.01 4.24 4.29 3.03 2.94 3.34
K2O 3.31 3.52 2.49 3.23 2.75 2.93 4.28 4.17
P2O5 0.06 0.06 0.47 0.15 0.03 0.04 0.08 0.09
LOI 0.86 1.73 2.28 0.25 1.05 0.63 0.67 0.55
Total 100.67 101.50 101.81 99.79 100.74 100.39 99.36 100.49
Mg# 69.35 62.42 60.15 49.96 49.84 61.49 62.44 60.20
Sc 10.93 10.28 12.90 5.51 10.53 16.65 8.51 6.92
Cr 212 253 209 33.65 88.43 368 176 159
Co 17.20 13.01 21.08 7.22 11.11 24.71 17.91 16.05
Ni 146 125 150 23.89 64.45 173 92.20 82.01
Rb 84.24 95.07 55.96 98.82 72.56 84.64 157 158
Ba 1741 1880 1520 1296 1456 1957 1923 2255
Th 16.95 15.79 14.88 19.65 8.73 13.44 29.08 23.61
U 3.15 2.63 3.49 4.13 2.70 3.80 8.74 7.42
Nb 7.56 8.31 11.87 4.90 5.53 9.61 14.52 13.62
Ta 0.47 0.50 0.69 0.33 0.43 0.66 1.14 0.96
La 56.13 47.74 73.12 52.24 18.23 44.95 69.80 60.24
Ce 92.16 70.00 128 90.00 30.29 92.90 118 103
Pb 36.58 40.37 27.97 30.03 25.48 62.56 40.21 37.76
Pr 10.27 7.59 14.46 10.12 3.43 7.98 12.89 11.18
Sr 2276 2113 2118 816 1248 1876 1552 1747
Nd 36.61 26.41 51.17 34.72 13.00 28.65 43.63 38.37
Zr 183 199 217 239 157 211 299 306
Hf 4.45 4.79 4.68 5.80 4.20 5.11 6.71 7.09
Sm 5.39 3.93 7.34 5.07 2.45 4.66 6.13 5.22
Eu 1.45 1.70 1.79 1.08 0.88 1.21 1.60 1.66
Gd 2.77 2.13 4.34 2.86 1.79 3.10 3.44 2.84
Tb 0.41 0.34 0.66 0.41 0.29 0.45 0.49 0.43
Dy 1.82 1.65 3.27 1.80 1.62 2.45 2.42 2.00
Y 8.99 7.85 16.60 8.49 7.77 11.96 11.74 9.58
Ho 0.32 0.29 0.59 0.33 0.31 0.49 0.43 0.35
Er 0.84 0.75 1.45 0.81 0.84 1.24 1.14 0.93
Tm 0.13 0.12 0.21 0.12 0.14 0.19 0.15 0.12
Yb 0.89 0.83 1.45 0.79 0.98 1.21 0.96 0.79
Lu 0.14 0.14 0.24 0.13 0.17 0.19 0.15 0.13
Th/U 5.38 6.00 4.27 4.76 3.23 3.54 3.33 3.18
Th/Ce 0.18 0.23 0.12 0.22 0.29 0.14 0.25 0.23
87Sr/86Sr 0.706538 0.706662 0.706750 0.707200 0.706421 0.706269 0.707048 0.707061
87Sr/86Sr(i) 0.706477 0.706589 0.706707 0.707001 0.706325 0.706194 0.706882 0.706913
143Nd/144Nd 0.512461 0.512454 0.51244 0.512445 0.512459 0.512370 0.512382 0.51236
 εNd(t) −2.9 −3.1 −3.3 −3.2 −3.1 −4.7 −4.4 −4.8
TDM (Ga) 0.85 0.86 0.83 0.86 1.06 1.03 0.91 0.92
Sample 04YJL-09 04DN30-2 04DN30-3 04DN31-1 04DN32-1 04DN32-2 04DN35-2 04DN36-3

