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Coeval potassic adakite-like and shoshonitic felsic intrusions in the

western Yunnan province of SW China are spatially and temporally

associated with Eocene^Oligocene shoshonitic mafic volcanic rocks.

The shoshonitic syenite and quartz monzonite intrusions are charac-

terized by high K2O contents (4·9^6·8 wt %) and K2O/Na2O

ratios (1·1^1·7), high Y (1·7^34·8 ppm) and Yb (1·50^3·16 ppm)

contents, nearly flat heavy rare earth element (HREE) patterns

and moderate Eu anomalies (Eu/Eu*¼ 0·65^0·78).The potassic

adakite-like granite and quartz monzonite intrusions are chara-

cterized by enrichment in light rare earth elements (LREE),

depletion in HREE and fractionated HREE patterns, high Sr

(328^1423 ppm), Sr/Y (38^243) and La/Yb (23^62), and low Y

*Corresponding author. Present address: Centre for Exploration

Targeting, Australian Research Council Centre of Excellence for Core

to Crust Fluid Systems (CCFS), School of Earth and Environment,

University of Western Australia, Perth, WA 6009, Australia. E-mail:

geoyongjun@gmail.com

� The Author 2013. Published by Oxford University Press. All

rights reserved. For Permissions, please e-mail: journals.permissions@

oup.com

JOURNALOFPETROLOGY VOLUME 54 NUMBER 7 PAGES1309^1348 2013 doi:10.1093/petrology/egt013
D

o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
e
tro

lo
g
y
/a

rtic
le

/5
4
/7

/1
3
0
9
/1

4
8
3
4
0
7
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



andYb contents.The shoshonitic syenite and quartz monzonites have

the same Sr^Nd^Pb isotope compositions as the shoshonitic mafic

volcanic rocks. They define linear trends on Harker diagrams, and

have similar REE and trace element patterns to the shoshonitic

mafic volcanic rocks.These observations suggest that the shoshonitic

syenite and quartz monzonite magmas were differentiated from par-

ental shoshonitic mafic melts by fractional crystallization of olivine,

clinopyroxene and feldspar. The parent magmas originated from a

metasomatized lithospheric mantle source. The shoshonitic syenite

and quartz monzonites have higher magmatic zircon d
18O values

(6·26^7·05ø) than the mantle, which suggests some 18O enrich-

ment during earlier subduction-related metasomatism of their

lithospheric mantle source. The potassic adakite-like granites have

Sr^Nd^Pb isotopic compositions that overlap those of lower-crustal

amphibolites. They have low Mg#, MgO, Ni and Cr contents,

abundant inherited zircons, high zircon "Hf (0^5·5) and

mantle-like d18O (4·78^6·25ø) values.These granites were plaus-

ibly derived by partial melting of a thickened, potassic, mafic, lower

crust with minor input from an older igneous felsic component.The

potassic adakite-like quartz monzonites contain abundant mafic

microgranular enclaves, and have transitional major and trace elem-

ent characteristics between the adakite-like granite and the shoshoni-

tic mafic magma. The quartz monzonites generally have higher

Mg#, MgO, Ni and Cr contents than the lower crust-derived

adakite-like rocks.They have no inherited zircons and have uniform

zircon "Hf and d
18O values. It is suggested that they were derived

by variable degrees of mixing between lower-crustal melts and

shoshonitic mafic magmas. The coeval shoshonitic and potassic

adakite-like rocks appear to be associated with thinning of overthick-

ened lithospheric mantle along the trans-lithospheric Jinsha suture

following the collision between India and Asia. This lithospheric

thinning could have resulted in the upwelling of the asthenosphere be-

neath westernYunnan, which induced partial melting of the residual

metasomatized lithospheric mantle as well as the thickened lower

crust in the Eocene.

KEY WORDS: adakite; shoshonite; zircon; thickened lower crust;

metasomatized mantle lithosphere; westernYunnan

I NTRODUCTION

Adakites are sodic, aluminous igneous rocks that were ori-

ginally proposed to be derived by partial melting of hot,

young (age 520 Ma) subducted oceanic crust in intra-

oceanic arcs. Fractionated rare earth element patterns

(REE) in conjunction with lowYb suggest melting in equi-

librium with residual garnet (Defant & Drummond, 1990;

Foley et al., 2002). Adakites in Cenozoic oceanic arcs are

associated with tholeiitic to calc-alkaline basalts, Nb-

enriched basalts, and magnesian andesites (Kepezhinskas

et al., 1996; Sajona et al., 1996; Richards & Kerrich, 2007).

A number of other mechanisms have also been proposed

for the origin of sodic adakite-like rocks, including the fol-

lowing: (1) crustal assimilation and high-pressure

fractional crystallization (AFC) of basaltic magma in

island arcs or continental margin arcs, characterized

by the basalt^andesite^dacite^rhyolite magma series

(BADR; Castillo et al., 1999; Rohrlach & Loucks, 2005;

Macpherson et al., 2006; Richards & Kerrich, 2007);

(2) partial melting in an intracontinental setting of delami-

nated mafic lower crust in the lithospheric mantle (Kay

& Kay, 1993; Xu et al., 2002; Wang et al., 2006a, 2006b);

(3) partial melting of a thickened mafic lower crust along

a continental margin above a subduction zone (Atherton

& Petford, 1993; Petford & Atherton, 1996). Recently, po-

tassic, aluminous, adakite-like rocks belonging to the

shoshonitic or high-K calc-alkaline magma series have

been identified inTibet and eastern China. These potassic

adakite-like rocks are characterized by higher K2O/Na2O

(�1) than sodic adakites (K2O/Na2O50·6), and by the

lack of either temporal or spatial relationship with subduc-

tion (Xiao & Clemens, 2007). These potassic adakite-like

rocks share the fractionated REE patterns of their sodic

counterparts; they have been interpreted to be derived

from partial melting of potassium-rich mafic sources in

thickened lower continental crust (Chung et al., 2003; Hou

et al., 2004; Wang et al., 2005; Xiong et al., 2011) or delami-

nated lower crust (Xu et al., 2002; Wang et al., 2006a,

2006b). These potassic adakite-like rocks in China are gen-

erally coeval with, and spatially related to, mafic shoshoni-

tic suites (Hou et al., 2004;Wang et al., 2006a).

It is generally considered that mafic shoshonitic igneous

rocks are derived from partial melting of enriched astheno-

sphere (e.g. Mu« ller & Groves, 1993; Wyman & Kerrich,

1993) or metasomatically enriched lithospheric mantle

(e.g. Cousens et al., 2001; Leslie et al., 2009). Felsic shoshoni-

tic rocks are proposed to be the products of partial melting

of underplated mafic rocks enriched in incompatible elem-

ents (Wang et al., 2005; Pe-Piper et al., 2009) or fractional

crystallization with concurrent crustal assimilation of a

shoshonitic mafic melt (e.g. Turner et al., 1996; Miller et al.,

1999).

Given the diverse origins of adakitic rocks (Richards &

Kerrich, 2007; Castillo, 2012), in this contribution the term

‘adakite’ is strictly used to refer to rocks derived from slab

melting. Other rocks sharing similar trace element charac-

teristics with ‘adakite’, but without a slab melting origin,

are referred to as ‘adakite-like’. Specifically, these

‘adakite-like’ rocks are those plotting in the ‘adakite’ fields

in Sr/Y vs Y and La/Yb vs Yb plots as proposed by

Richards & Kerrich (2007). The ‘shoshonitic’ rocks in this

study refer to rocks that plot in the shoshonitic field in a

K2O vs SiO2 diagram, but are outside the ‘adakite’ fields

in Sr/Y vsYand La/Yb vsYb diagrams.

Here we report new elemental, Sr^Nd^Pb, and zircon

Hf^O isotope data for an association of Cenozoic potassic

adakite-like and shoshonitic igneous rocks in western

Yunnan, SW China. The association provides new insights
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into the petrogenesis and tectonic setting of these rocks.

The main objectives of this study are to (1) characterize

the distinctive chemical features of spatially related,

coeval, potassic adakite-like and shoshonitic intrusions,

(2) determine the magma sources and petrogenesis of the

two suites, and (3) account for the coeval emplacement of

potassic adakite-like and shoshonitic intrusions.

GEOLOGICAL SETT ING

Continued collision of the Indian and Asian plates since

the early Cenozoic (c. 60^55 Ma), driven by subduction of

Indian lithosphere (Capitanio et al., 2010), has resulted in

formation of the Himalayan orogenic belt, including the

Tibetan Plateau (Lee & Lawver, 1995; Yin & Harrison,

2000; Chung et al., 2005; Molnar & Stock, 2009).

Lithospheric shortening was accommodated by subduction

of Indian continental lithosphere, thickening of Asian

lithosphere, and in part by southeastward extrusion tec-

tonics facilitated by strike-slip motion along the NW^SE-

to WNW^ESE-trending Ailao Shan^Red River shear

zone (ASRR; Fig. 1; Tapponnier et al., 1990; Leloup et al.,

1995; Chung et al., 1997; Yin & Harrison, 2000). It is

widely considered that the lower portion of the overthick-

ened Asian continental mantle lithosphere (CLM) was

convectively removed post-collision at c. 26 Ma in South

Tibet and at c. 13 Ma in NorthTibet, resulting in upwelling

asthenosphere that was accompanied by uplift of the

Tibetan Plateau (Molnar et al., 1993; Houseman &

Molnar, 1997; Owens & Zandt, 1997; Chung et al., 2005,

2009; Kind & Yuan, 2010; Liu et al., 2011). The convective

thinning of the Asian lithospheric mantle was accompa-

nied by widespread post-collisional potassic volcanism in

the Tibetan Plateau owing to the melting of residual

subduction-modified CLM (Turner et al., 1993, 1996;

Chung et al., 1998, 2005; Xia et al., 2011).

The Tibetan Plateau comprises the Songpan^Ganzi,

Qiangtang and Lhasa terranes, which were amalgamated

before the Cretaceous along the Paleo-Tethys Jinsha

suture and the Meso-Tethys Nujiang suture (Fig. 1; Yin &

Harrison, 2000; Metcalfe, 2006). The Yangtze Craton lies

to the SE of theTibetan Plateau (Fig. 1).

The western Yangtze Craton was part of the Rodinia

supercontinent and the site of oceanic subduction during

the early Neoproterozoic (c. 1040^900 Ma; Li et al., 2008b;

Wang et al., 2009). This was then followed by mantle

plume-related magmatic activity between 825 and 750

Ma during the breakup of Rodinia, as indicated by wide-

spread mafic dyke swarms, continental flood basalts, and

continental rifting over much of the craton (Ernst et al.,

2008; Li et al., 2008b;Wang et al., 2009).

