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Abstract

SHRIMP zircon U–Pb dating, mineral chemical, element geochemical and Sr–Nd–Pb–Hf isotopic data have been determined for

the Yulong monzogranite-porphyry in the eastern Tibet, China. The Yulong porphyry was emplaced into Triassic strata at about 39

Ma. The rocks are weakly peraluminous and show shoshonitic affinity, i.e., alkalis-rich, high K2O contents with high K2O/Na2O

ratios, enrichment in LREE and LILE. They also show some affinities with the adakite, e.g., high SiO2 and Al2O3, and low MgO

contents, depleted in Yand Yb, and enrichment in Sr with high Sr /Yand La /Yb ratios, and no Eu anomalies. The Yulong porphyry

has radiogenic 87Sr / 86Sr (0.7063–0.7070) and unradiogenic 143Nd/ 144Nd (eNd=�2.0 to�3.0) ratios. The Pb isotopic compositions

of feldspar phenocrysts separated from the Yulong porphyry show a narrow range of 206Pb / 204Pb ratios (18.71–18.82) and unusually

radiogenic 207Pb / 204Pb (15.65–15.67) and 208Pb / 204Pb (38.87–39.00) ratios. In situ Hf isotopic composition of zircons that have

been SHRIMP U–Pb dated is characterized by clearly positive initial eHf values, ranging from +3.1 to +5.9, most between +4 and

+5. Phenocryst clinopyroxene geothermometry of the Yulong porphyry indicates that the primary magmas had anomalously high

temperature (N1200 8C). The source depth for the Yulong porphyry is at least 100 km inferred by the metasomatic volatile phase

(phlogopite–carbonate) relations. Detailed geochemical and Sr–Nd–Pb–Hf isotopic compositions not only rule out fractional

crystallization or assimilation-fractional crystallization processes, but also deny the possibility of partial melting of subducted

oceanic crust or basaltic lower crust. Instead, low degree (1–5%) partial melting of a metasomatized lithosphere (phlogopite–garnet

clinopyroxenite) is compatible with the data. This example gives a case study that granite can be derived directly by partial melting

of an enriched lithospheric mantle, which is important to understand the source and origin of diverse granites.
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1. Introduction

Granites play a major role in the evolution of the

continental crust and in the beneficial concentration of

economic quantities of important materials. However,

granitic rocks display great diversity, the source of

which, even today, is still one of the most debated

subjects in granite petrogenesis. The consensus view
etters 241 (2006) 617–633
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is that granites are typically generated during periods of

heat and/or mass transfer from the mantle to the crust,

either by partial melting of crustal rocks or by fractional

crystallization (FC) or assimilation combined with frac-

tional crystallization (AFC) of mantle-derived basaltic

magmas (e.g. [1–5]). Nevertheless, the evidence for

direct contribution of mantle-derived magmas in granite

production is often circumstantial. The studies over the

past last decade have also shown that granitic rocks

could be generated by partial melting of young sub-

ducted oceanic crust during subduction (e.g. [6]). The

Archaean tonalite–trondhjemite–granodiorite magmas

are also proposed to be directly linked to slab-melting

(e.g. [7]), although there exists some controversy on

this topic (e.g. [8]). It is, however, considerably uncer-

tain or argumentative whether the granites could have

been generated directly by partial melting of the litho-

spheric mantle.

The Tibetan plateau is the product of the continuing

collision of India with the southern margin of Eurasia

during the past 65 my. The Cenozoic magmatism is

extensive and granitic intrusions and potassic volcanic

rocks are widely distributed in the Tibetan plateau (e.g.

[9,10]). At least 3 petrogenesis mechanisms for the

origin of granite in the Tibet plateau have been pro-

posed: (1) crustal anatexis during continental collision

(e.g. [11]); (2) high-temperature crustal anatexis related

to asthenospheric upwelling and mantle attenuation

[12]; (3) partial melting of a thickened lower crustal

rocks triggered by underplating of ultra-potassic

magma during slab-breakoff [10].

The Cenozoic Yulong monzogranite-porphyry (YP)

is distributed in eastern Tibetan plateau, which hosts the

largest porphyry copper deposit in China. This deposit

was discovered in late 1960s, and since then it has been

subjected to intensive exploration and studies, although

the porphyry petrogenesis remains controversial. Ma

[13] and Tang and Luo [14] suggested that the YP is

calc-alkaline and may have been derived by AFC of

mantle-derived basaltic magma. However, Hou et al.

[15] argued that the YP is adakitic rocks and must have

been originated from direct melting of subducted oce-

anic crust. In order to better constrain the petrogenesis

of the YP and thus to understand better the ore genesis

of this largest porphyry copper deposit of China, we

investigated a detailed SHRIMP zircon U–Pb dating,

mineral chemistry, and major, trace elemental, and Sr–

Nd–Pb–Hf isotopic geochemistry for the porphyry.

These data strongly suggest that this monzogranite-

porphyry shows shoshonitic affinity and was derived

directly by partial melting of a metasomatized litho-

spheric mantle.
2. Geological setting and geology of the YP

2.1. Geological setting

The Tibetan plateau is the largest uplifted structure

on Earth. It is bounded to the north by the Altyn Tagh

fault and the Tarim block and to the south by the

Himalayas [10]. Forming in response to the India–

Asia collision, it consists of a series of east–west trend-

ing crustal terranes that were successively accreted to

the southern margin of Eurasia since the Early Palaeo-

zoic, from north to south, these are the Songpan-Ganze,

Qiangtang, and Lhasa terranes (Fig. 1a; [10]). The YP

is located in the Qiangtang terrane of the eastern Tibet-

an plateau (Fig. 1a). The Qiangtang terrane is bound by

the Jinshajiang Suture that was formed in the Permian

and the Bangong-Nujiang Suture that was formed in

Middle Jurassic time [16]. In eastern Tibet, the Qiang-

tang terrane consists of a Proterozoic crystalline base-

ment and an Early Paleozoic folded basement. The

Devonian to Permian platform transitional facies car-

bonate and clastic sedimentary rocks comprise their

cover rocks. On the eastern side of the Qiangtang

terrane, there exists a magmatic arc composed of Perm-

ian volcano-sedimentary sequence related to the Jinsha-

jiang suture, which is unconformably covered by a Late

Triassic flyschoid complex and is locally overthrust

onto folded crystalline basement [16].

The Paleocene India-Asia continental collision

formed the Indus-Yarlung-Zangbo Suture and resulted

in the Jinshajiang strike-slip fault system, which is

composed of a number of branches including the

Chesuo, Wenquan, and Tuoba faults (Fig. 1b). A

series of Cenozoic (49–30 Ma) porphyry bodies

occur in this part of orogen (Fig. 1b), which comprise

a part of the Ailaoshan-Jinshajiang Cenozoic alkali-

rich porphyry belt (Fig. 1a). These porphyry bodies

are all enriched in alkaline elements. They were typ-

ically emplaced into Triassic volcanic and sedimentary

sequences with relatively shallow emplacement

depths. This porphyry belt is distributed along with

the strike-slip faults and bordered by some strike-slip

pull-apart basins with the Gonjo basin on the eastern

side, and the Nangqen and Lawu basins on the west-

ern side (Fig. 1b). Within the basins there exists a

more than 4000-m-thick, Tertiary gypsum-bearing red

molasse formation intercalated with alkaline volcanic

rocks that show K–Ar ages of 42.4–37.5 Ma (Fig. 1b).