uheuygnoDalnijeuYnoitacoL
SiO2 64.22 55.47 61.07 62.17 64.17 63.91 62.83 60.93
TiO2 0.70 1.02 0.74 0.83 0.69 0.69 0.79 0.92
Al2O3 14.51 15.27 15.53 16.06 16.03 16.15 15.96 15.90
Fe2O3 4.40 7.09 5.55 5.20 4.73 4.95 5.24 5.70
MnO 0.06 0.10 0.08 0.08 0.03 0.03 0.05 0.09
MgO 3.66 6.01 4.49 3.36 1.99 1.83 2.57 4.10
CaO 3.63 6.87 4.66 4.43 4.36 4.13 4.11 5.00
Na2O 2.62 3.48 3.23 3.50 4.49 4.54 3.46 3.17
K2O 4.45 3.37 3.51 3.29 3.12 3.17 3.30 3.38
P2O5 0.09 0.25 0.08 0.05 0.04 0.04 0.14 0.21
LOI 1.72 1.20 1.00 0.62 0.85 0.93 1.64 1.19
Total 100.04 100.13 99.94 99.61 100.48 100.37 100.10 100.57
Mg# 62.47 62.92 61.81 56.40 45.66 42.57 49.58 58.99
Sc 8.34 17.77 10.59 9.40 10.17 10.07 10.57 11.26
Cr 151 362 206 116 121 127 132 162
Co 14.64 29.75 18.77 16.50 11.53 10.39 12.41 20.76
Ni 73.63 144 101 67.31 59.25 56.58 72.70 85.75
Rb 181 86.55 118 100 98.51 103 107 113
Ba 1844 1786 1838 1757 1968 2064 1356 1290
Th 22.74 22.38 22.99 19.08 13.06 13.31 16.11 15.79
U 6.33 4.91 4.96 4.38 3.13 2.76 4.07 4.25
Nb 12.73 14.76 9.81 10.60 7.78 7.47 9.33 9.17
Ta 0.98 0.85 0.59 0.65 0.50 0.51 0.60 0.65
La 61.89 61.76 52.40 43.85 25.13 27.32 26.72 43.22
Ce 110 112 88.65 69.74 45.76 43.89 46.57 73.92

(continued)
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TABLE 2. MAJOR- (WT%) AND TRACE-ELEMENT (PPM) CONCENTRATIONS, AS WELL AS Sr AND Nd ISOTOPE 
COMPOSITIONS, FOR HIGH-Mg# ADAKITIC ROCKS FROM THE NORTHERN QIANGTANG TERRANE (continued)

Sample 04YJL-09 04DN30-2 04DN30-3 04DN31-1 04DN32-1 04DN32-2 04DN35-2 04DN36-3
uheuygnoDalnijeuYnoitacoL

Pb 38.34 17.48 32.45 26.02 6.98 5.15 23.40 31.52
Pr 12.25 13.00 9.37 7.25 4.75 5.16 5.02 8.38
Sr 1095 1669 1135 1073 959 1030 892 917
Nd 41.37 47.30 31.11 24.29 17.19 19.18 17.83 30.15
Zr 282 305 263 273 206 198 221 228
Hf 6.54 6.87 5.93 5.86 5.09 4.85 5.39 5.41
Sm 5.93 7.11 4.40 3.46 3.01 3.15 2.78 4.82
Eu 1.43 2.16 1.38 1.38 1.02 1.15 1.16 1.41
Gd 3.38 4.16 2.50 2.06 2.04 2.19 1.76 3.16
Tb 0.54 0.62 0.39 0.32 0.32 0.32 0.27 0.47
Dy 2.68 3.16 1.99 1.66 1.74 1.72 1.47 2.44
Y 13.23 15.40 9.89 8.07 8.47 8.36 6.63 11.75
Ho 0.50 0.60 0.37 0.31 0.34 0.34 0.28 0.44
Er 1.32 1.51 0.99 0.80 0.88 0.87 0.70 1.13
Tm 0.19 0.21 0.14 0.12 0.13 0.13 0.10 0.16
Yb 1.17 1.33 0.91 0.73 0.81 0.81 0.63 1.01
Lu 0.19 0.20 0.15 0.12 0.13 0.13 0.10 0.16
Th/U 3.59 4.55 4.64 4.36 4.17 4.83 3.96 3.71
Th/Ce 0.21 0.2 0.26 0.27 0.29 0.3 0.35 0.21
87Sr/86 796707.0320707.0072707.0488607.0647707.0rS
87Sr/86Sr(i) 974707.0748607.0501707.0517607.0319607.0
143Nd/144 963215.0434215.0683215.0634215.0782215.0dN
εNd(t) 7.4−4.3−3.4−3.3−2.6−
TDM 20.129.028.098.040.1)aG(
Sample 04DN37-2 04DN39 04DN40 04DY44-2 04DY44-4 04DY44-7 04D6441 04D6437