During the latest Neoproterozoic to Late Triassic

(�700^220 Ma), the Yangtze Craton constituted an

isolated continental terrane in the Paleo-Pacific Ocean

with its western edge forming a passive continental

margin (Li, 1998; Metcalfe, 2006; Pullen et al., 2008). The

Emeishan flood basalts erupted in the western part of

the craton during Late Permian to Early Triassic times

(260^250 Ma) as a consequence of a mantle plume event

(Fig. 1; Chung & Jahn, 1995; Xu et al., 2001a; Zi et al.,

2010). Since the Late Triassic (5220 Ma), the western part

of the craton has occupied an intracontinental position

(Yang, 1998;Wang et al., 2000).

An Eocene^Oligocene (�40^30 Ma) potassic magmatic

suite extends over 2000 km along the translithospheric

Jinsha suture in a belt that crosses the Qiangtang Terrane

and the western Yangtze Craton (Fig. 1; Chung et al., 1998,

2005; Xia et al., 2011).The suite is widely exposed in western

Yunnan where the ASRR shear zone locally overprints

the Jinsha suture, but extends up to 50 km to the west

within the Simao Block and up to 270 km to the east into

the Yangtze Craton (Fig. 1; Zeng et al., 2002; Guo et al.,

2005). Potassic igneous rocks form small extrusive and in-

trusive porphyritic bodies consisting of mafic to felsic

rocks. The mafic rocks are dominantly 37^33 Ma lampro-

phyre dykes and minor mafic lavas (Fig. 2; Xu et al.,

2001b; Li et al., 2002; Guo et al., 2005; Huang et al., 2010).

The felsic rocks are mainly 37^32 Ma syenite porphyry,

quartz monzonite porphyry and monzogranitic porphyry

intruded into predominantly non-metamorphosed sedi-

mentary sequences (Fig. 2; Liang et al., 2007; Lu et al.,

2012). More detailed geological descriptions of these intru-

sions have been given by Deng et al. (1998), Liang et al.

(2007) and Chung et al. (2008). The mafic rocks have been

described in previous studies and are not described further

in this contribution; their genesis appears to be linked to

that of the potassic felsic intrusions (Xu et al., 2001b; Li

et al., 2002; Guo et al., 2005; Huang et al., 2010; Lu et al.,

2012).

Rock samples documented in this contribution were col-

lected from well-exposed and least altered potassic felsic

intrusions mainly at Jianchuan, Yongsheng, Liuhe and

Binchuan in westernYunnan (Fig. 1).

PETROGRAPHY

Shoshonitic syenites were collected from Jianchuan and

Liuhe (Fig. 1). AtJianchuan, ovoid mafic microgranular en-

claves (MMEs) are present in equigranular syenite and

have gradational contacts with the syenite (Fig. 3a). Abun-

dant angular to subangular garnet-bearing xenoliths are

present in the syenite porphyry at Liuhe, including upper

mantle-derived garnet clinopyroxenite originating from

an estimated depth of 90 km, lower crust-derived garnet^

diopside amphibolite and granulite from �45^55 km

depth, and middle crust-derived garnet^plagioclase am-

phibolites from �30 km depth (Fig. 3b; Zhao et al., 2003).

Shoshonitic syenites have equigranular or porphyritic tex-

tures consisting of potassic feldspar, amphibole, clinopyr-

oxene, biotite, and occasionally plagioclase, with grain
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Fig. 1. Simplified geological map showing the distribution of Cenozoic potassic igneous rocks in western Yunnan (modified from Zeng et al.,
2002; Huang et al., 2010). Inset shows the tectonic framework of theTibetan Plateau and highlights the distribution of Eocene^Oligocene potassic
igneous rocks along the Jinsha Suture (modified from Chung et al., 2005). The Emeishan flood basalt province is also shown in the inset as a
shaded field (Emeishan LIP). AKMS, Anyimaqin^Kunlun^Muztagh Suture; JS, Jinsha Suture; BNS, Bangong^Nujiang Suture; ITS, Indus^
Tsangpo Suture; ASRR, Ailao Shan^Red River shear zone. The approximate localities of the studied magmatic suites are indicated: 1, shosho-
nitic syenite; 2, shoshonitic quartz monzonite; 3, potassic adakite-like quartz monzonite; 4, potassic adakite-like granite.
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size of 0·5^3mm (Fig. 4a). Accessory minerals include apa-

tite, zircon, magnetite and titanite.

Shoshonitic quartz monzonites collected from Binchuan

(Fig. 1) contain garnet-free crustal xenoliths of banded

gneiss and hornblendite (Fig. 3c). These intrusive rocks are

porphyritic and consist of 0·5^2mm diameter phenocrysts

of potassic feldspar, plagioclase, amphibole, biotite, and

quartz in a fine- to very fine-grained groundmass of potassic

feldspar, plagioclase and quartz (Fig. 4b). Accessory min-

erals include magnetite, zircon, apatite and titanite.

Porphyritic potassic adakite-like quartz monzonites

were collected from Jianchuan, Yongsheng, Binchuan and

Weishan (Fig. 1). Rounded MMEs are present in some po-

tassic adakite-like quartz monzonites and have gradational

contacts with their host intrusion, indicating magma min-

gling (Fig. 3d). There are rounded and corroded feldspar

megacrysts within the MMEs, suggesting physical transfer

of crystals between the commingled magmas as exempli-

fied by sample BC-2 (Fig. 3e; Waight et al., 2000).

However, we note that crustal xenoliths are absent in the

potassic adakite-like quartz monzonites. These rocks con-

tain �0·5^2mm diameter phenocrysts of potassic feldspar,

plagioclase, amphibole, clinopyroxene, biotite and occa-

sionally quartz in a fine-grained to microcrystalline

groundmass of potassic feldspar, plagioclase, quartz and

biotite (Fig. 4c). Accessory minerals are mainly magnetite,

apatite, zircon and titanite.

Porphyritic potassic adakite-like granites were collected

from Jianchuan and Beiya (Fig. 1). Crustal xenoliths and

MMEs are not observed in these potassic adakite-like

granites, but large quartz phenocrysts are abundant

(Fig. 3f). These granites contain 0·5^3mm diameter

phenocrysts of plagioclase, quartz, potassic feldspar,

amphibole and biotite in a fine-grained groundmass of

feldspar and quartz with accessory magnetite, apatite,

titanite, and zircon (Fig. 4d).

ANALYT ICAL METHODS

Major and trace elements
Rock samples were cut into slabs and the freshest portions

were used for bulk-rock analyses. The freshest slabs were

crushed into small fragments before being further cleaned,

then ground into a powder of less than 74 mm in a tungsten

carbide swing mill. Major and trace element analyses

were carried out at the National Research Center for

Geoanalysis of Beijing. Major elements were analyzed by

wet chemistry and X-ray fluorescence spectrometry

(XRF), with analytical uncertainties55% relative (Hou

et al., 2012).

For trace element and REE analyses, whole-rock pow-

ders (50mg) were weighed and dissolved in 1ml of distilled

HF (1·15 g/ml) and 0·5ml of HNO3 (1·41g/ml) in aTeflon-

lined stainless steel bomb. The sealed bombs were then

0

20

40

60

80

100

120

140

160

180

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

Age (Ma)

Angle of Convergence
(Degree from North)

Rate of Convergence (mm/yr)

Soft

Collision
Hard

Collision

ASRR

Flat
Subduction

Neo-Tethyan
Slab Rollback

Regional potassic felsic
intrusions in western Yunnan

Regional potassic mafic 
rocks in western Yunnan

Neo-Tethyan
Slab Breakoff

Fig. 2. Ages of potassic magmatism in westernYunnan compared with the rate and angle of convergence between India and Asia (modified
after Chung et al., 2005; Lu et al., 2012). The shaded column represents the zircon U^Pb ages of regional potassic felsic intrusions in western
Yunnan (36·9� 0·3 to 32·5�0·3 Ma); the horizontal bar within the column shows the Ar^Ar age of regional potassic mafic volcanic rocks in
western Yunnan (36·6� 0·2 to 33·4� 0·5 Ma); also shown is the age of sinistral strike-slip movement along the Ailao Shan^Red River shear
zone (ASRR) in westernYunnan (c. 32^22 Ma). All ages from compilations by Lu et al. (2012).
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Fig. 3. Photographs showing various mafic microgranular enclaves (MMEs) and crustal xenoliths in the potassic felsic intrusions in western
Yunnan. (a) Mafic enclave showing a transitional contact with the host shoshonitic syenite intrusion. Photograph from same locality as
sample JC-9. (b) Garnet clinopyroxenite xenolith in a Liuhe shoshonitic syenite porphyry from the same locality as sample LH-1.
(c) Feldspar^clinopyroxene banded gneiss xenolith displaying a sharp contact with the host shoshonitic quartz monzonite. Photograph taken
from the same locality as sample BC-12. Finger for scale. (d) Mafic enclaves in a potassic adakite-like quartz monzonite host. Photograph
from same locality as sample DHS-1. (e) Mafic enclave in a potassic adakite-like quartz monzonite host. K-feldspar megacrysts within the en-
clave are similar to those in the host. Photograph from the same locality as sample BC-2. (f) Potassic adakite-like granite with abundant
quartz phenocrysts; mafic enclaves are absent. Photograph from the same locality as sample SG-3. The coins and pen used for scale are 2 cm
in diameter and 10 cm long, respectively. Kfs, potassic feldspar; Qtz, quartz.
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placed in an oven and heated to 1908C for 24 h. After cool-

ing, the bombs were opened and placed on a hotplate to

evaporate the solutions at 2008C to dryness. The residue

was then re-dissolved in 0·5ml of HNO3 and evaporated

to dryness, followed by a second addition of HNO3 and

evaporation to dryness. The final residue was re-dissolved

by adding 5ml of HNO3, re-sealing the bombs and return-

ing them to the oven and heated at 1308C for 3 h. After

cooling, the final solutions were put into plastic beakers

and diluted in distilled H2O to 50ml before analysis.

The REE and trace element contents of the sample solu-

tions were analysed by inductively coupled plasma mass

spectrometry (ICP-MS) using a TJA PQ-ExCell system.

Total procedural blanks were550 ng for all the trace elem-

ents reported in Table 1. Internal standards of 10 ngml�1

Rh and Re were added online. During the analytical

runs, frequent standard calibrations were performed to

correct for instrumental signal drift. Eight replicates and

two international standards (GSR1 and GSD9) were

prepared using the same procedure to monitor the analyt-

ical reproducibility. The discrepancy, based on repeated

analyses of samples and international standards, is510%

relative for elements with abundances510 ppm and55%

relative for those 410 ppm. Detailed sample preparation

and analytical procedures follow those of He et al. (2002).

Sr^Nd^Pb isotopes
The sample powders were dissolved on a hot plate with

2ml10M HNO3 and 10ml 23M HF. The initial chemical

separation of Sr and Nd followed standard ion exchange

procedures and the solution was loaded into a quartz

column packed with AG50WX8 (Hþ) (200^400 mesh)

ion exchange resin. The REE fraction was further sepa-

rated on a 2ml column of Teflon powder coated with

di-2-ethylhexyl phosphoric acid. Neodymium was eluted

with 0·20mol l�1HCl.