Some porphyry bodies within the Ailaoshan-Jinsha-

jiang Cenozoic alkali-rich porphyry belt to the south-

east of Yulong contain a series of upper mantle

xenoliths such as phlogopite–garnet clinopyroxenite



Fig. 1. (a) Simplified tectonic framework of the Tibetan–Himalayan orogen (adapted from [10]; the position of the Ailaoshan–Jinshajiang Cenozoic

alkali-rich porphyry belt is adapted from [85]); (b) Spatial distribution of Cenozoic porphyry and Tertiary basin in the eastern Tibetan–Himalayan

orogen (adapted from [73]); (c) Simplified geological map of Cenozoic Yulong porphyry (adapted from [13]).
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[17,18]. The phlogopite–garnet clinopyroxenite con-

sists mainly of Ca-rich clinopyroxene (40–60%), gar-

net (20–50%) and mica (~10%) with a medium- to

coarse-grained texture [18]. Detailed mineral chemis-

try indicates that such a xenoliths were originated

from the mantle at the depth of 87–95 km [18].

The YP includes two relatively large intrusive bod-

ies, which intruded into the Late Triassic carbonates

and clastic rocks (Fig. 1c). Liang [19] reported the

SHRIMP U–Pb zircon age for the largest intrusive

body with the result of 40.9F0.1 Ma. However, he

did not show the detailed analytical data. We have

carried out SHRIMP U–Pb zircon dating for another

relatively large intrusive body, and obtained an age of

38.9F0.8 Ma (see below).

Contemporaneous volcanic rocks are all alkali-rich

and typically erupted in the strike-slip pull-apart basins.

The volcanic rocks in the Nangqen basin, including

trachyte, latite, shoshonite, tephrite, tephriphonolite

and phonotephrite, erupted at about 38.7 Ma

(40Ar–39Ar plagioclase age; [20]). These volcanic

rocks belong to shoshonitic series and were inferred
by [21] to be derived by partial melting of an enriched

mantle source.

2.2. Petrography of the YP

According to Q’-ANOR classification [22], monzo-

granite-porphyry is the main rock type, with minor

syenogranite-, alkali–feldspar granite- and quartz mon-

zonite-porphyries. These are light grey to light purplish-

red with a typical porphyritic texture. The phenocrysts

(mostly 5–10 mm, ~40%) include plagioclase, amphi-

bole, biotite, alkali feldspar, quartz and minor pyroxene

(Fig. 2). Plagioclase phenocryst shows typical normal

zoning. Some quartz phenocryst has a resorption tex-

ture (Fig. 2b) and the pyroxene phenocryst shows

partial melting texture (Fig. 2c), which implies that

they probably represent the early-crystallized minerals.

Such quartz phenocrysts contain melt inclusions [14].

The matrix consists of alkali feldspar, plagioclase,

quartz, amphibole and biotite, with a fine-grained

(mostly 0.2–0.5 mm) granitic texture. The porphyry

has abundant accessory minerals, including magnetite,



Fig. 2. Photomicrographs of the YP. Pl=plagioclase, Bt=biotite, Hbl=amphibole, Cpx=clinopyroxene, Qtz=quartz, Ap=apatite.
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apatite (Fig. 2d), sphene, zircon, allanite, and rutile. In

addition, picotite and chromite, which are the charac-

teristic minerals in ultramafic rocks, are also found in

the porphyry [13], suggesting some genetic link to the

mantle source.

3. Sampling and analytical methods

Thirty samples from prospecting trench and surface

exposures have been collected and the sample locations

are shown in Fig. 1c. After petrographic examination,

the freshest 18 samples were selected for mineral chem-

ical and whole-rock geochemical analyses.

Electron microprobe analysis has been carried out

on biotite, amphibole, pyroxene, plagioclase, and K-

feldspar, using a JEOL JXA-8800 Superprobe at the

State Key Laboratory for Mineral Deposits Research in

Nanjing University. Operating conditions were 15 kV

at 10 nA beam current. For amphibole, pyroxene and

biotite, the standards used were hornblende (for Si, Ti,

Al, Fe, Ca, Mg, Na and K) and fayalite (for Mn). For

feldspar, the standards used were hornblende (for Si,

Ti, Al, Fe, Ca and Mg), albite (for Na), orthoclase (for

K) and fayalite (for Mn).

Whole rock chemistry was determined at the Center

of Modern Analysis, Nanjing University by XRF for

major elements with the precision better than 5%, and

at the State Key Laboratory for Mineral Deposits Re-

search, Nanjing University by a Finnigan Element II
ICP-MS for trace elements with the precision better

than 8%. Detailed analytical procedures for trace ele-

ments are described by [23]. Sr and Nd isotopic com-

positions were measured in the Open Laboratory for

Isotope Geology of the Chinese Academy of Geologi-

cal Sciences, following the methods of [24]. 87Sr / 86Sr

and 143Nd/ 144Nd ratios are reported as measured, and

normalized to 86Sr / 88Sr of 0.1194 for Sr and to
146Nd / 144Nd of 0.7219 for Nd. During the period of

analysis, measurements for the Johnson Matthey Nd2O3

standard yield result of 143Nd / 144Nd ratio of

0.511126F9 (2r, n =27), and for NBS-987 Sr standard

yield result of 87Sr / 86Sr ratio of 0.710228F14 (2r,
n =30). Total analytical blanks were 5�10�11 g for Sm

and Nd and (2–5)�10�10 g for Rb and Sr.

Pb isotopic analyses for the feldspar phenocrysts that

were separated from 10 porphyry samples, respectively,

were carried out at the State Key Laboratory for Min-

eral Deposits Research, Nanjing University by the fol-

lowing procedures. About 50 mg samples were

completely dissolved in HNO3+HCl. After dried, the

residue was redissolved in HBr+HNO3 and loaded into

a column with 50 Am of AG 1-X8 anionic resin. The

extracted Pb was then purified in a second column.

Approximately 100 ng Pb was loaded onto single rhe-

nium filaments using the silica-gel technique [25].

Pb isotope analyses were performed on a Finnigan

MAT Triton TI thermal ionizing mass spectrometer

(TIMS). Analytical reproducibility of 0.01% (2r) for



Fig. 3. SHRIMP U–Pb zircon concordant curve. The inset shows a

typical CL image of zircon.
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206Pb / 204Pb, 0.01% for 207Pb / 204Pb and 0.02% for
208Pb / 204Pb was attained in this study. Mass fraction-

ation corrections have been made from runs of the

NBS-981 standard basing on the value of [26], and

the error on the mass fractionation corrections is 0.04%.