ouceiqirieMuheuygnoDnoitacoL
SiO2 57.91 62.90 65.55 59.41 63.77 60.04 63.15 58.53
TiO2 0.90 0.84 0.55 0.88 0.60 0.82 0.77 0.96
Al2O3 16.65 15.89 15.27 16.11 15.32 15.79 14.12 15.19
Fe2O3 5.72 5.67 3.86 5.84 4.44 5.48 5.74 6.09
MnO 0.12 0.09 0.04 0.07 0.17 0.05 0.09 0.06
MgO 4.24 2.78 2.85 3.83 3.36 3.67 4.35 4.04
CaO 6.40 4.51 4.04 5.81 4.21 5.74 4.17 5.30
Na2O 3.43 3.44 3.33 3.11 3.58 3.43 2.48 2.90
K2O 3.39 3.29 3.55 3.29 3.56 4.08 4.85 4.71
P2O5 0.06 0.14 0.05 0.19 0.13 0.02 0.03 0.08
LOI 1.21 0.84 1.34 1.57 0.82 0.76 0.12 1.51
Total 100.03 100.41 100.41 100.10 99.97 99.88 99.86 99.37
Mg# 59.73 49.54 59.63 56.76 60.19 57.23 60.28 56.99
Sc 16.81 9.13 7.02 13.82 8.54 10.84 13.62 14.67
Cr 307 235 169 291 183 206 158 188
Co 20.81 10.99 16.50 17.31 23.39 17.08 17.23 19.03
Ni 97.52 86.18 103 104 132 88.09 58.87 111
Rb 86.32 127 117 109 127 105 154 108
Ba 1447 1300 1483 1358 1952 2120 2757 3648
Th 11.16 17.71 17.50 16.08 19.19 13.44 20.45 23.02
U 3.89 5.02 4.59 4.46 5.07 3.82 4.64 5.58
Nb 9.11 7.07 8.48 9.53 7.57 8.90 14.00 16.29
Ta 0.65 0.52 0.57 0.67 0.50 0.53 0.93 0.94
La 18.06 33.71 50.14 41.63 50.61 49.22 49.42 66.50
Ce 32.90 58.02 92.73 75.59 91.11 81.60 85.78 106
Pb 33.10 19.46 35.43 40.78 30.26 13.69 24.02 40.49
Pr 3.83 6.10 10.37 8.94 9.70 8.30 8.34 11.24
Sr 1281 851 1220 1152 1519 1907 1770 2827
Nd 15.09 20.81 35.14 31.83 33.15 28.30 27.66 39.29
Zr 231 180 217 217 212 207 185 302
Hf 5.51 4.46 5.27 5.08 5.10 4.91 4.49 6.31
Sm 2.80 3.18 5.13 4.84 4.77 4.18 4.12 5.82
Eu 1.39 1.00 1.23 1.44 1.27 1.44 0.97 1.85
Gd 2.17 1.97 2.86 3.00 2.66 2.46 2.48 3.32
Tb 0.31 0.32 0.41 0.47 0.39 0.35 0.40 0.50
Dy 1.74 1.70 2.08 2.42 1.99 1.73 1.99 2.35
Y 7.98 8.82 10.33 12.03 10.14 8.33 10.26 10.97
Ho 0.32 0.33 0.38 0.45 0.37 0.33 0.36 0.40
Er 0.84 0.93 1.01 1.22 0.97 0.86 0.95 1.00
Tm 0.12 0.14 0.15 0.17 0.14 0.12 0.15 0.14
Yb 0.76 0.87 0.91 1.05 0.90 0.77 1.08 1.02
Lu 0.13 0.14 0.14 0.17 0.14 0.13 0.18 0.17
Th/U 2.87 3.53 3.82 3.61 3.79 3.52 4.40 4.12
Th/Ce 0.34 0.31 0.19 0.21 0.21 0.16 0.24 0.22
87Sr/86Sr 0.705651 0.706525
87Sr/86Sr(i) 0.706428 0.706427
143Nd/144Nd 0.512461 0.512417
εNd(t) −3.0 −4.3
TDM (Ga) 1.04 0.90

Note: LOI—loss on ignition; TDM—Nd model age.
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Figure 5. Harker diagrams of major-element concentrations vs. SiO2 for Eocene adakitic rocks and other Cenozoic volcanic rocks from the 
Qiangtang terrane. Fields of metabasaltic and eclogitic experimental melts are after Q. Wang et al. (2006); the fi eld of thick lower crust-derived 
adakitic rocks is based on Huang et al. (2009); other data sources and symbols are the same as in Figure 4. MPR—Mg-rich potassic rocks.
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Sr and Nd Isotope Geochemistry

The samples in this study have low 143Nd/144Nd 
ratios (0.512287–0.512461; Table 2), and nega-
tive εNd(t)

 values (–6.3 to –2.9; Fig. 9). They have 
relatively high initial 87Sr/86Sr(i) ratios, ranging 
from 0.7062 to 0.7075 (Table 2). Their Sr and 
Nd isotopic compositions are different from 
those of Cenozoic subducted oceanic slab melts 
(e.g., Defant and Drummond, 1990), but they 
are similar to those of adakitic rocks produced 
during the partial melting of the lower continen-
tal crust (e.g., Petford and Atherton, 1996) and 
the delaminated lower continent crust in eastern 
China (e.g., J.F. Xu et al., 2002a; Gao et al., 

2004; W.L. Xu et al., 2006). However, when 
compared with most mafi c xenoliths, as well 
as Mg-rich potassic rocks from the northern 
Qiangtang terrane, they have higher εNd(t)

 values 
and lower 87Sr/86Sr(i) ratios (Fig. 9).