The Sr isotope ratios were determined by thermal ion-

ization mass spectrometry (TIMS) on a Finnigan MAT

Fig. 4. Photomicrographs of potassic felsic intrusions in western Yunnan: (a) shoshonitic syenite (JC-9); (b) shoshonitic quartz monzonite
(BC-5); (c) potassic adakite-like quartz monzonite (DHS-4); (d) potassic adakite-like granite (SG-1). Cpx, clinopyroxene; Hbl, hornblende; Bt,
biotite; Kfs, potassic feldspar; Plag, plagioclase; Qtz, quartz.
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Table 1: Major oxide (wt %) and trace element (ppm) compositions of Paleogene potassic felsic intrusions in western

Yunnan

No.: 1 2 3 4 5 6 7 8 9 10

Sample: LH-1 LH-2 LH-3·1 JC-1 JC-2 JC-9 JC-10·1 JC-10·2 BC-5 BC-7

Locality: Liuhe Liuhe Liuhe Jianchuan Jianchuan Jianchuan Jianchuan Jianchuan Binchuan Binchuan

Latitude: 26·45216 26·45901 26·43484 26·63232 26·63942 26·58424 26·58888 26·58888 25·79255 25·78979

Longitude: 100·32935 100·33203 100·31461 99·72533 99·73012 99·91970 99·91307 99·91307 100·47626 100·47727

Suite: SHO SHO SHO SHO SHO SHO SHO SHO SHO SHO

Lithology: SP SP SP AS AS AS SP SP QMP QMP

Age (Ma): 36·9 35·4 35·6 36·6

SiO2 62·60 62·40 63·57 61·75 62·55 62·04 61·06 61·47 64·80 64·63

TiO2 0·63 0·70 0·55 0·56 0·52 0·62 0·66 0·62 0·40 0·39

Al2O3 14·52 14·61 14·24 14·12 14·34 14·82 14·74 14·76 16·30 16·31

Fe2O3 2·76 2·68 1·16 2·38 2·60 3·42 3·73 4·35 1·99 2·13

FeO 1·29 1·71 2·34 2·19 2·01 1·67 1·54 1·01 0·32 0·45

MnO 0·07 0·08 0·08 0·10 0·09 0·10 0·17 0·52 0·03 0·06

MgO 1·94 2·07 1·74 2·61 2·24 1·52 1·42 1·55 0·08 0·04

CaO 3·60 3·96 4·04 4·06 3·66 3·77 4·05 3·41 3·36 3·16

Na2O 4·39 4·24 4·50 4·04 3·85 3·99 3·88 3·94 4·99 4·70

K2O 6·21 6·25 5·92 6·55 6·60 6·46 6·76 6·58 5·54 5·61

P2O5 0·33 0·37 0·31 0·33 0·25 0·29 0·31 0·30 0·15 0·15

H2O
þ

0·84 0·68 0·80 0·42 0·26 0·62 0·64 0·66 1·32 1·44

CO2 0·53 0·26 0·44 0·26 0·30 0·18 0·30 0·21 0·44 0·12

Sum 99·71 100·01 99·69 99·37 99·27 99·50 99·26 99·38 99·72 99·19

LOI 1·44 0·87 1·09 0·53 0·40 0·58 0·82 0·81 1·94 1·72

Mg# 0·48 0·47 0·48 0·52 0·48 0·37 0·34 0·36 0·06 0·03

K2O/Na2O 1·41 1·47 1·32 1·62 1·71 1·62 1·74 1·67 1·11 1·19

A/CNK 0·71 0·70 0·67 0·67 0·71 0·73 0·70 0·75 0·80 0·83

Li 22·5 17·5 22·8 18·1 12·0 23·2 26·4 24·0 15·9 12·2

Be 5·73 5·98 6·51 7·14 9·27 7·95 10·5 11·4 5·06 5·44

Sc 11·8 12·7 10·7 10·7 9·16 9·86 10·3 9·74 4·66 4·77

V 84·7 93·6 75·2 89·6 86·3 98·4 111 103 41·1 41·8

Cr 65·4 74·8 62·7 92·5 113 35·0 39·4 34·3 3·17 5·08

Co 11·9 13·0 11·6 13·5 11·6 10·4 10·6 10·7 2·45 3·03

Ni 30·9 34·8 29·7 42·6 37·8 13·1 13·8 17·9 1·44 1·88

Cu 42·9 28·7 54·4 12·4 9·69 27·9 43·8 32·6 7·54 7·18

Zn 62·3 69·7 51·5 63·9 53·8 78·2 96·0 109 46·3 47·7

Ga 19·9 19·4 20·5 19·5 20·7 20·9 20·8 21·9 20·0 20·0

Rb 240 224 209 273 304 259 268 262 202 198

Sr 880 722 766 1304 1209 1498 1595 1604 1229 1264

Y 17·6 18·2 15·7 22·4 22·5 30·3 32·3 34·8 18·0 18·8

Zr 197 205 178 124 192 268 262 266 221 223

Nb 10·0 10·4 9·33 9·92 10·9 12·8 12·2 12·6 9·64 9·65

Mo 0·50 0·47 0·25 0·69 0·85 1·08 0·75 0·84 1·08 2·54

Cs 3·66 2·9 2·89 10·1 8·60 8·18 9·05 5·58 8·47 8·65

Ba 2448 2470 2278 2133 2075 2374 2543 2829 2435 2382

La 30·6 32·2 28·2 45·2 42·8 56·4 55·1 65·9 35·6 38·8

Ce 60·3 63·5 55·3 86·5 82·9 116 108 118 61·4 67·5

Pr 6·68 7·06 6·07 9·09 8·95 12·2 11·9 12·5 7·42 7·89

(continued)
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Table 1: Continued

No.: 1 2 3 4 5 6 7 8 9 10

Sample: LH-1 LH-2 LH-3·1 JC-1 JC-2 JC-9 JC-10·1 JC-10·2 BC-5 BC-7

Locality: Liuhe Liuhe Liuhe Jianchuan Jianchuan Jianchuan Jianchuan Jianchuan Binchuan Binchuan

Latitude: 26·45216 26·45901 26·43484 26·63232 26·63942 26·58424 26·58888 26·58888 25·79255 25·78979

Longitude: 100·32935 100·33203 100·31461 99·72533 99·73012 99·91970 99·91307 99·91307 100·47626 100·47727

Suite: SHO SHO SHO SHO SHO SHO SHO SHO SHO SHO

Lithology: SP SP SP AS AS AS SP SP QMP QMP

Age (Ma): 36·9 35·4 35·6 36·6

Nd 25·8 27·0 23·7 34·7 33·9 46·9 45·5 47·4 28·4 30·4

Sm 4·83 5·11 4·51 6·72 6·62 9·08 8·75 9·02 5·39 5·61

Eu 1·03 1·14 0·96 1·54 1·46 2·05 2·02 2·04 1·31 1·37

Gd 4·92 5·22 4·36 6·33 6·14 8·47 8·54 8·79 4·95 5·20

Tb 0·59 0·63 0·54 0·78 0·77 1·08 1·08 1·09 0·62 0·66

Dy 3·43 3·58 3·01 4·24 4·26 6·06 5·87 6·19 3·46 3·66

Ho 0·65 0·67 0·58 0·81 0·81 1·15 1·12 1·20 0·65 0·67

Er 1·89 1·92 1·63 2·31 2·30 3·22 3·23 3·39 1·84 1·93

Tm 0·26 0·27 0·23 0·32 0·32 0·45 0·44 0·47 0·25 0·26

Yb 1·65 1·72 1·50 2·13 2·21 2·96 2·88 3·16 1·75 1·78

Lu 0·25 0·26 0·21 0·33 0·32 0·43 0·44 0·48 0·26 0·27

Hf 5·38 5·59 5·11 4·02 5·38 6·80 6·43 6·59 5·44 5·49

Ta 0·62 0·63 0·62 0·71 0·78 0·93 0·89 0·92 0·60 0·60

Pb 32·0 28·1 36·3 38·4 34·3 47·2 61·3 66·6 31·4 28·6

Th 9·09 9·44 8·84 23·8 28·5 23·0 21·8 22·9 9·68 9·92

U 2·69 2·69 3·96 5·68 7·10 5·92 6·07 6·18 3·14 8·01

Eu/Eu* 0·65 0·67 0·66 0·72 0·70 0·71 0·71 0·70 0·78 0·78

Sr/Y 50·00 39·65 48·78 58·23 53·74 49·42 49·38 46·10 68·29 67·24

La/Yb 18·55 18·72 18·80 21·27 19·37 19·05 19·13 20·85 20·34 21·80

(La/Yb)n 13·30 13·43 13·49 15·26 13·89 13·67 13·72 14·96 14·59 15·64

Dy/Yb 2·08 2·08 2·01 1·99 1·93 2·05 2·04 1·96 1·98 2·06

No.: 11 12 13 14 15 16 17 18 19 20

Sample: BC-8 BC-9 BC-10 BC-11 BC-12 BC-13 BL-3 PTS BY-YKD SG-1

Locality: Binchuan Binchuan Binchuan Binchuan Binchuan Binchuan Bailian Songgui Beiya Shigu

Latitude: 25·78078 25·80592 25·80592 25·76942 25·76942 25·71875 26·14816 26·28732 26·16280 26·90149

Longitude: 100·44486 100·42872 100·42872 100·42663 100·42663 100·37181 100·22231 100·18642 100·18447 99·80072

Suite: SHO SHO SHO SHO SHO SHO ADAK ADAK ADAK ADAK

Lithology: QMP QMP QMP QMP QMP QMP MGP MGP MGP MGP

Age (Ma): 36·5 36·8

SiO2 63·22 62·30 62·41 64·04 62·75 64·24 70·15 70·32 70·36 70·30

TiO2 0·48 0·54 0·54 0·43 0·47 0·47 0·22 0·24 0·30 0·28

Al2O3 15·99 15·88 15·58 16·26 16·16 15·48 15·47 14·96 15·59 15·04

Fe2O3 3·27 3·58 3·09 2·80 3·05 2·41 1·34 1·35 1·07 1·20

FeO 0·70 0·72 1·10 0·63 0·70 1·13 0·25 0·22 0·63 0·65

MnO 0·10 0·11 0·11 0·12 0·10 0·08 0·02 0·03 0·02 0·04

MgO 0·90 1·04 1·26 0·47 0·96 0·77 0·03 0·27 0·87 0·50

CaO 3·42 3·89 4·04 3·52 3·90 3·33 0·83 1·40 1·10 1·82

Na2O 4·52 4·17 3·81 4·81 4·10 4·48 4·28 4·77 2·90 5·32

(continued)
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Table 1: Continued

No.: 11 12 13 14 15 16 17 18 19 20

Sample: BC-8 BC-9 BC-10 BC-11 BC-12 BC-13 BL-3 PTS BY-YKD SG-1

Locality: Binchuan Binchuan Binchuan Binchuan Binchuan Binchuan Bailian Songgui Beiya Shigu