The zircons for SHRIMP U–Pb dating were pro-

cessed through conventional magnetic and heavy liquid

separation methods, and then handpicked out under

binocular microscope to get pure zircon grains for

analysis. The zircon grains were mounted in epoxy,

and then polished for subsequent cathodoluminescence

(CL) observation and SHRIMP analyses. The CL

images were taken at the Electron Microprobe Group

of the Institute of Mineral Resources, Chinese Acade-

my of Geological Sciences, and the zircon in situ U–

Th–Pb isotope analyses were performed with an

SHRIMP-II at the Beijing SHRIMP Center, Institute

of Geology of Chinese Academy of Geological

Sciences. More detailed mount-making and analytical

procedures are described by [27]. The standard TEM

zircons (417 Ma) were used in interelement fraction-

ation, and U, Th and Pb concentrations were deter-

mined based on the standard Sri Lankan gem zircon

SL13 (572 Ma). Data processing was carried out using

the SQUID 1.03 and Isoplot/Ex 2.49 programs of

[28,29], and the 204Pb-based method of common Pb

correction was applied.

In situ Hf isotope analysis of zircons that have been

determined SHRIMP U–Pb ages were carried out by

means of 193 nm laser attached to Neptune multi-

collector ICP-MS (LA-MC-ICPMS) at the Institute of

Geology and Geophysics, Chinese Academy of

Sciences, using techniques described in detail by [30].

Most LAM analyses were carried out in Ar carrier gas

with a beam diameter of 31.5–63 Am, a 6–8 Hz repe-

tition time. For the calculation of eHf values we have

adopted the chondritic values of [31].

4. Results

4.1. SHRIMP U–Pb zircon dating

SHRIMP U–Pb zircon dating results are summarized

in Table A1 in Appendix A and illustrated in Fig. 3.

The CL images of zircon demonstrated the grain size

mostly between 150 and 250 Am. All the zircons show

regular oscillatory magmatic zoning with no resorption

cores. U and Th contents of analyzed zircons are of

395–1902 and 271–1615 ppm, respectively, with Th /U

ratios ranging from 0.28 to 0.85. These Th /U ratios are

higher than those of metamorphic zircons that generally

show lower Th /U ratios (b0.1), but consistent with
those of magmatic zircons [32]. Nine U–Pb analyses

show a narrow range of 206Pb / 238U ages, from 40.0 to

37.0 Ma, plotting in-group on the concordant curve.

The concordant curve (Fig. 3) reflects relatively large

uncertainties associated with 207Pb / 235U ages, which

may be related to correction of common lead that is

difficult to determine precisely. However, this effect is

minor for the 206Pb / 238U ages. Consequently, we quot-

ed 206Pb / 238U ages to indicate crystallization age of the

YP magma. All analyses yield a weighted mean
206Pb / 238U age of 38.86F0.8 Ma with the MSWD

of 0.67 at the 95% confidence interval (2r).

4.2. Mineral chemistry

4.2.1. Feldspars

Plagioclase phenocryst in the porphyry shows typi-

cal normal zoning from andesine (An=30.7–33.4%) in

the core to oligoclase (An=22.9–27.4%) at the rim

(Table A2 in Appendix A). Plagioclase in the matrix

belongs to albite (An=0.5–2.7%) (Table A2). Alkali

feldspars in the phorphyry are all sanidine, showing

high contents of Or (78.9–91.3%) with minor to medi-

um amounts of Ab (8.7–20.4%) and negligible amounts

of An (0–0.7%) (Table A2).

4.2.2. Biotite

The compositions of biotite (phenocryst) are gener-

ally characterized by high MgO and low FeO contents

with high Mg/ (Mg+Fe2+) ratios from 0.74 to 0.78

(Table A2). According to the classification of [33] for

biotite, the studied biotites belong to iron-phlogopite

and eastonite. In addition, the studied biotites have high

Fe3+ /Fe2+ ratios (0.7–1.4). Mg-rich biotite with high

Fe3+ /Fe2+ ratios is typical of shoshonitic rocks [34].



ig. 4. Pyroxene quadrilateral diagrams [86] with temperature con-

urs for 10kbar pressure from [38]; data plotted using the correction

rocedure of [39].
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The high Fe3+ /Fe2+ ratios probably reflect a high Fe3+ /

Fe2+ in the liquids, which may be related to the high

fO2 of the magmas and to their high whole-rock alkali

contents, especially K, which stabilize Fe3+ over Fe2+ at

any given fO2 [34,35]. The biotite in the porphyry also

has very high F content, up to 2.3 wt.% [13]. The

chemical characteristics of the Yulong biotites are sim-

ilar to those of biotites in the mantle xenoliths of

phlogopite–garnet clinopyroxenite mentioned above

(Table A2).

4.2.3. Amphibole

The studied amphibole phenocrysts have high CaO

and MgO but low TiO2 contents (Table A2). According

to the classification of [36] for calcic amphibole, a

majority of the studied amphibole is edenite and ede-

nitic hornblende, with minor magnesio-hornblende. The

amphiboles also have high Mg/ (Mg+Fe2+) ratios,

ranging from 0.61 to 0.70.

The pressure of calcic amphibole crystallization can

be estimated using Al-in-hornblende geobarometer

[37]:

P kbarð Þ ¼ � 3:46þ 4:23 AlTð Þ

where AlT is the total number of Al atoms in amphibole

per unit formula calculated on the basis of 23 oxygens.

The calcic amphiboles in the YP have the appropriate

buffering assemblage of horblende+biotite+plagiocla-

se+quartz+sanidine+magnetite [37] and are thus suit-

able for estimations of crystallization pressure. The

results are 1.4–3.0 kbar [average 2.0 kbar (~7 km)],

implying the depth of about 7 km for the magma

chamber.

4.2.4. Pyroxene

Five different parts (2 for centers and 3 for margins)

of a pyroxene phenocryst were analyzed. The results

show that the pyroxene has high MgO, intermediate

CaO and low Na2O contents (Table A2), belonging to

subcalcic augite (Fig. 4). The centers have higher Al2O3

contents than margins (Table A2). Lindsley [38] pro-

posed a graphical thermometer based on experimental

data for Ca–Mg–Fe pyroxenes. It is suggested that

application be limited to pyroxenes in which

Wo+En+Fs exceed 90%. For the pyroxene discussed

here, Wo+En+Fs does exceed 90%, and are therefore

suitable for the application of this geothermometer. The

compositions of the studied pyroxene, using the correc-

tion procedure of [39], indicate a high temperature

about 1220 8C for a pressure of 10 kbar (Fig. 4).

Experimental studies have shown that Al contents

in Ca-rich clinopyroxene increase with increasing
F

to

p

crystallization pressure and temperature (e.g. [40]).