DISCUSSION

Petrogenesis of Eocene High-Mg# 
Adakitic Rocks from the Northern 
Qiangtang Terrane

Eocene lavas of the northern Qiangtang ter-
rane have features that are typical of adakitic 
rocks, as discussed herein. Adakite was origi-

nally defi ned as rocks resulting from partial 
melting of a young and hot subducted oceanic 
slab within the garnet stability fi eld (Defant and 
Drummond, 1990; Martin et al., 2005). Subse-
quent studies have shown that adakitic rocks can 
also form by crustal assimilation and fractional 
crystallization of parental magmas of basaltic 
composition (AFC; Castillo et al., 1999), or 
partial melting of underplated or thickened crust 
(Atherton and Petford, 1993; Xiong et al., 2005) 
or delaminated lower crust (Kay and Kay, 1993; 
J.F. Xu et al., 2002a; Gao et al., 2004; Q. Wang 
et al., 2006; W.L. Xu et al., 2006).

The Qiangtang terrane is bounded by the Jin-
shajiang suture to the north, and the Bangong 
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suture to the south (Yin and Harrison, 2000). It 
is generally accepted that suturing of the Song-
pan-Ganzi-Qiangtang and Qiangtang-Lhasa 
terranes occurred in the latest Triassic and Late 
Jurassic–earliest Cretaceous (Allegre et al., 
1984; Chang et al., 1986; Dewey et al., 1988; 
Pan et al., 2012; Zhu et al., 2013), respectively. 
It therefore follows that the northern Qiangtang 
terrane has been in an intracontinental set-
ting since the Late Triassic (Pan et al., 2012). 
Recent studies of the large-scale Early Tertiary 
volcanic rocks (e.g., Lee et al., 2009, 2012) 

and mafi c dikes (e.g., Gao et al., 2008; Y.G. Xu 
et al., 2008) in southern Tibet imply that the 
Neotethyan slab broke off during the Eocene. 
In addition, geophysical evidence (Owens and 
Zandt, 1997; Tilmann et al., 2003) indicates 
that the northward-subducted Indian plate and 
Tethyan oceanic slabs have not reached the 
southern boundary of the Qiangtang terrane 
(Bangong suture), suggesting that there was no 
subducted oceanic slab beneath the Qiangtang 
terrane (Liu et al., 2008; Q. Wang et al., 2008). 
Tomographic imaging of the mantle under 

Tibet reveals a possible presence of Tethyan 
oceanic crust beneath the central Tibet (van 
der Voo et al., 1999). It is possible that this fos-
sil oceanic slab melted and then reacted with 
surrounding mantle peridotites to produce the 
adakitic rocks in this study. However, compared 
with the typical adakites with mid-ocean-ridge 
basalt (MORB)–like Sr-Nd isotopic composi-
tions (87Sr/86Sr[i] < 0.7045, εNd[t]

 > 0), and rela-
tively low K2O (<3 wt%) and low Th contents 
(Defant and Drummond, 1990; Kelemen et al., 
2003; Plank, 2005; Xiong et al., 2006), pro-
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duced by partial melting of subducting slabs in 
modern arcs, the adakitic rocks described in this 
study have relatively high K2O (2.46–4.85 wt%) 
and Th (8.7–29.0 ppm) contents (Table 2), low 
εNd(t)

 values (–6.3 to –2.9), and high 87Sr/86Sr(i) 
ratios (0.7062–0.7075) (Fig. 9), which clearly 
distinguish them from the adakites derived 

from the partial melting of a subducted oceanic 
slab. Moreover, the Eocene rocks from northern 
Tibetan Plateau have Nb/U, Ce/Pb, Ti/Eu, and 
Nd/Sm ratios differing from that of MORB but 
resembling the crustal values (Fig. 10), further 
strengthening their continental affi nity. Thus, it 
is unlikely that the Eocene adakitic rocks from 

the northern Qiangtang terrane were produced 
by partial melting of a subducted oceanic slab.

The second possible origin of the adakitic 
rocks of this study is a mantle-derived basal-
tic magma modifi ed by crustal assimilation 
and fractional crystallization (AFC) processes. 
However, this hypothesis is inconsistent with 
the following fi eld observations and geochemi-
cal features for these rocks: (1) Mafi c and ultra-
mafi c lavas have not been found in or around 
the present study area. (2) The lack of signifi -
cant negative Eu and Sr anomalies in measured 
samples indicates that the magmas did not form 
from a mafi c or ultramafi c melt by extended 
fractional crystallization of plagioclase at 
crustal levels (Fig. 7). (3) If adakitic magmas in 
this study were produced by AFC, the value of 
La/Yb should be invariable or increasing when 
the Mg# number decreases, but this relationship 
is not shown on the plot of Mg# versus La/Yb 
(Fig. 11A). (4) Given the high content of Zr (or 
Th) in the crust and its compatible character in 
evolved rocks, when SiO2 contents increase, the 
content of Zr (or Th) should increase, but such 
a relationship is not evident in the plot of SiO2 
versus Zr (or Th) (Figs. 11B and 11C). Finally, 
(5) the positive correlation of 1000/Sr versus 
87Sr/86Sr(i) is not consistent with AFC (Fig. 11D).