Latitude: 25·78078 25·80592 25·80592 25·76942 25·76942 25·71875 26·14816 26·28732 26·16280 26·90149

Longitude: 100·44486 100·42872 100·42872 100·42663 100·42663 100·37181 100·22231 100·18642 100·18447 99·80072

Suite: SHO SHO SHO SHO SHO SHO ADAK ADAK ADAK ADAK

Lithology: QMP QMP QMP QMP QMP QMP MGP MGP MGP MGP

Age (Ma): 36·5 36·8

K2O 5·29 5·17 5·06 5·25 4·94 5·28 5·87 5·67 4·22 3·72

P2O5 0·18 0·23 0·22 0·16 0·18 0·26 0·02 0·09 0·04 0·11

H2O
þ

1·04 1·64 1·94 0·86 2·26 1·32 0·84 0·22 2·36 0·50

CO2 0·26 0·26 0·12 0·14 0·21 0·23 0·18 0·09 0·35 0·18

Sum 99·37 99·53 99·28 99·49 99·78 99·48 99·5 99·63 99·81 99·66

LOI 1·18 1·61 2·01 1·06 2·26 1·52 0·89 0·24 2·79 0·58

Mg# 0·31 0·32 0·37 0·21 0·33 0·30 0·04 0·25 0·50 0·34

K2O/Na2O 1·17 1·24 1·33 1·09 1·20 1·18 1·37 1·19 1·46 0·70

A/CNK 0·83 0·81 0·82 0·81 0·84 0·81 1·04 0·91 1·37 0·93

Li 14·2 11·9 19·0 14·9 14·4 6·47 8·82 21·8 40·5 19·0

Be 5·32 5·21 5·07 5·39 4·80 5·32 3·62 7·00 3·87 4·30

Sc 7·76 9·04 9·00 5·68 7·71 6·90 2·17 3·96 3·61 3·52

V 60·0 70·1 70·3 48·1 58·7 56·1 16·4 19·5 28·6 27·2

Cr 35·3 14·8 17·4 7·24 14·8 7·21 1·98 3·25 27·7 4·29

Co 6·52 7·05 7·28 4·33 6·43 5·71 1·18 1·79 4·70 3·22

Ni 8·01 6·40 7·31 2·87 6·81 5·37 1·27 2·23 18·5 2·44

Cu 7·37 6·01 11·7 6·83 7·50 19·0 2·71 2·30 15·3 2·55

Zn 71·8 68·2 73·9 68·4 64·8 87·2 43·6 39·7 52·4 45·6

Ga 20·2 19·7 19·9 20·5 19·9 20·0 17·7 19·7 21·7 21·5

Rb 179 171 174 169 164 175 221 226 153 118

Sr 1438 1296 1387 1450 1285 1297 867 835 470 1250

Y 26·1 26·7 27·2 25·0 25·0 20·0 12·1 9·07 10·4 8·02

Zr 223 205 203 253 200 199 150 133 121 113

Nb 10·5 10·1 10·4 11·0 9·67 9·37 7·75 8·11 2·83 5·57

Mo 0·53 0·64 0·61 0·55 0·39 4·61 0·24 0·19 0·26 0·31

Cs 8·88 7·63 8·20 7·41 7·03 3·32 8·94 15·2 3·70 8·27

Ba 2452 2512 2500 2561 2278 2300 2264 2163 1312 1623

La 47·3 47·3 48·6 46·2 44·2 41·4 25·3 18·4 43·4 20·9

Ce 93·3 94·0 96·8 90·5 84·5 78·0 27·3 30·4 47·7 39·5

Pr 10·2 10·3 10·5 9·86 9·67 8·83 5·31 3·46 10·6 4·50

Nd 39·7 40·6 40·9 38·0 37·5 33·6 19·6 12·6 37·7 17·0

Sm 7·44 7·84 7·48 7·14 7·12 6·18 3·87 2·44 7·18 3·11

Eu 1·83 1·87 1·92 1·74 1·74 1·52 0·79 0·50 1·78 0·67

Gd 7·24 7·45 7·62 7·04 7·02 5·75 3·31 2·40 4·98 2·70

Tb 0·91 0·93 0·94 0·88 0·86 0·71 0·44 0·30 0·62 0·32

Dy 5·10 5·21 5·24 4·86 4·84 3·86 2·24 1·61 2·85 1·58

Ho 0·98 0·99 0·98 0·94 0·93 0·73 0·42 0·31 0·46 0·29

Er 2·75 2·84 2·81 2·60 2·64 2·05 1·14 0·84 1·15 0·78

Tm 0·38 0·39 0·38 0·36 0·37 0·28 0·15 0·12 0·14 0·10

Yb 2·54 2·50 2·47 2·46 2·45 1·83 0·88 0·77 0·86 0·71

(continued)
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Table 1: Continued

No.: 11 12 13 14 15 16 17 18 19 20

Sample: BC-8 BC-9 BC-10 BC-11 BC-12 BC-13 BL-3 PTS BY-YKD SG-1

Locality: Binchuan Binchuan Binchuan Binchuan Binchuan Binchuan Bailian Songgui Beiya Shigu

Latitude: 25·78078 25·80592 25·80592 25·76942 25·76942 25·71875 26·14816 26·28732 26·16280 26·90149

Longitude: 100·44486 100·42872 100·42872 100·42663 100·42663 100·37181 100·22231 100·18642 100·18447 99·80072

Suite: SHO SHO SHO SHO SHO SHO ADAK ADAK ADAK ADAK

Lithology: QMP QMP QMP QMP QMP QMP MGP MGP MGP MGP

Age (Ma): 36·5 36·8

Lu 0·37 0·37 0·37 0·36 0·35 0·27 0·13 0·11 0·11 0·10

Hf 5·58 5·33 5·33 5·95 5·22 5·40 4·53 4·47 3·59 3·84

Ta 0·66 0·65 0·65 0·68 0·62 0·61 0·51 0·59 0·26 0·47

Pb 33·9 31·8 37·8 44·1 28·0 141 47·5 51·4 83·6 37·5

Th 12·9 12·3 12·7 12·3 11·7 12·5 12·0 10·4 8·45 8·00

U 4·28 4·07 4·07 3·40 3·74 5·19 2·80 2·41 3·48 2·34

Eu/Eu* 0·76 0·75 0·78 0·75 0·75 0·78 0·67 0·63 0·91 0·71

Sr/Y 55·08 48·53 50·98 58·00 51·40 64·84 71·65 92·04 45·19 155·86

La/Yb 18·62 18·92 19·68 18·78 18·04 22·68 28·75 23·90 50·47 29·44

(La/Yb)n 13·36 13·57 14·11 13·47 12·94 16·27 20·62 17·14 36·20 21·11

Dy/Yb 2·01 2·08 2·12 1·98 1·98 2·11 2·55 2·09 3·31 2·23

No.: 21 22 23 24 25 26 27 28 29 30

Sample: SG-3 SG-11 SG-12 SG-13 SG-14 JC-7 YS-1 DHS-1 DHS-2 DHS-4

Locality: Shigu Shigu Shigu Shigu Shigu Jianchuan Yongsheng Yongsheng Yongsheng Yongsheng

Latitude: 26·90446 26·78461 26·78186 26·77924 26·77790 26·65669 26·85138 26·84665 26·82191 26·85954

Longitude: 99·78879 99·77996 99·77637 99·77316 99·77171 99·81210 100·88572 100·98596 101·00521 100·97423

Suite: ADAK ADAK ADAK ADAK ADAK ADAK ADAK ADAK ADAK ADAK

Lithology: MGP MGP MGP MGP MGP MGP QMP QMP QMP QMP

Age (Ma): 35·7 35·3 33·1 34·1

SiO2 70·01 71·49 71·02 69·10 68·82 71·34 65·57 62·94 67·05 67·96

TiO2 0·28 0·24 0·24 0·27 0·25 0·24 0·49 0·55 0·36 0·38

Al2O3 15·44 15·30 15·14 15·51 13·95 14·94 15·00 15·67 15·11 14·72

Fe2O3 1·34 0·64 0·51 1·51 1·53 0·55 1·29 1·95 1·72 1·87

FeO 0·42 0·43 0·38 0·45 0·43 0·57 1·63 1·98 0·92 0·45

MnO 0·03 50·01 50·01 0·01 0·01 0·01 0·05 0·08 0·06 0·04

MgO 0·46 0·18 0·25 0·42 0·75 0·31 2·63 2·82 1·23 1·18

CaO 1·98 0·83 0·97 0·49 1·36 0·76 2·70 3·81 2·51 2·38

Na2O 5·20 5·35 5·19 4·64 3·40 4·65 4·51 4·52 4·60 4·48

K2O 3·87 4·62 4·61 6·25 6·42 4·68 4·15 4·15 4·43 4·11

P2O5 0·12 0·03 0·09 0·12 0·12 0·05 0·33 0·34 0·21 0·18

H2O
þ

0·46 0·74 0·68 0·58 1·54 0·98 0·92 0·48 1·08 1·12

CO2 0·26 0·35 0·12 0·26 0·70 0·12 0·35 0·35 0·18 0·35

Sum 99·87 100·20 99·20 99·61 99·28 99·20 99·62 99·64 99·46 99·22

LOI 0·65 0·88 0·87 0·69 2·37 1·18 1·20 0·69 1·29 1·50

Mg# 0·34 0·24 0·35 0·29 0·43 0·34 0·63 0·58 0·47 0·50

K2O/Na2O 0·74 0·86 0·89 1·35 1·89 1·01 0·92 0·92 0·96 0·92

A/CNK 0·94 1·00 0·99 1·01 0·93 1·06 0·89 0·83 0·89 0·91

Li 22·2 3·55 6·92 7·61 11·9 26·3 26·6 14·5 22·1 30·9

Be 4·33 4·20 3·93 3·79 2·98 2·62 4·00 3·22 3·83 3·70

(continued)
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Table 1: Continued

No.: 21 22 23 24 25 26 27 28 29 30

Sample: SG-3 SG-11 SG-12 SG-13 SG-14 JC-7 YS-1 DHS-1 DHS-2 DHS-4

Locality: Shigu Shigu Shigu Shigu Shigu Jianchuan Yongsheng Yongsheng Yongsheng Yongsheng

Latitude: 26·90446 26·78461 26·78186 26·77924 26·77790 26·65669 26·85138 26·84665 26·82191 26·85954

Longitude: 99·78879 99·77996 99·77637 99·77316 99·77171 99·81210 100·88572 100·98596 101·00521 100·97423