The calculated pressures and temperatures, using the

method of [40], are 1.11–1.22 GPa (37–40 km) and

1259–1271 8C for the centers, and 0.71–0.88 GPa

(23–29 km) and 1216–1235 8C for the margins of

the studied pyroxene. Therefore, it is most likely

that the studied pyroxene represents phenocryst that

crystallized during rapid rising of magma from the

deep to magma chamber. This, together with a resorp-

tion texture for the studied pyroxene phenocryst could

imply that the primary magma for the YP had anom-

alously high temperature (N1200 8C).

4.3. Whole-rock geochemistry

The YP has high SiO2 (64.8–69.4 wt.%) and Al2O3

(15.4–17.0 wt.%) contents. All the samples are peralu-

minous with values of the alumina saturation index ASI

[=molar Al2O3 / (CaO+Na2O+K2O)] of 1.02–1.22

(Table A3 in Appendix A). The porphyry shows

shoshonitic affinities. The samples are enriched in al-

kalis (Fig. 5a) and have high K2O contents (Fig. 5b)

with K2O/Na2O ratios from 1.0 to 2.7 (most between

1.0 and 1.4). They are strongly enriched in LILE and

LREE (Table A3, Figs. 6,7a, b).

The porphyry also shows some affinities with the

adakites [6], e.g., high SiO2 (N56 wt.%) and Al2O3

(N15 wt.%), and low MgO (b3 wt.%) contents, deplet-

ed in Y (5.1–16 ppm) and Yb (0.53–1.5 ppm), and

enrichment in Sr (612–1024 ppm) with high Sr /Y (59–

180) and La /Yb (43–73) ratios (Fig. 7c, d), and no Eu

anomalies (Fig. 7a).

The geochemical characteristics of the YP are similar

to those of acid (SiO2N63%) compositions of the coeval

Nangqen volcanic rocks (NVR), which also show both

shoshonitic and adakitic affinities. However, the NVR

with intermediate to basic compositions only show

shoshonitic affinity. They have much higher LILE and

REE concentrations than the YP (Table A3, Figs. 6,7).



Fig. 5. (K2O+Na2O) vs. SiO2 diagram [87] (a), and K2O vs. SiO2

diagram (b) for the YP. The NVR [21] are also plotted for comparison.
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The YP shows a narrow range of eNd(T) values

(�2.0 to �3.0) (Table A3), similar to that of the

NVR (�0.6 to �3.2; [21]). The YP has slightly higher
Fig. 6. Selected major element oxides and trace elements against MgO cont

and upper crust (UC) [53] are also plotted for comparison.
initial 87Sr / 86Sr ratios (0.7063–0.7070) than the NVR

(0.7050–0.7061; [21]). Both the YP and NVR plot in

the enriched quadrant of a conventional Sr–Nd isotope

diagram (Fig. 8a), where they overlap the field of the

Batu Tara (eastern Sunda arc, Indonesia) potassic vol-

canic rocks [41], but distinguish the Yarlung-Zangbo

MORB and adakites related to slab melting and Amdo

orthogneiss (a proxy for south Tibet lower crust by

[42]) (Fig. 8a). The Nd model ages of the YP relative

to depleted mantle (TDM) range from 0.8 to 1.0 Ga

(mean 0.9 Ga) (Table A3), which are consistent with

those of Miocene potassic volcanic rocks in the Tibetan

plateau that have TDM of 0.8–1.3 Ga with an average of

0.9 Ga [9]. Because the Sm/Nd of a melt is generally

lower than that of its source, these TDM represent

minimum ages of enrichment event and thus most

probably Mesoproterozoic metasomatism.

4.4. Feldspar Pb isotope

The Pb isotopic compositions of feldspar pheno-

crysts show a narrow range of 206Pb / 204Pb ratios

(18.71–18.82) and unusually radiogenic 207Pb / 204Pb

(15.65–15.67) and 208Pb / 204Pb (38.87–39.00) ratios

(Table A3), plotting well above the Northern Hemi-

sphere Reference Line (NHRL; [43]) in conventional

Pb isotope diagrams (Fig. 8b). The YP shows similar
206Pb / 204Pb ratios to the NVR (18.62–18.97; [21]), but

has higher 207Pb / 204Pb ratios than the NVR (15.51–
ents. Average major and trace element compositions of the bulk (BC)



Fig. 7. Chondrite-normalized [88] REE patterns (a), primitive mantle-normalized [89] trace element patterns (b), Sr/Y vs. Y diagram (c), and (La/

Yb)N vs. YbN diagram (d) of the YP and NVR. The data of the NVR are from [21].
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15.64; [21]) (Fig. 8b). 208Pb / 204Pb ratios of the YP plot

within the upper trend of the NVR (38.43–39.00; [21])

in 206Pb / 204Pb vs. 208Pb / 204Pb diagram (not shown).

The uniform 206Pb / 204Pb of both the YP and NVR

leads to a vertical array on Fig. 8b, similar to that

reported for other post-collisional shoshonitic volcanic

rocks from Tibet [9] and for Spanish lamproites [44].

As already pointed out by [44], such a correlation is

unlikely to have resulted directly from the closed decay

of U, as the range in 207Pb / 204Pb requires the existence

of long-term variation in U/Pb, which should have

resulted in a large variation in 206Pb / 204Pb. Note that

the Pb isotope signatures of the YP and NVR distin-

guish those of the Yarlung-Zangbo MORB and adakites

related to slab melting (Fig. 8b).

4.5. Zircon Hf isotope

Twenty spots of in situ Hf isotope analysis have

been determined on zircons of the sample Y2-1. The

results are presented in Table 1. They are characterized

by clearly positive initial eHf values, ranging from +3.1

to +5.9, most between +4 and +5, except for two spots

that have negative initial eHf values ranging from

�10.3 to �11.0 (Table 1). The positive initial eHf
values are consistent with long-term depleted mantle

source, whereas the negative initial eHf values could

imply the involvement of crustal components into the

mantle source, which is in good agreement with the
Nd–Sr isotope compositions of the sample Y2-1 that

has eNd(T) value of �2.6 and initial 87Sr / 86Sr ratio of

0.7069.

5. Discussion

5.1. Origin of the YP

A key question for the YP origin is to explain its

shoshonitic and adakitic affinities. The YP shows some

geochemical similarities to the contemporaneous NVR

in the neighboring area, suggesting some genetic link

between their petrogeneses. Accordingly, we choose the

NVR for comparison as discussed below.

It has been proposed that the majority of shoshonitic

rocks are derived by partial melting of subcontinental

lithospheric mantle modified by previous introduction

of slab-derived fluids or melts (e.g. [9,34,45,46]). In-

teraction between such hydrous fluids and mantle can

lead to the potassic magma formation as suggested by

the experimental data of [47]. These experiments dem-

onstrate that reaction between such a fluid (or melt) and

mantle peridotite can produce a hybrid phlogopite py-

roxenite; partial melting of such ddhybridizedTT mantle

would produce potassic melts.