Recently, Q. Wang et al. (2008, 2010) sug-
gested that the high-Mg# adakitic rocks from 
the northern Qiangtang terrane originated from 
interaction between the mantle and sediment-
dominated continental-crust–derived melts 
of the south-dipping Songpan-Ganzi terrane 
along the Jinshajiang suture. This hypothe-
sis, however, is inconsistent with the follow-
ing observations: (1) The lavas in the northern 
Qiangtang terrane were emplaced in a planar 
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spread instead of in an E-W linear orientation. 
(2) Adakitic rocks are commonly formed in 
extensional tectonic settings rather than com-
pressional tectonic environments (J.F. Xu et al., 
2002a; Gao et al., 2004; Q. Wang et al., 2006, 
2008), but the Eocene north-south–oriented 
dikes throughout central Tibet indicate that an 
E-W extensional tectonic setting existed at that 
time (Q. Wang et al., 2010). (3) It is diffi cult for 
buoyant sediment-dominated continental crust 
to enter the deep mantle via continental subduc-
tion. (4) If the lower crust beneath the northern 
Qiangtang terrane was made of hydrated basal-
tic rocks from Jinshajiang oceanic lithosphere 
by southward subduction since late Mesozoic 
time (Kapp et al., 2000), there should be a cold, 

high-velocity crust beneath the northern Qiang-
tang block; however, present geophysical data 
indicate that it may be composed by hot felsic 
components (e.g., Galve et al., 2006), and the 
magnetotelluric data (e.g., Unsworth et al., 
2004) and the seismic researches (e.g., Owens 
and Zandt, 1997) indicate that Asian lithosphere 
extends as far south as the Kunlun Shan. (5) The 
results of tomography conducted by Zhou and 
Murphy (2005) hint that the southward subduc-
tion of Asian continental crust did not take place 
beneath the northern Qiangtang terrane.

Experimental results indicate that when melts 
interact with mantle peridotite, their Mg# can be 
elevated signifi cantly (Rapp and Watson, 1995; 
Rapp et al., 1999). The adakitic rocks of this study 

have distinctly higher MgO (1.67–6.07 wt%), Cr 
(34–382 ppm), and Ni (24–183 ppm) contents 
and higher Mg# (43–69) than the adakitic rocks 
derived from underplated or thickened lower crust 
(Figs. 5C, 6C, 6D, and 8D), implying that they 
were generated with the involvement of a mantle 
component. Meanwhile, the adakitic rocks also 
show a continental crust affi nity, such as high 
K2O and Th contents, high Th/Ce ratios (0.12–
0.35), and low Nb/U, Ce/Pb, Ti/Eu, and Nd/Sm 
ratios (Fig. 10) (Rapp et al., 2003; Q. Wang et al., 
2005, 2006; Rudnick and Gao, 2003). In addi-
tion, a plot of Sr and Nd isotope ratios falls 
within the region of garnet-bearing amphibolite 
xenoliths from Cenozoic volcanic rocks from the 
Qiangtang terrane (Deng et al., 1998; Lai and 
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Qin, 2008) (Fig. 9). We therefore favor the model 
whereby the eclogitic lower crust, together with 
the underlying lithospheric mantle, was delami-
nated. The delaminated lower crust melted as it 
was heated by upwelling astheno spheric mantle, 
and such a melt interacted with surrounding 
mantle peridotites during its ascent, resulting in 
similar geochemical characteristics as the ada-
kitic rocks produced by partial melting of delami-
nated garnet-bearing lower continental crust 
in eastern China. This hypothesis is consistent 
with the following observations: (1) The high-
Mg# adakitic rocks have a clear continental crust 
affi nity, such as high K2O and Th contents, high 
Th/Ce ratios (0.12–0.35), and low Nb/U, Ce/Pb, 
Ti/Eu, and Nd/Sm ratios (Fig. 10), as well as low 
143Nd/144Nd(t) and high 87Sr/86Sr(i) isotopic ratios 
(Fig. 9). (2) The Th content and Th/La ratio of 
high-Mg# adakitic rocks are similar to the mafi c 
xenoliths in the Cenozoic lavas from the northern 
Qiangtang terrane (Fig. 11B) (Lai and Qin, 2008, 
2013). (3) The existence of some olivine  xeno-
crysts in the high-Mg# samples clearly suggests 
that the primary adakitic melts captured some 
olivine crystals during their ascent process (Lai 
and Qin, 2013). (4) A high-velocity layer in the 
lower crust characteristic of mafi c rocks is absent 
in the northern Qiangtang terrane (e.g., Galve 
et al., 2006). (5) The delamination of lower crust 
of the northern Qiangtang terrane caused the 
upwelling asthenospheric mantle, which could 

have led to the high temperatures beneath the 
northern Tibetan Plateau (e.g., Owens and Zandt, 
1997; Alsdorf and Nelson, 1999; Hacker et al., 
2000; Zhou and Murphy, 2005), triggering the 
crustal weakening and eastward escape of deep 
crust in central Tibet (e.g., Royden et al., 1997, 
2008; Clark and Royden, 2000; Klemperer, 2006; 
Zhang et al., 2010).