Suite: ADAK ADAK ADAK ADAK ADAK ADAK ADAK ADAK ADAK ADAK

Lithology: MGP MGP MGP MGP MGP MGP QMP QMP QMP QMP

Age (Ma): 35·7 35·3 33·1 34·1

Sc 3·30 1·94 2·23 2·60 4·33 2·67 7·76 9·65 5·15 4·69

V 25·7 18·7 19·2 28·8 29·9 22·2 60·1 79·1 43·2 39·9

Cr 2·96 2·60 4·26 6·49 7·78 21·1 113 96·4 35·8 36·8

Co 3·10 1·16 1·18 1·22 4·40 2·28 11·8 13·9 7·04 6·80

Ni 1·99 1·33 1·34 2·98 6·94 3·45 55·0 53·8 21·4 23·5

Cu 2·57 24·8 123 327 12·2 4·38 13·8 28·4 16·8 10·5

Zn 37·4 19·6 21·5 23·0 18·6 34·3 51·9 59·2 52·9 44·1

Ga 22·2 21·5 22·2 21·8 19·2 20·6 20·2 19·9 19·6 20·2

Rb 123 165 164 194 277 177 139 107 128 124

Sr 1272 1086 827 486 328 448 813 1293 978 886

Y 8·53 4·47 6·09 6·63 8·67 4·26 11·8 15·5 13·1 8·88

Zr 119 112 103 109 102 107 189 187 192 148

Nb 5·88 5·74 5·72 5·89 5·93 3·02 6·31 7·93 8·03 6·43

Mo 0·41 2·44 26·5 18·9 1·03 0·35 0·34 2·62 0·77 1·15

Cs 9·95 3·52 3·10 2·96 3·64 8·01 3·30 2·69 5·97 3·36

Ba 1648 1714 1522 1905 2024 879 1510 2494 2335 1598

La 20·2 19·7 16·6 15·5 27·5 13·7 40·4 62·3 65·3 46·0

Ce 39·7 37·1 31·5 28·2 50·1 24·7 78·6 122 125 87·3

Pr 4·57 4·15 3·65 3·37 5·35 2·78 8·51 12·4 12·1 8·83

Nd 17·6 15·6 13·9 13·1 19·4 10·2 31·7 45·4 42·6 31·3

Sm 3·27 2·90 2·66 2·43 3·36 1·82 5·33 7·41 6·43 4·82

Eu 0·70 0·67 0·61 0·45 0·84 0·39 1·23 1·69 1·36 1·08

Gd 2·80 2·23 2·10 2·13 2·75 1·48 4·51 6·07 5·19 3·70

Tb 0·33 0·23 0·24 0·25 0·33 0·18 0·50 0·65 0·55 0·41

Dy 1·71 1·10 1·21 1·30 1·64 0·86 2·47 3·29 2·71 1·95

Ho 0·30 0·17 0·21 0·23 0·32 0·15 0·44 0·58 0·47 0·32

Er 0·83 0·46 0·58 0·66 0·88 0·43 1·21 1·59 1·33 0·89

Tm 0·12 0·06 0·07 0·09 0·12 0·05 0·16 0·21 0·17 0·12

Yb 0·73 0·42 0·52 0·61 0·77 0·37 1·01 1·36 1·15 0·74

Lu 0·12 0·06 0·07 0·09 0·12 0·05 0·14 0·19 0·17 0·11

Hf 3·99 3·88 3·51 3·75 3·23 3·41 5·28 5·09 5·30 4·31

Ta 0·50 0·48 0·47 0·48 0·45 0·36 0·47 0·53 0·62 0·51

Pb 44·6 27·3 49·5 13·6 9·90 29·9 35·4 30·9 40·9 37·6

Th 8·19 8·30 7·69 7·57 9·66 9·19 15·7 18·9 21·5 17·9

U 3·83 6·77 7·42 4·84 4·43 4·24 4·71 4·66 4·66 4·08

Eu/Eu* 0·71 0·81 0·79 0·60 0·84 0·73 0·77 0·77 0·72 0·78

Sr/Y 149·08 242·92 135·74 73·28 37·87 105·05 68·93 83·44 74·62 99·76

La/Yb 27·67 46·90 31·92 25·41 35·71 37·03 40·00 45·81 56·78 62·16

(La/Yb)n 19·85 33·64 22·90 18·23 25·62 26·56 28·69 32·86 40·73 44·59

Dy/Yb 2·34 2·62 2·33 2·13 2·13 2·32 2·45 2·42 2·36 2·64

(continued)
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Table 1: Continued

No.: 31 32 33 34 35 36 37 38 39 40

Sample: SG-7 SG-8 SG-9 BC-2 BC-4 WS-4 WS-6 JC-5 JC-6 JC-11

Locality: Shigu Shigu Shigu Binchuan Binchuan Weishan Weishan Jianchuan Jianchuan Jianchuan

Latitude: 26·76011 26·76105 26·76114 25·77359 25·77359 25·15450 25·21489 26·64204 26·66078 26·61017

Longitude: 99·69240 99·69398 99·69589 100·65682 100·65682 100·28703 100·28093 99·75246 99·78047 99·81569

Suite: ADAK ADAK ADAK ADAK ADAK ADAK ADAK ADAK ADAK ADAK

Lithology: QMP QMP QMP QMP QMP QMP QMP QMP QMP QMP

Age (Ma): 35·4 35·4

SiO2 68·88 67·20 68·12 67·09 64·99 62·31 68·10 65·98 68·34 68·05

TiO2 0·34 0·33 0·38 0·31 0·34 0·38 0·35 0·46 0·38 0·40

Al2O3 15·28 15·23 14·94 15·68 15·07 14·18 15·02 15·15 15·36 15·28

Fe2O3 1·57 1·58 1·64 1·56 1·95 0·93 1·43 1·79 1·60 1·71

FeO 0·81 0·70 0·84 1·29 2·68 1·74 1·01 1·56 0·93 0·95

MnO 0·05 0·04 0·06 0·02 0·08 0·05 0·04 0·05 0·05 0·06

MgO 0·82 0·79 0·81 1·14 1·18 1·65 1·12 1·10 0·83 0·85

CaO 2·17 1·93 1·99 1·07 1·21 3·57 2·40 2·55 1·72 2·18

Na2O 5·22 5·27 5·38 4·24 4·07 3·55 4·57 4·33 5·07 4·90

K2O 4·03 4·10 3·99 5·58 5·80 3·40 4·36 4·01 4·19 4·04

P2O5 0·16 0·16 0·17 0·22 0·22 0·17 0·14 0·18 0·18 0·19

H2O
þ 0·68 1·40 0·92 0·94 1·16 1·90 0·76 1·70 0·66 0·50

CO2 0·21 1·32 0·26 0·18 0·35 5·35 0·12 0·53 0·12 0·12

Sum 100·22 100·05 99·50 99·32 99·10 99·18 99·42 99·39 99·43 99·23

LOI 0·85 1·94 1·28 0·95 1·44 7·17 0·82 2·13 0·70 0·58

Mg# 0·40 0·40 0·39 0·43 0·32 0·54 0·47 0·38 0·39 0·38

K2O/Na2O 0·77 0·78 0·74 1·32 1·43 0·96 0·95 0·93 0·83 0·82

A/CNK 0·90 0·92 0·89 1·05 0·99 0·89 0·90 0·94 0·96 0·93

Li 19·6 27·1 20·7 13·6 13·3 28·7 26·6 31·5 18·8 16·0

Be 4·05 3·94 3·83 3·44 3·44 4·52 5·14 3·50 4·18 3·74

Sc 4·74 4·45 5·24 4·34 4·74 6·05 5·09 6·67 4·90 5·26

V 38·7 37·1 43·4 35·0 43·2 49·0 40·4 52·2 42·3 43·6

Cr 8·80 7·97 9·37 28·1 36·4 51·5 40·3 28·5 8·42 7·59

Co 4·80 4·56 5·28 3·25 7·05 8·37 6·34 7·17 4·98 5·40

Ni 4·11 4·25 4·70 12·8 14·0 18·2 14·8 10·2 3·80 3·89

Cu 6·60 11·4 6·87 136 144 16·7 8·54 5·91 11·5 4·59

Zn 47·0 53·3 62·5 110 54·9 53·6 40·7 45·0 61·4 50·3

Ga 21·8 20·9 21·3 21·4 21·4 18·0 20·0 20·1 21·2 20·9

Rb 128 124 121 121 149 128 168 145 120 123

Sr 1305 886 1161 1404 1423 1063 1411 1071 1394 1379

Y 12·6 12·3 12·6 13·2 15·5 15·8 14·1 18·6 17·2 15·0

Zr 122 120 123 173 189 168 170 178 161 160

Nb 6·69 6·83 6·78 10·1 10·6 7·87 8·18 9·31 7·37 7·37

Mo 0·49 0·83 0·64 3·81 3·80 0·95 0·39 0·92 0·45 0·52

Cs 6·22 6·80 3·46 2·49 4·13 6·66 11·6 6·32 2·60 7·32

Ba 1763 1753 1736 3228 3118 3529 1405 2233 2141 2006

La 27·3 25·3 27·1 58·8 54·3 41·8 42·9 45·2 33·1 31·5

Ce 53·1 49·2 52·7 115 110 79·8 80·2 87·4 58·9 60·0

Pr 5·99 5·69 5·86 12·7 12·6 8·62 8·45 9·18 7·01 6·89

(continued)
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262 instrument equipped with a multi-collector at the

Isotope Geology Laboratory of the Institute of Geology,

Chinese Academy of Geological Sciences, Beijing. During

the analytical period, several measurements of the NIST

SRM 987 (formerly NBS 987) Sr reference standard gave
87Sr/86Sr¼ 0·710232�15 (2SE, n¼ 6) (the recommended

value is 0·710240). Mass fractionations were corrected to
88Sr/86Sr¼ 8·37521. Detailed sample preparation and ana-

lytical procedures for Sr isotopic analysis follow those of

Tang et al. (2007).

Nd isotope composition analyses were carried out by

multicollector (MC)-ICP-MS on a Nu Instruments system

at the Isotope Geology Laboratory of the Institute of

Geology, Chinese Academy of Geological Sciences,

Beijing. The international JMC321 Nd reference solution

yielded a 143Nd/144Nd ratio of 0·511124�10 (2SE, n¼ 8;

the recommended value is 0·511125) and the international

JNdi-1 standard gave a 143Nd/144Nd ratio of 0·512117�11

(2SE, n¼ 8; the recommended value is 0·512115). Nd isotope

ratios were internally corrected for mass fractionation

using a constant value of 0·7219 for 146Nd/144Nd by the ex-

ponential law. Detailed sample preparation and analytical

procedures for Nd isotopic analysis follow those of

He et al. (2007). Total procedural blanks were about

10�9^10�10g Sr and 5�10�11g Nd. The 87Rb/86Sr and
147Sm/144Nd ratios were calculated using the whole-rock

Rb, Sr, Sm and Nd concentrations obtained by ICP-MS

(Table 2).