Adakitic affinity such as the enrichment of Sr and

the absence of significant Eu anomalies indicates that

the source was plagioclase-free. Depletion of HREEs

and Y in adakitic rocks requires melting of a mafic



Fig. 8. 87Sr / 86Sr vs. 143Nd / 144Nd diagram (a) and 207Pb / 204Pb vs.
206Pb / 204Pb diagram (b) showing the isotopic signatures for the YP

and related rocks. Pietre Nere, Batu Tara, Roccamonfina, Roman

region and Spanish represent orogenic potassic rocks, which plot

along a mixing line between an upper mantle end-member having

Sr–Nd isotopic compositions similar to MORB, and an enriched

mantle end-member having Sr–Nd isotopic compositions similar to

those of oceanic sediments [[41] and references therein]. Data for the

NVR [21], average composition of globally subducted sediment [59],

average composition of Amdo orthogneiss (proxy for Tibet lower

crust) [42] are also plotted for comparison. Fields for the Yarlung–

Zangbo MORB and adakites related to slab melting are from [[10] and

references therein].
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source rock within the stability field of garnet, most

probably under eclogite-facies conditions [6]. There are

at least two possibilities that have been suggested for

such a garnet-bearing source to generate the adakitic

rocks, i.e., partial melting of subducted oceanic slab

(e.g. [6]) and thickened lower crust (e.g. [48]).

5.1.1. Isotopic constraints

Worldwide orogenic potassic magmas such as Batu

Tara, Roccamonfina, Roman region and Spanish were

proposed to derive from an enriched mantle source

associated with slab-derived fluids or melts [[41] and

references therein]. Both the YP and NVR plot in the

lower right quadrant and within or near the field of Batu

Tara potassic rocks (Fig. 8a), indicating that they may

have derived from an enriched mantle source associated
with earlier slab-derived fluids or melts. The relatively

elevated 207Pb / 204Pb ratios suggest involvement of an

old radiogenic component that probably present in the

source region as it can be identified in all compositions.

The steep trend on the 206Pb / 204Pb vs. 207Pb / 204Pb and

the shift towards the composition of subducted sedi-

ment (Fig. 8b) suggest a component of recycled conti-

nent-derived material into the source region.

Of particular interest are the zircon Hf isotopic

compositions. The majority of zircons show positive

initial eHf values, suggesting a depleted mantle source,

which contrasts with the enriched mantle source asso-

ciated with previous subduction-derived fluids inferred

by Sr–Nd–Pb isotopic compositions. These decoupled

Hf and Sr–Nd–Pb isotopic compositions are most likely

to reflect previous subduction process, because HFSE

(e.g., Zr, Hf, Nb, Ta) are less soluble than LREE (e.g.,

La, Ce, Sm, Nd) and LILE (e.g., Rb, Sr, Ba, Pb) in

aqueous fluids resulting from dehydration of subducted

oceanic crust and sediments (e.g. [49]). However, the

few zircons also display pronounced negative initial eHf
values (�10.3 to �11.0, Table 1). Their unradiogenic

Hf at relatively radiogenic Nd [eNd (T)=�2.6] isotope

compositions, which plots below the mantle array

(eHf=0.33 eNd+3.19; [50]), suggests a derivation

from a distinctive source. It has been suggested that

such distinctive Hf–Nd isotope systematics could be

interpreted as being derived from recycled ancient oce-

anic crust that has been isolated from the convecting

mantle for considerable periods of time (N1 Gyr) (e.g.

[51]). Accordingly, it is most likely that a lithospheric

mantle whose composition has been modified by reac-

tion with ancient (N1 Gyr) slab-derived melts could

account for these strongly negative initial eHf values
of the YP.

In conclusion, the Sr–Nd–Pb–Hf isotopic composi-

tions of the YP and NVR are distinct from MORB, but

consistent with the long-term depleted mantle reservoir

modified by a subduction-derived components prior

partial melting. It is most likely that such a modified

mantle source was mainly metasomatized by slab-de-

rived fluid and also hybridized by the addition of small

amounts of slab-derived melt.

5.1.2. Partial melting or fractionation?

The YP has similar Sr–Nd isotopic compositions to

the contemporaneous NVR. This suggests that the YP

could be formed by FC from the mafic magma of NVR.

However, their Pb isotopic signature does not support

the fractionation model. U /Pb can be enriched in melts

as a consequence of the greater incompatibility of U

relative to Pb in FC process, which would result in



Table 1

Zircon in situ Hf isotope analysis data of the sample Y2-1 from the YP

Zircon Spot 176Lu / 177Hf 176Hf / 177Hf F2r (176Hf / 177Hf)i eHf (39 Ma)

1 1.1 0.000856 0.282438 0.000043 0.282437 �11.0

2 2.1 0.000779 0.282835 0.000031 0.282834 +3.1

3 3.1 0.000767 0.282857 0.000024 0.282856 +3.8

3.2 0.000860 0.282856 0.000031 0.282855 +3.8

4 4.1 0.001091 0.282910 0.000025 0.282909 +5.7

6 6.1 0.000684 0.282860 0.000022 0.282860 +4.0

6.2 0.000704 0.282840 0.000025 0.282839 +3.2

7 7.1 0.000798 0.282878 0.000027 0.282877 +4.6

8 8.1 0.000910 0.282877 0.000023 0.282876 +4.5

9 9.1 0.000608 0.282887 0.000024 0.282887 +4.9

10 10.1 0.000971 0.282881 0.000024 0.282880 +4.7

11 11.1 0.001321 0.282916 0.000019 0.282915 +5.9

12 12.1 0.000878 0.282857 0.000029 0.282856 +3.8

13 13.1 0.000732 0.282456 0.000038 0.282455 �10.3

14 14.1 0.000798 0.282875 0.000028 0.282874 +4.5

15 15.1 0.001309 0.282900 0.000032 0.282899 +5.3

16 16.1 0.001495 0.282904 0.000025 0.282903 +5.5

17 17.1 0.000725 0.282877 0.000025 0.282876 +4.6

18 18.1 0.000779 0.282862 0.000021 0.282861 +4.0

19 19.1 0.000873 0.282874 0.000020 0.282873 +4.4

All the spots are localized at the rim of the zircons; the zircon No. 1 to 10 are corresponding to those of zircons listed in Table A1 in Appendix A

that have been determined SHRIMP U–Pb ages.
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elevation of both 207Pb / 204Pb and 206Pb / 204Pb ratios.