To evaluate this hypothesis, we investigated 
a simple two-member mixing process, and the 
results are shown in Figure 12. The modeling 
shows that the addition of less than 10% mantle  
olivine (Fo90) to melts derived from mafi c gran-
ulite (Fig. 12A), metabasalt, or eclogite at 1.0–
3.2 GPa (Fig. 12B) could consistently produce 
the Nb/U values and isotopic characteristics 
observed in the high-Mg# adakitic rocks.

In conclusion, partial melting of a delami-
nated lower crust in the presence of residual gar-
net + rutile and amphibole (but not plagioclase), 
followed by reaction with mantle peridotites 
during ascent, can explain the formation of the 
high-Mg# adakitic rocks from the study area.

Relationship between Eocene Mantle-
Derived Mg-Rich Potassic Rocks and 
High-Mg# Adakitic Rocks

Eocene Mg-rich potassic rocks (with MgO ≥ 
6 wt% and K2O/Na2O > 1; i.e., of the shosho-
nitic series) have been found in the northern 

Qiangtang terrane (e.g., Deng, 1998; Williams 
et al., 2004; Guo et al., 2006; Chen et al., 2012), 
associated with the high-Mg# adakitic rocks 
described in this study. The Mg-rich potassic 
rocks have high concentrations of MgO, Ni, 
and Cr (Figs. 5C, 6c, and 6D), indicating they 
formed from a nearly primitive magma that 
experienced only minimal crustal contamina-
tion (Williams et al., 2004; Guo et al., 2006; 
Chen et al., 2012). They have geochemical 
characteristics typical of rocks derived from an 
enriched mantle source, such as relatively high 
87Sr/86Sr(i) ratios and low εNd(t)

 values (Fig. 9), as 
well as high concentrations of K2O (Fig. 4B) 
and other LILEs (Fig. 6A and 6B), and a deple-
tion in HFSEs (not shown).

If the Mg-rich potassic rocks did indeed 
originate from an enriched mantle, their melts 
may have evolved to the high-Mg# adakitic 
rocks. For example, Holbig and Grove (2008) 
recently suggested that Cenozoic K-rich rocks 
from Tibet were produced by fractional crystal-
lization of a mantle melt that originated within 
the lithospheric mantle or lower continental 
crust. However, compared with experimental 
studies (Holbig and Grove, 2008) and mantle-
derived Mg-rich potassic rocks from the north-
ern Qiangtang terrane, the high-Mg# adakitic 
rocks of this study exhibit major-element (such 
as K2O and Na2O; Figs. 4B and 5E) and incom-
patible-element concentrations (such as Ba, Rb, 
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and Sr; Figs. 6A and 6B) that do not support this 
hypothesis. Similarly, there are not appropri-
ate trends on plots of Mg# versus La/Yb, SiO2 
versus Th, SiO2 versus Zr, and 87Sr/86Sr(i) ver-
sus 1000/Sr, as discussed earlier herein (Figs. 
11A–11D). Thus, we do not consider the high-
Mg# adakitic rocks to be the product of evolved 
Mg-rich potassic magmas from the northern 
Qiangtang terrane.

Considering the absence of a high-velocity 
layer in the lower crust (e.g., Galve et al., 2006), 
as well as the presence of contemporary high-
Mg# adakitic rocks, we suggest that the Eocene 
Mg-rich potassic rocks and other coeval rocks, 
such as shoshonitic rocks and diabase dikes 
(e.g., Q. Wang et al., 2010), from the northern 
Qiangtang terrane were derived from enriched 
mantle, most likely triggered by the delamina-
tion of lithospheric mantle.

Implications for Regional 
Tectonic Evolution

Although much of the Tibetan Plateau is fl at, 
with an average elevation of 5 km (Fielding 
et al., 1994), and a crust approximately twice as 
thick as elsewhere (Molnar, 1988), the questions 
of how and when such a thick crust was gener-
ated remain controversial, especially whether 
there was an early plateau uplifting at ca. 40 Ma 
(Chung et al., 1998, 2005; C. Wang et al., 2008; 
Li et al., 2012; Rohrmann et al., 2012). So far, 
the most prominent models are those of convec-
tive removal (Turner et al., 1993, 1996; Chung 
et al., 1998; Williams et al., 2001) and of intra-
conti nental subduction (Roger, et al., 2000; Tap-
ponnier et al., 2001; Ding et al., 2003, 2007; 
Guo et al., 2006; Q. Wang et al., 2008b, 2010).

Turner et al. (1993, 1996) argued that con-
vective removal of the lower lithosphere is the 
mechanism most likely to have triggered the 
Cenozoic petrogenesis of postcollisional lavas 
in Tibet. However, the time scale of convec-
tive thinning is not greater than ~5 m.y., which 
is considerably shorter than the ranges of 
semicontinuous postcollisional magmatism in 
northern and southern Tibet during the Ceno-
zoic (Williams et al., 2004; Guo et al., 2006). 
On the other hand, the spatiotemporal distribu-
tion of high-Mg potassic rocks and other Ceno-
zoic lavas and associated topographic uplift of 
the Tibetan Plateau have been regarded as the 
integrated effect of multiple tectonic events 
(Williams et al., 2004; Xia et al., 2011; Chen 
et al., 2012).