Pb was separated and purified using AG1-X8 resin

(200^400 mesh) anionic ion-exchange columns with dilute

HBr as eluant. Pb isotopic ratios of samples were measured

by MC-ICP-MS with a Nu Instruments system at the

Table 1: Continued

No.: 31 32 33 34 35 36 37 38 39 40

Sample: SG-7 SG-8 SG-9 BC-2 BC-4 WS-4 WS-6 JC-5 JC-6 JC-11

Locality: Shigu Shigu Shigu Binchuan Binchuan Weishan Weishan Jianchuan Jianchuan Jianchuan

Latitude: 26·76011 26·76105 26·76114 25·77359 25·77359 25·15450 25·21489 26·64204 26·66078 26·61017

Longitude: 99·69240 99·69398 99·69589 100·65682 100·65682 100·28703 100·28093 99·75246 99·78047 99·81569

Suite: ADAK ADAK ADAK ADAK ADAK ADAK ADAK ADAK ADAK ADAK

Lithology: QMP QMP QMP QMP QMP QMP QMP QMP QMP QMP

Age (Ma): 35·4 35·4

Nd 23·0 22·0 22·7 47·7 50·6 32·1 30·8 34·0 26·9 26·5

Sm 4·34 4·18 4·31 7·75 9·27 5·50 5·09 6·14 4·99 4·95

Eu 0·98 0·97 0·97 1·89 1·99 1·11 1·17 1·30 1·13 1·12

Gd 3·86 3·68 3·80 5·68 6·97 5·18 4·22 5·44 4·69 4·45

Tb 0·46 0·45 0·46 0·61 0·73 0·56 0·50 0·66 0·57 0·55

Dy 2·49 2·42 2·55 2·92 3·49 3·03 2·70 3·61 2·95 2·99

Ho 0·45 0·43 0·45 0·49 0·57 0·57 0·50 0·67 0·56 0·55

Er 1·27 1·21 1·28 1·29 1·54 1·64 1·39 1·84 1·54 1·53

Tm 0·17 0·17 0·18 0·16 0·19 0·22 0·19 0·25 0·20 0·21

Yb 1·14 1·08 1·17 1·07 1·31 1·47 1·31 1·63 1·38 1·37

Lu 0·17 0·17 0·17 0·16 0·19 0·21 0·19 0·25 0·21 0·20

Hf 4·01 3·94 4·08 4·48 4·81 4·82 4·79 4·89 4·69 4·73

Ta 0·53 0·56 0·54 0·59 0·62 0·71 0·71 0·71 0·57 0·57

Pb 49·8 48·9 60·3 31·6 44·7 25·2 55·2 39·6 71·9 46·7

Th 10·5 10·2 10·6 23·5 24·1 16·7 18·5 16·6 11·9 11·6

U 3·69 3·81 3·63 7·50 8·63 6·44 4·97 5·26 3·19 3·79

Eu/Eu* 0·73 0·75 0·73 0·87 0·76 0·64 0·77 0·69 0·71 0·73

Sr/Y 103·57 72·35 92·13 106·77 91·83 67·25 100·06 57·57 81·06 91·94

La/Yb 23·95 23·38 23·16 54·91 41·45 28·44 32·75 27·73 23·99 22·99

(La/Yb)n 17·18 16·77 16·61 39·38 29·73 20·40 23·49 19·89 17·20 16·49

Dy/Yb 2·18 2·24 2·18 2·73 2·66 2·06 2·06 2·21 2·14 2·18

SHO, Shoshonitic suite; ADAK, adakite-like suite; SP, syenite porphyry; AS, amphibole syenite; MGP, monzogranite
porphyry; QMP, quartz monzonite porphyry. Ages cited are SHRIMP zircon U–Pb dates from Lu et al. (2012). LOI, loss of
ignition; Mg#¼MgO/(MgOþ FeOT) in atomic ratio.

JOURNAL OF PETROLOGY VOLUME 54 NUMBER 7 JULY 2013

1322

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
e
tro

lo
g
y
/a

rtic
le

/5
4
/7

/1
3
0
9
/1

4
8
3
4
0
7
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



T
ab
le
2:

S
r^
N
d^
P
b
is
ot
op
e
da
ta
fo
r
P
al
eo
ge
ne

po
ta
ss
ic
fe
ls
ic
in
tr
us
io
ns

in
w
es
te
rn
Y
un
na
n

L
o
c
a
lit
y

S
a
m
p
le

R
o
c
k
-t
y
p
e

8
7
R
b
/

8
7
S
r/

�
2
s

(8
7
S
r/

1
4
7
S
m
/

1
4
3
N
d
/

�
2
s

(1
4
3
N
d
/

e N
d
(t
)

T
D
M
1

T
D
M
2

2
0
6
P
b
/

2
0
7
P
b
/

2
0
8
P
b
/

8
6
S
r

8
6
S
r

8
6
S
r)
i

1
4
4
N
d

1
4
4
N
d

1
4
4
N
d
) i

(M
a
)

(M
a
)