Although the YP has higher 207Pb / 204Pb ratios than the

NVR, their near-vertical array of 207Pb / 204Pb against
206Pb / 204Pb (Fig. 8b) rules out the closed-system decay

of U. This feature is also unlikely to reflect crustal

contamination, as sediments tend to show a broad

range in 206Pb / 204Pb. Accordingly, the Pb isotopic

signature implies that they must have had a complex

multi-stage evolution in the source region, as pointed

out by [44]. The positive correlations of CaO, total Fe

(Fe2O3+FeO) and Cr vs. MgO and negative correlation

of Al2O3 vs. MgO (Fig. 6) could reflect clinopyroxene-

dominated fractionation. However, La /Yb ratios do not

remain constant with La increase predicted by FC (Fig.

9a). In addition, the La /Yb ratios are uncorrelated with

Mg# (not shown), which does also not reflect FC or

AFC. In fact, both the YP and NVR show a relatively

steep trend of La against La /Yb (Fig. 9a), most prob-

ably reflecting a partial melting model.

Adakitic magmas, whether derived directly from

partial melting of the subducted oceanic slab (MORB)

or from lower crustal mafic rocks, usually show char-

acteristics of low Mg (Mg# b0.44) and high Na2O (N4.3

wt.%) rather than high K2O, as demonstrated by exper-

imental studies [52]. The Sr–Nd–Pb–Hf isotopic com-

positions of the YP that are distinct from MORB,

together with its high Mg# (0.50–0.67) and high K2O

contents (4.2–6.9 wt.%) (Table A3), require that if the
magma originated by slab melting, it must have expe-

rienced significant crustal assimilation, or melt/perido-

tite interaction, or binary melt mixing. Crustal

contamination could increase K2O contents but could

not increase Mg#. Moreover, there is no correlation

(r=�0.36) between initial 87Sr / 86Sr ratios and Rb

contents in the YP, as would be expected if the high
87Sr / 86Sr results from assimilation of high-Rb /Sr crust.

The uniform positive initial eHf values also rule out the

significant crustal assimilation. In fact, the K2O con-

tents in the YP are higher than those typically observed

in the continental upper crust (3.4 wt.%; [53]). The

concentrations of incompatible element such as Sr

and Nd in the YP are also higher than those typically

observed in the continental crust (Fig. 6), and thus

make their chemistry insensitive to crustal contamina-

tion. Although interaction between the slab melt and

enriched mantle (EMII) can increase Mg#, the process

cannot result in the increase in the K2O contents. An

alternative possibility is binary mixing between pristine

adakitic melts and enriched mantle-derived melts repre-

sented by coexisting NVR with high Mg# (0.54–0.79).

However, the YP has similar K2O contents and Sr–Nd

isotopic compositions to the NVR, which is against the

mixing model. Although Pb isotopic compositions of

the YP and NVR show a mixing trend (Fig. 8b),
207Pb / 204Pb ratios for the YP should be lower than

those for the NVR as the mixing model expected,



Fig. 9. La /Yb vs. La (a), Rb vs. Cr (b), Nb /U vs. 87Sr / 86Sr (c), and Zr /Sm vs. Hf /Sm (d) diagrams for the YP. Data for the NVR [21] are also

plotted for comparison. In (b), curve shown is for batch modal melting (percent melting indicated) of a mafic source with 21 ppm Rb and 562 ppm

Cr, equivalent to the mantle xenoliths of phlogopite–garnet clinopyroxenite [17], with residue of 0.50 clinopyroxene, 0.45 garnet and 0.05

phlogopite. Mineral/melt partition coefficients are from [54,90]. In (c), data for globally subducted sediment and slab-derived fluid are from [59]

and [60], respectively. In (d), the field for carbonatites is from [67].
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which is also opposite to observation. Furthermore, the

scatter of Mg# vs. La /Yb does not support the signif-

icant mixing process. Similarly, the features mentioned

above can rule out the possibility that the YP was

derived from partial melting of the thickened lower

crustal mafic rocks, plus additional input from an

enriched mantle represented by coexisting NVR or an

upper crustal source. The YP also could not formed by

AFC process of the Nangqen shoshonitic magma due to

their similar Sr–Nd isotopic compositions.

To sum up, we consider that the effects of FC and

AFC as well as magma mixing are not important in the

YP origin. The most plausible explanation is that the

YP was derived directly by partial melting of an

enriched lithospheric mantle as the shoshonitic NVR

did. Such an enriched mantle was a subduction-modi-

fied source as inferred by Sr–Nd–Pb–Hf isotopic sig-

natures mentioned above and further discussed below.

To further evaluate the partial melting model, we use a

plot of Cr against Rb (Fig. 9b). For a source that leaves

pyroxene or garnet in the residue, Cr should be a

strongly compatible element and Rb an incompatible

element [54]. Consequently, Cr should exhibit much

less variation than Rb for low to moderate degrees

(b50%) of partial melting. Fig. 9b illustrates that the
majority of the YP and acid NVR show a narrow

arrange of Cr with a wide variation of Rb, fitting a

partial melting model for a mafic source such as phlog-

opite–garnet clinopyroxenite. However, the intermedi-

ate to basic NVR has high Cr abundance, precluding

mafic rocks as a potential source.

5.1.3. Evidence for phlogopite in the source region

Both the YP and NVR have high K2O contents,

forming a relatively flat array of K2O against SiO2

(Fig. 5b). Such a flat array suggests buffering of a

potassic phase such as phlogopite, potassic amphibole

or K-feldspar in the source region. The absence of

significant Eu anomalies of the YP and NVR (Fig.

7a) rules out K-feldspar as a potassic phase. The pos-

itive correlation between the La concentrations and La /

K ratios (not shown) further supports that a potassic

phase of phlogopite or potassic amphibole is present in

the mantle source region [35]. Furman and Graham [55]

suggested that melts in equilibrium with phlogopite be

expected to have significantly higher Rb /Sr (N0.1) and

lower Ba /Rb (b20) ratios than those (Rb /Srb0.06,

Ba /RbN20, respectively) formed from amphibole-bear-

ing mantle sources. The YP and most NVR have high

Rb/Sr (N0.06) and low Ba /Rb (b20) ratios, strongly
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suggesting phlogopite rather than potassic amphibole as

the main potassic phase.

5.1.4. Evidence for subduction-modified mantle

The YP is enriched in LILE. The absolute concen-

trations of many trace elements (e.g. Sr) are higher than

typically observed in the continental crust (Fig. 6). The

silicate fluid metasomatism in the mantle source, which

involved the formation of phlogopite, could account

for such enrichment, as has been suggested that phlog-

opite is the major repositories for these elements in

lithospheric mantle (e.g. [56]). The depletion of HFSE

relative to its neighboring element in the primitive

mantle normalized patterns such as negative Nb–Ta

and Ti anomalies (Fig. 7b) is recognized as a finger-

print of subduction process (e.g. [57]). The Nb /U

ratios (1.2–2.7) of the YP are significantly lower than

that of MORB and ocean island basalt (OIB) (47;

[58]), and also lower than estimates for the continental

crust (upper crust Nb /U69; [53]) and average com-

position of globally subducted sediment (Nb /U65;

[59]). Therefore, nonmagmatic enrichment in the

source region is required, given the general awareness

that igneous processes in the mantle have a minimal

effect on fractionating this elemental ratio [58]. These

significantly lower Nb/U ratios (1.2–2.7) are close to

that calculated for subduction-zone fluids (Nb /

U60.22; [60]). This has been generally ascribed to

the strong capacity of LILE and the inability to transfer

significant amounts of HFSE in the slab-derived hy-

drous fluid. The HFSE are more likely to be stored in

phases such as rutile and/or ilmenite, which may per-

sist in the subducted slab [61]. Accordingly, such a

slab-derived hydrous fluid could account for the low

Nb/U ratios of the YP. On Nb/U against 87Sr / 86Sr

(Fig. 9c), the YP plots close to the mixing curve

between the slab-derived fluid and depleted lithospher-

ic mantle source. The NVR show higher Nb/U ratios

and lower 87Sr / 86Sr ratios than the YP (Fig. 9c),

suggesting less proportion of slab-derived components

in their source region.