Subsequently, based on the distribution of 
some volcanic rocks along the margins of the 
east-west–trending tectonic belts and seismic 
studies, Tapponnier et al. (2001) suggested that 
the uplift of Tibet developed by stepwise growth 

involving north- and south-directed intra conti-
nental subduction. However, Williams et al. 
(2004) suggested that the processes of oblique 
continental subduction would not have supplied 
suffi cient heat to generate the high geothermal 
gradients observed in southern and northern 
Tibet. In addition, Tibetan Cenozoic vol canic 
rocks are also found within the hinterland of 
each terrane, e.g., the potassic-ultrapotassic 
rocks in the midwestern part of the Lhasa ter-
rane (e.g., Williams et al., 2004; Chen et al., 
2006; Ding et al., 2006; Zhao et al., 2009b) 
and the central Qiangtang terrane (Zhao et al., 
2009a). Moreover, this model cannot explain the 
high MgO, Cr, and Ni contents of the high-Mg# 
adakitic rocks in this study.

C. Wang et al. (2008) suggested that the cen-
tral plateau was at or near its modern elevation 
by 40 Ma on the basis of geological and geo-
physical data, and Spurlin et al. (2005), Aikman 
et al. (2008), Li et al. (2012), Rohrmann et al. 
(2012), and Q. Xu et al. (2013) proposed that 
crustal thickening began in central Tibet during 
the Eocene based on tectonic and basin analy-
sis. Those studies suggested that there was early 
elevation in central Tibet. Recent experimental 
results suggest that the adakitic melts can gen-
erally be produced from material at pressures 
equivalent to a crustal thickness of >50 km, 
where the residual phases include garnet ± rutile 
but little or no plagioclase (Rapp et al., 1999, 
2003; Xiong et al., 2005; Xiao and Clemens, 
2007). Therefore, the occurrence of adakitic 
magmatism in the northern Qiangtang terrane 
indicates the presence of a thickened eclogitic 
lower crust at ca. 46 Ma, implying that signifi -
cant early uplift of the central plateau occurred 
between 46 and 38 Ma (e.g., Dong et al., 2008; 
Liu et al., 2008; Q. Wang et al., 2008, 2010; 
Chen et al., 2012). In addition, the broad distri-
bution of north-south–trending Eocene dikes in 
the Qiangtang terrane indicates an extensional 
tectonic setting between 47 and 38 Ma (e.g., 
Yin et al., 1999; Blisniuk et al., 2001; Q. Wang 
et al., 2010; Rohrmann et al., 2012). As such, 
we suggest that the thickened lower crust in cen-
tral Tibet (northern Qiangtang terrane) is most 
likely to have delaminated during the Eocene.

Bird (1979) suggested that the Tibetan Plateau 
was formed by delamination of the entire conti-
nental lithospheric mantle, which was replaced 
by hot asthenosphere that came into direct con-
tact with the base of the crust. However, consid-
ering the sparsity of Eocene mafi c lavas, the fact 
that mantle-derived Mg-rich potassic rocks and 
shoshonitic rocks are only found in a few areas 
(such as the Bangdacuo area; Deng, 1998; Ding 
et al., 2003; Williams et al., 2004; Guo et al., 
2006), and the distribution of high-Mg# adakitic 
rocks, which are predominantly in the midwest 

of the northern Qiangtang terrane, we interpret 
that the lower crust was not extensively delami-
nated into deeper convecting mantle beneath 
the Tibetan Plateau. We suggest that the Eocene 
delamination of the thickened lower crust only 
took place below the midwestern region of the 
northern Qiangtang terrane, and that the par-
tial melts, formed from the delaminated lower 
crust, subsequently reacted with the surround-
ing mantle peridotites during ascent to crustal 
depths, resulting in the formation of the high-
Mg# adakitic rocks.

Based on this study, and combined with 
regional evolution, and an Early Tertiary tec-
tono-magmatic evolution model for the northern 
Qiangtang terrane, central Tibet is summarized 
as follows:

(1) Before the Cenozoic (>60 Ma) (Fig. 
13A), following the complete closure by north-
ern subduction of the Neotethys and Midtethys 
Oceans, the Lhasa and Qiangtang terrane was in 
an intracontinental setting. Under compressive 
stress, the continental crust of the Qiangtang ter-
rane was probably of a normal thickness, was 
subjected to weak deformation, and began to be 
thickened.