2
0
4
P
b

2
0
4
P
b

2
0
4
P
b

L
iu
h
e

L
H
-1

sh
o
sh
o
n
it
ic

sy
e
n
it
e

0
·
7
8
8
4

0
·
7
0
7
6
6
7

1
5

0
·
7
0
7
2
7
5

0
·
1
1
3
2

0
·
5
1
2
3
5

5
0
·
5
1
2
3
2
4

�
5
·
2
5

1
2
1
2

1
2
7
2

1
8
·
5
8
9

1
5
·
6
5
9

3
8
·
8
9
9

J
ia
n
c
h
u
a
n

J
C
-1

sh
o
sh
o
n
it
ic

sy
e
n
it
e

0
·
6
0
4
4

0
·
7
0
7
3
3
9

2
3

0
·
7
0
7
0
3
9

0
·
1
1
7
1

0
·
5
1
2
4
3
8

6
0
·
5
1
2
4
1
1

�
3
·
5
5

1
1
2
3

1
1
3
3

1
8
·
7
2
0

1
5
·
6
3
8

3
8
·
8
3
8

J
ia
n
c
h
u
a
n

J
C
-9

sh
o
sh
o
n
it
ic

sy
e
n
it
e

0
·
4
9
9
4

0
·
7
0
7
3
3
3

1
0

0
·
7
0
7
0
8
5

0
·
1
1
7
0

0
·
5
1
2
5
9
7

1
0

0
·
5
1
2
5
7
0

�
0
·
4
4

8
7
2

8
8
1

1
8
·
7
0
0

1
5
·
6
3
7

3
8
·
8
2
1

B
in
c
h
u
a
n

B
C
-5

sh
o
sh
o
n
it
ic

q
u
a
rt
z
m
o
n
zo
n
it
e

0
·
4
7
6
4

0
·
7
0
6
7
0
8

1
3

0
·
7
0
6
4
7
1

0
·
1
1
4
7

0
·
5
1
2
4
4
6

5
0
·
5
1
2
4
2
0

�
3
·
3
8

1
0
8
4

1
1
2
0

1
8
·
5
5
4

1
5
·
6
1
4

3
8
·
6
6
1

B
in
c
h
u
a
n

B
C
-1
1

sh
o
sh
o
n
it
ic

q
u
a
rt
z
m
o
n
zo
n
it
e

0
·
3
3
8
0

0
·
7
0
7
1
4

1
7

0
·
7
0
6
9
7
2

0
·
1
1
3
6

0
·
5
1
2
4
2
9

7
0
·
5
1
2
4
0
3

�
3
·
7
1

1
0
9
7

1
1
4
6

1
8
·
5
4
0

1
5
·
6
0
8

3
8
·
6
3
9

B
in
c
h
u
a
n

B
C
-1
3

sh
o
sh
o
n
it
ic

q
u
a
rt
z
m
o
n
zo
n
it
e

0
·
3
9
0
8

0
·
7
0
7
4
1
2

1
4

0
·
7
0
7
2
1
8

0
·
1
1
1
2

0
·
5
1
2
4
1
4

5
0
·
5
1
2
3
8
9

�
3
·
9
9

1
0
9
4

1
1
6
9

1
8
·
5
4
2

1
5
·
6
1
5

3
8
·
6
7
0

B
a
ili
a
n

B
L
-3

a
d
a
k
it
e
-l
ik
e
m
o
n
zo
g
ra
n
it
e

0
·
7
3
7
5

0
·
7
0
7
7
9
7

1
7

0
·
7
0
7
4
3
0

0
·
1
1
9
4

0
·
5
1
2
3
7
8

1
0

0
·
5
1
2
3
5
1

�
4
·
7
3

1
2
4
6

1
2
2
9

1
8
·
6
5
1

1
5
·
6
6
5

3
8
·
9
8
3

S
o
n
g
g
u
i

P
T
S

a
d
a
k
it
e
-l
ik
e
m
o
n
zo
g
ra
n
it
e

0
·
7
8
3
3

0
·
7
0
8
1
8
7

8
0
·
7
0
7
7
9
8

0
·
1
1
7
1

0
·
5
1
2
3
3
1

8
0
·
5
1
2
3
0
4

�
5
·
6
3

1
2
9
0

1
3
0
3

1
8
·
6
3
9

1
5
·
6
7
5

3
9
·
0
1
8

B
e
iy
a

B
Y
-Y
K
D

a
d
a
k
it
e
-l
ik
e
m
o
n
zo
g
ra
n
it
e

0
·
9
4
1
1

0
·
7
0
6
4
4
9

1
8

0
·
7
0
5
9
8
1

0
·
1
1
5
1

0
·
5
1
2
4
5
7

1
0

0
·
5
1
2
4
3
1

�
3
·
1
7

1
0
7
1

1
1
0
3

1
8
·
4
4
0

1
5
·
6
2
7

3
8
·
6
3
3

S
h
ig
u

S
G
-1

a
d
a
k
it
e
-l
ik
e
m
o
n
zo
g
ra
n
it
e

0
·
2
7
2
4

0
·
7
0
5
7
3
2

1
1

0
·
7
0
5
5
9
7

0
·
1
1
0
6

0
·
5
1
2
5
8
8

5
0
·
5
1
2
5
6
3

�
0
·
5
9

8
3
1

8
9
3

1
8
·
6
7
3

1
5
·
6
2
9

3
8
·
7
3
6

J
ia
n
c
h
u
a
n

J
C
-7

a
d
a
k
it
e
-l
ik
e
m
o
n
zo
g
ra
n
it
e

1
·
1
4
5
0

0
·
7
0
7
5
9
6

1
4

0
·
7
0
7
0
2
7

0
·
1
0
7
9

0
·
5
1
2
7
0
9

5
0
·
5
1
2
6
8
4

1
·
7
8

6
3
6

7
0
0

1
8
·
6
5
2

1
5
·
6
1
9

3
8
·
6
7
9

Y
o
n
g
sh
e
n
g

Y
S
-1

a
d
a
k
it
e
-l
ik
e
q
u
a
rt
z
m
o
n
zo
n
it
e

0
·
4
9
3
1

0
·
7
0
8
2
9

1
5

0
·
7
0
8
0
4
5

0
·
1
0
1
6

0
·
5
1
2
4
1
5

5
0
·
5
1
2
3
9
2

�
3
·
9
3

1
0
0
0

1
1
6
5

1
8
·
2
2
3

1
5
·
5
9
6

3
8
·
4
5
6

Y
o
n
g
sh
e
n
g

D
H
S
-1

a
d
a
k
it
e
-l
ik
e
q
u
a
rt
z
m
o
n
zo
n
it
e

0
·
2
3
9
2

0
·
7
0
6
4
3
5

1
2

0
·
7
0
6
3
1
6

0
·
0
9
8
7

0
·
5
1
2
4
5
5

5
0
·
5
1
2
4
3
2

�
3
·
1
3

9
2
1

1
1
0
0

1
8
·
2
3
8

1
5
·
5
8
7

3
8
·
4
1
3

Y
o
n
g
sh
e
n
g

D
H
S
-4

a
d
a
k
it
e
-l
ik
e
q
u
a
rt
z
m
o
n
zo
n
it
e

0
·
4
0
5
9

0
·
7
0
6
1
2
3

1
4

0
·
7
0
5
9
2
1

0
·
0
9
3
1

0
·
5
1
2
4
3
6

7
0
·
5
1
2
4
1
5

�
3
·
4
8

9
0
3

1
1
2
9

1
8
·
1
6
8

1
5
·
5
8
7

3
8
·
3
9
0

S
h
ig
u

S
G
-7

a
d
a
k
it
e
-l
ik
e
q
u
a
rt
z
m
o
n
zo
n
it
e

0
·
2
8
2
8

0
·
7
0
5
9
8
9

1
5

0
·
7
0
5
8
4
8

0
·
1
1
4
1

0
·
5
1
2
5
6
1

9
0
·
5
1
2
5
3
5

�
1
·
1
3

9
0
1

9
3
7

1
8
·
6
7
6

1
5
·
6
2
9

3
8
·
7
4
2

B
in
c
h
u
a
n

B
C
-4

a
d
a
k
it
e
-l
ik
e
q
u
a
rt
z
m
o
n
zo
n
it
e

0
·
3
0
1
8

0
·
7
0
6
5
7
5

1
2

0
·
7
0
6
4
2
5

0
·
1
1
0
7

0
·
5
1
2
2
1
7

5
0
·
5
1
2
1
9
2

�
7
·
8
3

1
3
7
9

1
4
8
2

1
8
·
3
0
4

1
5
·
6
0
1

3
8
·
7
7
0

W
e
is
h
a
n

W
S
-6

a
d
a
k
it
e
-l
ik
e
q
u
a
rt
z
m
o
n
zo
n
it
e

0
·
3
4
5
1

0
·
7
0
7
5
1
7

1
6

0
·
7
0
7
3
4
5

0
·
0
9
9
9

0
·
5
1
2
4
1
1

5
0
·
5
1
2
3
8
8

�
4
·
0
0

9
9
0

1
1
7
1

1
8
·
8
0
8

1
5
·
6
5
1

3
8
·
8
7
4

8
7
R
b
/
8
6
S
r
a
n
d

1
4
7
S
m
/
1
4
4
N
d

a
re

c
a
lc
u
la
te
d

u
si
n
g

w
h
o
le
-r
o
c
k
R
b
,
S
r,

S
m

a
n
d

N
d

v
a
lu
e
s
in

T
a
b
le

1
.
C
h
o
n
d
ri
ti
c
U
n
if
o
rm

R
e
se
rv
o
ir

(C
H
U
R
)
a
t
th
e
p
re
se
n
t
d
a
y

[(
8
7
R
b
/
8
6
S
r)
C
H
U
R
¼
0
·
0
8
4
7

(M
c
C
u
llo
c
h
&

B
la
c
k
,
1
9
8
4
);

(8
7
S
r/

8
6
S
r)
C
H
U
R
¼
0
·
7
0
4
5

(D
e
P
a
o
lo
,
1
9
8
8
);

(1
4
7
S
m
/
1
4
4
N
d
) C

H
U
R
¼
0
·
1
9
6
7

(J
a
c
o
b
se
n
&

W
a
ss
e
rb
u
rg
,
1
9
8
0
);

(1
4
3
N
d
/
1
4
4
N
d
) C

H
U
R
¼
0
·
5
1
2
6
3
8

(G
o
ld
st
e
in

e
t

a
l.
,

1
9
8
4
)]

w
a
s

u
se
d

fo
r

th
e

c
a
lc
u
la
ti
o
n
s.

N
d

d
e
p
le
te
d

m
a
n
tl
e

m
o
d
e
l
a
g
e
s

(T
D
M
)

w
e
re

c
a
lc
u
la
te
d

u
si
n
g

(1
4
7
S
m
/
1
4
4
N
d
) D

M
¼
0
·
2
1
3
7

a
n
d

(1
4
3
N
d
/
1
4
4
N
d
) D

M
¼
0
·
5
1
3
1
5

(P
e
u
c
a
t
e
t
a
l.
,
1
9
8
9
)
a
t
th
e

p
re
se
n
t
d
a
y
.
l
R
b
¼
1
·
4
2
�
1
0
�
1
1
a
�
1
(S
te
ig
e
r
&

J
ä
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same laboratory as the Nd isotopic analysis. Thallium was

used as an internal standard to correct the mass frac-

tionation of Pb isotopes during analysis. During the

period of analysis, repeated analyses of international stand-

ard NBS981 yielded ratios of 206Pb/204Pb¼16·939� 0·013

(the recommended value is 16·9356), 207Pb/204Pb¼

15·497�0·011 (the recommended value is 15·4891), and
208Pb/204Pb¼ 36·712�0·033 (the recommended value is

36·7006; Todt et al., 1996; 2s). Detailed sample preparation

and analytical procedures for the Pb isotope measurements

follow those of He et al. (2005).

The single-stage Nd model age (TDM1) was calculated

assuming linear Nd isotopic growth of the depleted

mantle reservoir from "Nd(t)¼ 0 at 4·56 Ga to þ10 at the

present time (Goldstein et al., 1984):

TDM1 ¼ 1=l ln

�

1þ 143Nd=144Nd
� �

S
�0 � 51315

h i.

147Sm=144Nd
� �

S
�0 � 2137

h i

�

where subscript S indicates sample. The parameters used

are listed inTable 2.

The two-stage Nd model age (TDM2) is obtained using

the equation

TDM2 ¼ TDM1 � TDM1 � tð Þ fcc � fsð Þ= fcc � fDMð Þ

where fcc, fs and fDM are fSm/Nd values of average continen-

tal crust, the sample and the depleted mantle, respectively.

It is assumed in the equation that the protolith of the gran-

itic magmas has a Sm/Nd ratio, or fSm/Nd value, of the

average continental crust (i.e. Sm/Nd¼ 0·115; Goldstein

et al., 1984); fcc¼ ^0·4 and fDM¼ 0·08643, and t¼ 35 Ma

was taken as the crystallization age of the felsic intrusions

(Lu et al., 2012).

Zircon oxygen isotopes
Zircons were extracted from rock samples by standard

heavy liquid and magnetic separation techniques.

Representative zircon grains were handpicked under a bin-

ocular microscope, mounted in epoxy resin discs, then pol-

ished and coated with gold. The internal structures of the

zircons were then examined using cathodoluminescence

(CL) techniques. CL imaging of all zircons was underta-

ken on a Zeiss 1555 VP-FESEM at the Centre for

Microscopy, Characterisation and Analysis, University of

Western Australia. Before the zircon oxygen isotopic ana-

lysis, U^Pb isotopic analyses were performed using the

sensitive high-resolution ion microprobe (SHRIMP II) at

the John de Laeter Centre for Mass Spectrometry, Curtin

University. The detailed U^Pb analytical methods and

the SHRIMP age data have been published previously by

Lu et al. (2012). The SHRIMP zircon ages are cited in

Tables 1 and 3.

Zircon oxygen isotope compositions were measured

using the Cameca IMS 1280 large-radius SIMS at the

Centre for Microscopy, Characterisation and Analysis,

the University of Western Australia in Perth. The oxygen

analysis spots were close to the SHRIMP pit within a

domain of uniform CL texture on the same zircon. The

Gaussian Csþ primary ion beam was accelerated to 10 kV,

with an intensity of c. 2·5 nA and a spot diameter of about

20 mm. A normal-incidence electron flood gun was used to

compensate for sample charging during analysis, with a

homogeneous electron density over a 100 mm oval area.

Negative secondary ions were extracted with a ^10 kV po-

tential. The field aperture was set to 4000 mm, and the

transfer-optics magnification was 130. The energy slit

width was 30 eV, with a 5 eV gap. The entrance slit width

was 110 mm and exit slit width for multi-collector Faraday

cups (FCs) for 16O and 18O was 500 mm (MRP �2200).

The intensity of 16O� was typically 2�109 c.p.s. Oxygen

isotopes were measured in multi-collector mode using two

off-axis Faraday cups. The nuclear magnetic resonance

(NMR) probe was used for magnetic field control with

stability.

Analysis time was about 3·75min, consisting of 10 s

pre-sputtering, automatic, secondary beam centering and

20� 4 s integrations of oxygen isotope intensities.

Uncertainties on single analyses are reported at the 2s

level and include propagation of uncertainties associated

with calculation of instrumental mass fractionation, drift

correction, and calculation of d values relative to Vienna

Standard Mean Ocean Water (V-SMOW). The internal

precision of a single analysis was generally better than

0·15ø for 18O/16O ratios. External precision was50·20ø

for bracketing standards for all reported analyses. The
18O/16O ratios are reported in delta notation as d18O

values, by normalizing to V-SMOW (18O/16O)V-SMOW¼

0·0020052 (Baertschi, 1976). The internal standard used for

correction of mass fractionation was Temora 2 zircon with

a d18O value of 8·2�0·01ø (1SD) (Valley, 2003; Black

et al., 2004).

Zircon hafnium isotopes
Hf-isotope analyses were carried out in situ at GEMOC

(Macquarie University) using a New Wave/Merchantek

UP-213 laser-ablation microprobe attached to a Nu

Plasma MC-ICP-MS system. The Hf analyses were made

on the same spots as the previous oxygen isotope analyses.

They were conducted with a beam diameter of �55 mm

and a 5Hz repetition rate, resulting in total Hf signals of

(1^6)� 10^11A (depending on conditions and Hf contents).

Typical ablation times were 100^120 s, resulting in ablation

pits 40^60 mm deep. Helium carrier gas transported the

ablated aliquot from the laser-ablation cell via a mixing

chamber to the ICP-MS torch.