It is also worthy to discuss the sub-chondritic Nb /Ta

ratios (8.6–12.0, Table A3) for the YP. Both Nb and Ta

show similar geochemical behaviors due to their nearly

identical ionic radii and charge [62], so Nb /Ta ratio is

hardly affected by magmatic processes such as fraction-

al crystallization and partial melting. Indeed, MORB

vary little in Nb /Ta ratio and their average ratio of 16.7

is indistinguishable from the primitive mantle value of

17.4 [63]. The Nb /Ta ratio of the Cenozoic adakites

formed by direct melting of subducted oceanic crust is

similar to that of MORB [64]. The YP has lower Nb /Ta
ratios than MORB, which suggests that nonmagmatic

enrichment in the source region is required. A review of

the geochemical literature [64] confirms that Nb /Ta

represents element pair with similar MORB melting

partition coefficient but different fluid / solid partition

coefficient, which results in lower Nb/Ta ratio of arc

melts from hydrated mantle wedge peridotite than that

of direct slab melts. Accordingly, the lower Nb /Ta

ratios of the YP also suggest that the mantle source

was modified by a slab-derived hydrous fluid.

5.1.5. Evidence for carbonate metasomatism

The YP is enriched in REE especially LREE. The

absolute concentrations of many trace elements (e.g.

Nd) are higher than typically observed in the continen-

tal crust (Fig. 6). The NVR show higher REE concen-

trations than the YP (Fig. 7a). It has been suggested that

carbonate metasomatism may be responsible for the

commonly observed REE especially LREE enrichment

of the depleted lithospheric mantle [65], because of

high REE contents of mantle-derived carbonatite with

Ce equal to ~600 times chondrite and Yb equal to ~15

times chondrite [66]. Both the YP and NVR show

higher Zr /Hf ratios (around 44, Fig. 9d) and lower

Ti /Eu (Fig. 7b). Such Zr /Hf and HFSE/REE fractio-

nations have also been attributed to the carbonate meta-

somatism in the mantle source (e.g. [66,67]). The Zr /

Sm ratio is positively correlated with the Hf /Sm ratio

(Fig. 9d). This linear correlation with its orientation

toward the field of carbonatites suggests that variations

of abundance ratios involving Zr, Hf, and Sm in the

mantle source are dominated by carbonates, perhaps

reflecting variable intensity of metasomatism by car-

bonate-rich fluids [67]. The NVR show lower Zr /Sm

and Hf /Sm ratios than the YP (Fig. 9d). This, together

with the higher contents of Ba, Sr, and REE for the

NVR and with the highest abundance of these elements

and lowest ratios of Zr /Sm and Hf /Sm for the most

silica-undersaturated rocks (tephrite), suggests that the

carbonate metasomatism in the source region was more

intensive for the NVR than for the YP. The carbonate

metasomatism in the mantle source would produce

clinopyroxene, apatite and monazite [66]. Such a clin-

opyroxene has high CaO and high Mg# and low Al2O3

(most between 0.5 and 2.0 wt.%) [66], because the only

major element added in significant quantities as a result

of the carbonate metasomatism is CaO. However, the

clinopyroxene in the pyroxenite veins associated with

the silicate fluid or melt metasomatism is characterized

by Fe-enrichment and a general addition of Al and Ca

[66]. The majority of clinopyroxene in the mantle

xenoliths of phlogopite–garnet clinopyroxenite men-
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tioned above have high CaO (22.0–24.1 wt.%) and high

Mg# (0.70–0.85) and low Al2O3 (1.1–2.4 wt.%)

[17,18], suggesting the products of carbonate metaso-

matism for these clinopyroxenes. Only a few clinopyr-

oxenes in phlogopite–garnet clinopyroxenite show

lower CaO (10.8–17.5 wt.%) and lower Mg# (0.65–

0.69) and higher Al2O3 (6.6–7.2 wt.%) [17,18], which

is most probably consistent with silicate fluid or melt

metasomatism. The apatite, as the product of carbonate

metasomatism, is characterized by F-rich and Cl-poor

[66]. The abundant apatite (Fig. 2d) in the YP is also

enriched in F (2.43–2.73 wt.%) and relatively depleted

in Cl (0.08–0.10 wt.%) [13], suggesting some genetic

link to the mantle carbonate metasomatism. Thus, as

pointed out by [66], carbonate metasomatism should be

considered in addition to silicate fluid metasomatism in

evaluating the origins of incompatible element enrich-

ments in the lithospheric mantle.

It has been suggested that the carbonate fluid could

be derived from the subducted oceanic crust (the over-

lying marine carbonates) (e.g. [68]). Metasomatism of a

depleted mantle by such a carbonate fluid would result

in Nb depletion relative to La, in contrast to the Nb

enrichment resulting from an asthenosphere-derived

carbonate fluid (melt) metasomatism [66]. The YP

and NVR show Nb depletions relative to La (Fig.

7b), together with their relative uniform enriched man-

tle Sr–Nb isotopic compositions (Fig. 8a), suggesting

that the associated carbonate fluid was most probably

derived from the subducted oceanic crust, like the

silicate fluid did.

5.1.6. Nature of the magma source region

Amphibole, phlogopite and carbonate are common

metasomatic volatile-bearing phases in the metasoma-

tized mantle (e.g. [56]). A series of experimental studies

(e.g. [69]) indicated that the phlogopite–carbonate as-

semblage with the absence amphibole phase could

constraint the source depth to N100 km. This places

the source of the Yulong and Nangqen igneous rocks

within the lithospheric mantle, because it is expected

the crust thickness of ~70 km and lithosphere thickness

of N200 km caused by the India-Asia continental col-

lision since the Paleocene [9].