(2) During the Paleocene and early Eocene 
(60–46 Ma) (Fig. 13B), in response to the India-
Asia collision at 65–55 Ma, the upper conti-
nental crust was tectonically piled, leading to 
gradual thickening of the entire lithosphere in 
the northern Qiangtang terrane. This process led 
to the upper-crustal shortening and the lower-
crustal basaltic/gabbroic protoliths transformed 
to amphibolite to granulite-eclogite-garnet 
clinopyroxenite assemblages at high pressure 
(Rapp and Watson, 1995).

(3) Due to the increase in density and gravita-
tional instability, the lower crust and lithospheric 
mantle probably sank into the asthenospheric 
mantle during the Eocene (ca. 46–38 Ma) 
beneath the midwestern region of the northern 
Qiangtang terrane (Fig. 13C). This delamina-
tion would have induced the upwelling of hot 
asthenospheric mantle, as well as rapid uplift 
of the center of the Tibetan Plateau. Upwelling 
asthenospheric material triggered dehydration 
melting of delaminated lower crust (amphi-
bole- and ecologite-bearing crust) and enriched 
lithospheric mantle. The former reacted with the 
surrounding mantle peridotite to form the high-
Mg# adakitic magmas, while the latter produced 
the Mg-rich potassic and shoshonitic magmas 
in the northern Qiangtang terrane. A regional 
steepening of the geothermal gradient, triggered 
by uprising of the asthenosphere, combined with 
decompression induced by E-W extension, led 
to partial melting of the mafi c material beneath 
the crust, thereby generating the magmas that 
would subsequently form the low-Mg# adakitic 
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rocks found in the northern Qiangtang terrane 
(e.g., Q. Wang et al., 2008; Lai and Qin, 2013; 
Lai and Qin, 2013). These magmas rose to the 
surface via extensional structures and structural 
weaknesses in the overlying tectonic belts to 
form the low-Mg#, and high-Mg# adakitic rocks 
and andesitic dikes (Lai et al., 2003; Lai and 

Qin, 2013; Liu et al., 2008; Dong et al., 2008; 
C. Wang et al., 2008; Q. Wang et al., 2010; B.D. 
Wang et al., 2010), Mg-rich potassic rocks, and 
other shoshonitic rocks or dikes (Turner et al., 
1996; Deng, 1998; Ding et al., 2003, 2007; Wil-
liams et al., 2004; Guo et al., 2006; Q. Wang 
et al., 2010).

CONCLUSION

The widespread Eocene magmatism in the 
northern Qiangtang terrane indicates a signifi -
cant tectonothermal event that occurred in a 
postcollision setting. Geochronological and 
geochemical data of Eocene volcanic rocks 

Low-Mg#
adakitic rocks

High-Mg#
adakitic rocks

Mg-rich potassic rocks;
Shoshonitic rocks

A ~60 Ma

C 46~38 Ma

Lithospheric Mantle

Mid-Upper Crust

Lhasa Terrane Songpan-Ganzi
TerraneBS JS

Asthenospheric Mantle

Qiangtang Terrane

Northern Qiangtang Terrane

Lower Crust

Lithospheric Mantle

Mid-Upper Crust

Asthenospheric Mantle

Lower Crust

Lithospheric Mantle

Mid-Upper Crust

Asthenospheric Mantle

Lower Crust Lower Crust

B 60~46 Ma

Lithospheric Mantle

Mid-Upper Crust

Figure 13. Simplifi ed model of 
the generation of Eocene high- 
and low-Mg# adakitic rocks, 
and mantle-derived Mg-rich 
potassic rocks, from the mid-
western region of the northern 
Qiangtang terrane. BS—Ban-
gong suture; JS—Jinshajiang 
suture.
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reported in this paper, combined with the data in 
the literature, yielded the following conclusions:

(1) The lavas in the northern Qiangtang ter-
rane, central Tibet, have adakite-like major- and 
trace-element features, such as high SiO2, Al2O3, 
and Sr contents, and high Sr/Y and La/Yb ratios, 
but low Y and Yb contents, combining with high 
Mg# (43–69) and high Cr and Ni contents. The 
presence of Eocene adakitic rocks suggests that 
the crustal thickness in northern Qiangtang ter-
rane was at least 50 km at ca. 46 Ma.

(2) The Eocene high-Mg# adakitic rocks from 
the northern Qiangtang terrane show a clear 
continental crust affi nity, such as high K2O and 
Th contents, high Th/Ce ratios, and low Nb/U, 
Ce/Pb, Ti/Eu, and Nd/Sm ratios, as well as low 
εNd(t)

 and high 87Sr/86Sr(i) values. It is probable 
that they were produced by dehydration melting 
of delaminated lower crust, followed by inter-
action with the surrounding mantle.

(3) The broad outcrop of high-Mg# adakitic 
rocks with ages of 46–38 Ma in the northern 
Qiangtang terrane, coupled with contemporary 
mantle-derived Mg-rich potassic lavas, sho-
shonitic lavas, and N-S–oriented dikes with 
ages of 47–38 Ma, indicates an early period of 
rapid uplift and extension, most likely caused 
by small-scale delamination of the lithospheric 
mantle beneath the central Tibetan Plateau.
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