The consensus view is that potassic and ultra-potas-

sic rocks are derived by partial melting of metasomatic

veins within an lherzolitic or harzburgitic lithosphere

(e.g. [70]). Foley [70] introduced his vein-plus-wallrock

melting model for the origin of ultra-potassic as well as

potassic rocks. The composition of melts derived from

veins is controlled by the degree of partial melting and

the relative contributions of vein and wall-rock materi-
al. As mentioned above, the vein mineral components

for the YP origin are most likely phlogopite (the prod-

uct of silicate fluid metasomatism), garnet (inferred by

adakitic affinity, the product of silicate melt metasoma-

tism [71]), clinopyroxene (the main products of carbon-

ate fluid metasomatism) and minor apatite and

carbonate. This is in good agreement with the mineral-

ogy of mantle xenoliths such as phlogopite–garnet

clinopyroxenite hosted by alkali-rich porphyry in the

neighboring area [17,18]. A plot of Cr against Rb (Fig.

9b) shows that low degree (1–5%) partial melting of

such a metasomatic vein, equivalent to the mantle

xenoliths of phlogopite–garnet clinopyroxenite with

Cr of 562 ppm and Rb of 21 ppm [17], could account

for the YP origin. The NVR show higher Cr and lower

Rb contents (Fig. 9b), which implies that the wall-rock

material (lherzolite) might be involved in partial melt-

ing for their origin. This is further supported by the

relatively higher proportions of depleted lithospheric

mantle compositions for the NVR than for the YP

inferred by Sr–Nd–Pb isotopic and elemental composi-

tions (Figs. 8,9c).

5.1.7. What triggered the melting of the metasomatized

lithospheric mantle?

The source depth for the YP as well as NVR may be

at least 100 km inferred by the volatile phase relations.

The early crystallized clinopyroxene geothermometry

of the YP indicates that the primary magmas had

anomalously high temperature (1220 8C), which is in

broad agreement with the homogenization temperatures

of melt inclusions hosted by the early crystallized

quartz phenocrysts in the YP, ranging from 1000 to

N1200 8C (n =61), most (n =48) between 1150 and

1200 8C [14]. What mechanism is suitable for attain-

ment of such high temperatures to induce partial melt-

ing of the metasomatized lithospheric mantle at the

depth of 100 km? The YP emplacement (41–39 Ma)

and the NVR eruption (39 Ma) post-date the India-Asia

continental collision (at about 65 Ma; [72]). This delay

would not be expected if fluid release accompanying

oceanic or continental subduction was the trigger. It has

been suggested a response to convective thinning of the

lithosphere for the potassic magmatism (~20 Ma) in the

northern and southern Tibetan plateau [9], which trig-

gered a temperature increase in the lithosphere. How-

ever, the potassic magmatism of Yulong and Nangqen

in the eastern Tibetan plateau pre-dates that in the

northern and southern Tibetan plateau. Recently, Hou

et al. [73] realized that in the eastern Tibetan plateau, a

regional-scale strike-slip fault system caused by the

India-Asia continental collision controlled the distribu-
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tion of Cenozoic (49–30 Ma) porphyries. Rather, seis-

mic profiles across the Qiangtang terrane indicate that

the strike-slip faults are translithospheric and accom-

modated local mantle uplift with the Moho rising about

2 to 3 km relative to the surrounding area [14,74]. This

suggests that these faults most likely caused the up-

welling of asthenosphere in the area, which triggered

the melting of the metasomatized lithospheric mantle.

Such a model is similar to the situation proposed by

[75] to interpret the petrogenesis of high-K calc-alka-

line and alkaline granites in Central Hoggar (Algeria)

during the Pan-African orogeny.

The exotic lithosphere model [76] is another alter-

native trigger mechanism for partial melting of the

metasomatized lithospheric mantle. This model sug-

gests that the India-Asia continental collision results

in extrusion of the lithosphere beneath the eastern

Tibet to the east beneath the Yangtze craton at 50–40

Ma, which offers an efficient way to thin the lithosphere

in this region and therefore triggers the melting of the

metasomatized lithospheric mantle.

5.2. Implications for granite and adakite geneses

Nearly 50 years after [77], the origins of granitic

magmas remain subjects of debate, disagreement, and

study. While it is generally accepted that strongly per-

aluminous magmas originate by partial melting of mi-

caceous metasedimentary rocks (e.g. [78]), diverse

origins are proposed for the more abundant metalumi-

nous-to-weakly peraluminous silicic magmas. Explana-

tions include crystallization-differentiation of basaltic

parents (e.g. [79]), partial remelting of igneous rocks

[78], assimilation of sialic rocks into differentiating

basaltic magmas [80], and partial melting of immature

volcanogenic sediments with igneous-like compositions

(some metagreywackes [81]). This contribution gives a

case study that granite can be derived directly by partial

melting of lithospheric mantle. It is, therefore, impor-

tant to understand the source and origin of diverse

granites.

Adakite was proposed over a decade ago to be pro-

ducts of the melting of young subducted oceanic crust

related to incipient subduction [6]. Its research has re-

ceived widespread attention due to its close relation to

porphyry copper deposits [82], and many other models

for adakite generation have been proposed, such as

partial melting of basaltic lower crust (e.g. [48]) or of

delaminated lower crust [83] and AFC processes [84].

Adakite formed by these processes usually shows char-

acteristics of low Mg and high Na rather than high K, as

demonstrated by experimental studies [52]. However,
many adakitic rocks especially in continental collision

setting, showing some features of typical adakite in arc

settings, also have much higher K2O contents (e.g. [10]).

The mechanism responsible for such K-enrichment in

adakite is poorly understood. This contribution indicates

that some potassic rocks showing adakitic affinities es-

pecially in continental collision environments such as

Yulong could have been derived directly by low-degree

melting of the phlogopite–garnet clinopyroxenite that

was mainly produced by the silicate–carbonate fluid

metasomatism in an lherzolitic or harzburgitic litho-

sphere, whereas most adakites in arc settings was derived

by partial melting of the amphibole eclogite and/or gar-

net amphibolite transformed by a basaltic source of

subducted oceanic crust, which is helpful to further

understand the geneses of adakite and its associated

porphyry deposits.

6. Concluding remarks

The Cenozoic (41–39 Ma) YP is shoshonitic and

shows some affinities with the adakite. Detailed ele-

mental and isotopic data suggest that the YP was

derived directly by low degree (1–5%) partial melting

of the phlogopite–garnet clinopyroxenite that was pro-

duced by the slab-derived silicate–carbonate fluid meta-

somatism and by addition of small amounts of slab-

derived melt hybridization at Mesoproterozoic age in an

lherzolitic lithosphere at a depth of N100 km. A region-

al-scale strike-slip fault system and/or an extrusion of

the lithosphere to the east caused by the India-Asia

continental collision triggered the melting of the meta-

somatized lithospheric mantle. These anomalously high

temperature (N1200 8C) melts rose rapidly and assem-

bled at depths of ~7 km to form a magma chamber,

which subsequently was emplaced into Triassic strata to

form the shallow-seated YP. This is important to further

understand the source and origin of diverse granites and

the geneses of porphyry deposits especially in conti-

nental collision settings.
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