Interference of 176Lu on 176Hf is corrected by measuring

the intensity of the interference-free 175Lu isotope and

JOURNAL OF PETROLOGY VOLUME 54 NUMBER 7 JULY 2013

1324

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
e
tro

lo
g
y
/a

rtic
le

/5
4
/7

/1
3
0
9
/1

4
8
3
4
0
7
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



Table 3: Hf^O isotopic data for the magmatic zircons in the Paleogene potassic felsic intrusions in westernYunnan

Hf analysis no.
176

Yb/
177

Hf
176

Lu/
177

Hf
176

Hf/
177

Hf �s eHf(t) �2s TDM2 (Ga) d18O (ø) � 2s

LH-1 (Liuhe, shoshonitic syenite; 36·9� 0·3 Ma)

5 0·017271 0·000460 0·282741 0·000022 �0·7 1·5 1·13 5·79 0·29

7 0·065320 0·001120 0·282802 0·000022 1·4 1·5 1·00 7·43 0·24

13 0·028769 0·000669 0·282658 0·000022 �3·7 1·5 1·32 7·15 0·20

14 0·000883 0·000015 0·282881 0·000013 4·2 0·9 0·82 6·10 0·21

18 0·027687 0·000764 0·282630 0·000025 �4·7 1·8 1·38 7·42 0·26

Average –0·7 1·5 1·13 6·78 0·24

JC-1 (Jianchuan, shoshonitic syenite; 35·4� 0·3 Ma)

1 0·101756 0·001734 0·282778 0·000015 0·5 1·1 1·05 6·76 0·42

2 0·101756 0·001734 0·282778 0·000015 0·5 1·1 1·05 5·97 0·31

3 0·050641 0·000913 0·282764 0·000009 0·0 0·6 1·08 6·92 0·42

4 0·097393 0·001724 0·282805 0·000008 1·5 0·6 0·99 6·63 0·52

5 0·081826 0·001454 0·282783 0·000011 0·7 0·8 1·04 6·84 0·30

6 0·031520 0·000578 0·282744 0·000008 �0·7 0·6 1·13 7·01 0·31

7 0·050084 0·000803 0·282762 0·000012 0·0 0·8 1·09 6·71 0·30

8 0·030801 0·000534 0·282761 0·000008 �0·1 0·6 1·09 6·94 0·43

9 0·077724 0·001357 0·282763 0·000008 0·0 0·5 1·08 6·85 0·28

10 0·039719 0·000708 0·282743 0·000007 �0·7 0·5 1·13 7·05 0·32

11 0·027342 0·000543 0·282724 0·000008 �1·4 0·5 1·17 6·58 0·30

12 0·195870 0·003056 0·282923 0·000016 5·6 1·1 0·73 7·23 0·31

13 0·035613 0·000675 0·282732 0·000010 �1·1 0·7 1·15 6·77 0·29

Average 0·4 0·7 1·06 6·79 0·35

JC-9 (Jianchuan, shoshonitic syenite; 35·6� 0·3 Ma)

1 0·024646 0·000430 0·282799 0·000011 1·3 0·8 1·00 6·44 0·27

2 0·041878 0·000705 0·282862 0·000013 3·5 0·9 0·86 6·31 0·40

3 0·021742 0·000391 0·282842 0·000012 2·8 0·8 0·91 6·63 0·43

4 0·035222 0·000614 0·282809 0·000009 1·6 0·6 0·98 6·88 0·35

5 0·022184 0·000407 0·282831 0·000013 2·4 0·9 0·93 6·86 0·22

6 0·022736 0·000411 0·282844 0·000010 2·9 0·7 0·90 6·57 0·23

7 0·024521 0·000423 0·282841 0·000010 2·8 0·7 0·91 6·26 0·28

8 0·030915 0·000571 0·282835 0·000011 2·5 0·8 0·92 6·63 0·38

9 0·033916 0·000622 0·282830 0·000009 2·4 0·6 0·93 6·51 0·35

10 0·038086 0·000689 0·282846 0·000013 2·9 0·9 0·90 6·48 0·27

11 0·060088 0·001049 0·282805 0·000012 1·5 0·8 0·99 6·81 0·27

Average 2·4 0·8 0·93 6·58 0·31

BC-5 (Binchuan, shoshonitic quartz monzonite; 36·6� 0·4 Ma)

1 0·051984 0·001254 0·282811 0·000035 1·7 2·5 0·98 6·41 0·33

2 0·095821 0·001880 0·282749 0·000037 �0·5 2·6 1·12 5·77 0·36

3 0·105240 0·001982 0·282760 0·000015 �0·1 1·1 1·09 6·24 0·31

4 0·046003 0·000901 0·282703 0·000022 �2·1 1·5 1·22 � �

5 0·082364 0·001677 0·282778 0·000029 0·5 2·0 1·05 6·24 0·38

6 0·068522 0·001463 0·282829 0·000048 2·3 3·4 0·94 5·74 0·62

7 0·068088 0·001393 0·282680 0·000047 �2·9 3·3 1·27 6·28 0·60

Average –0·2 2·3 1·09 6·11 0·43

(continued)
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Table 3: Continued

Hf analysis no. 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf �s eHf(t) �2s TDM2 (Ga) d18O (ø) � 2s

PTS (Heqing, potassic adakite-like monzogranite; 36·5� 0·8 Ma)

1 0·140188 0·002556 0·282996 0·000023 8·2 1·6 0·56 � �

2 0·024559 0·000425 0·282781 0·000019 0·7 1·3 1·04 � �

3 0·137572 0·002530 0·282716 0·000059 �1·7 4·1 1·19 � �

7 0·073280 0·001167 0·282739 0·000048 �0·8 3·4 1·14 � �

8 0·030855 0·000648 0·282816 0·000030 1·9 2·1 0·96 � �

Average 1·6 2·5 0·98

SG-12 (Shigu, potassic adakite-like monzogranite; 35·7� 0·2 Ma)

1 0·041524 0·000838 0·282880 0·000029 4·1 2·0 0·82 6·13 0·28

2 0·023599 0·000506 0·282817 0·000031 1·9 2·2 0·96 5·59 0·29

4 0·026624 0·000587 0·282919 0·000026 5·5 1·8 0·73 5·05 0·54

6 0·041940 0·000922 0·282844 0·000029 2·9 2·0 0·90 5·25 0·23

8 0·103935 0·002222 0·282875 0·000032 3·9 2·2 0·83 4·98 0·29

9 0·039693 0·000870 0·282812 0·000023 1·7 1·6 0·97 5·10 0·23

10 0·035231 0·000933 0·282825 0·000019 2·2 1·3 0·94 5·38 0·26

11 0·051455 0·001093 0·282880 0·000027 4·1 1·9 0·82 4·78 0·26

12 0·028766 0·000627 0·282899 0·000029 4·8 2·0 0·78 5·33 0·31

14 0·040597 0·000863 0·282964 0·000021 7·1 1·5 0·63 5·24 0·26

15 0·095297 0·001694 0·282995 0·000040 8·2 2·8 0·56 5·16 0·24

18 0·029305 0·000611 0·282963 0·000030 7·1 2·1 0·63 5·45 0·18

19 0·021342 0·000455 0·282930 0·000036 5·9 2·5 0·71 5·23 0·27

Average 4·6 2·0 0·79 5·28 0·28

JC-7 (Jianchuan, potassic adakite-like monzogranite; 35·3� 0·4 Ma)

1 0·016687 0·000304 0·282764 0·000010 0·0 0·7 1·08 6·77 0·22

3 0·013992 0·000259 0·282774 0·000009 0·4 0·6 1·06 6·79 0·29

5 0·024202 0·000441 0·282751 0·000010 �0·4 0·7 1·11 6·81 0·30

6 0·026800 0·000587 0·282873 0·000029 3·9 2·0 0·84 � �

7 0·016814 0·000349 0·282845 0·000040 2·9 2·8 0·90 7·16 0·18

8 0·031020 0·000773 0·282792 0·000033 1·0 2·3 1·02 6·31 0·45

9 0·036291 0·000664 0·282875 0·000014 3·9 1·0 0·83 6·77 0·20

18 0·103448 0·001779 0·282821 0·000025 2·0 1·8 0·96 7·03 0·20

Average 1·7 1·5 0·97 6·80 0·26

DHS-1 (Yongsheng, potassic adakite-like quartz monzonite; 33·1� 0·4 Ma)

1 0·043424 0·000738 0·282813 0·000009 1·7 0·6 0·97 6·67 0·27

2 0·062978 0·001103 0·282812 0·000013 1·7 0·9 0·98 6·28 0·29

4 0·079535 0·001312 0·282863 0·000013 3·5 0·9 0·86 6·45 0·42

5 0·058980 0·001024 0·282809 0·000010 1·6 0·7 0·98 6·54 0·36

6 0·050098 0·000888 0·282845 0·000013 2·8 0·9 0·90 6·60 0·48

8 0·052054 0·000901 0·282827 0·000012 2·2 0·8 0·94 6·21 0·32

9 0·273504 0·004003 0·282857 0·000019 3·2 1·3 0·88 6·26 0·45

11 0·060030 0·001028 0·282763 0·000009 �0·1 0·6 1·09 6·51 0·31

12 0·062794 0·001092 0·282817 0·000011 1·8 0·8 0·96 6·70 0·46

13 0·035268 0·000651 0·282800 0·000009 1·3 0·7 1·00 6·80 0·28

Average 2·0 0·8 0·96 6·50 0·36

(continued)
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Table 3: Continued

Hf analysis no. 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf �s eHf(t) �2s TDM2 (Ga) d18O (ø) � 2s

DHS-4 (Yongsheng, potassic adakite-like quartz monzonite; 34·1� 0·3 Ma)

1 0·033015 0·000608 0·282806 0·000010 1·5 0·7 0·99 6·34 0·24

2 0·033446 0·000610 0·282793 0·000008 1·0 0·5 1·02 6·49 0·25

3 0·050139 0·000910 0·282823 0·000011 2·1 0·8 0·95 6·31 0·23

4 0·029156 0·000550 0·282876 0·000013 4·0 0·9 0·83 6·76 0·26

5 0·026388 0·000505 0·282811 0·000009 1·7 0·6 0·98 6·31 0·24

6 0·026198 0·000537 0·282864 0·000010 3·5 0·7 0·86 6·15 0·40

7 0·028411 0·000548 0·282799 0·000012 1·2 0·8 1·00 6·21 0·18

8 0·028809 0·000523 0·282847 0·000017 2·9 1·2 0·90 6·27 0·25

9 0·056744 0·001013 0·282832 0·000013 2·4 0·9 0·93 6·46 0·22

10 0·039805 0·000748 0·282825 0·000016 2·2 1·1 0·95 6·45 0·24

11 0·029818 0·000592 0·282813 0·000011 1·7 0·8 0·97 6·64 0·27

12 0·049569 0·000874 0·282791 0·000014 0·9 1·0 1·02 5·95 0·22

13 0·029347 0·000607 0·282765 0·000013 0·0 0·9 1·08 6·09 0·32

Average 1·9 0·8 0·96 6·34 0·25

BC-4 (Binchuan, potassic adakite-like quartz monzonite; 35·4� 0·4 Ma)

2 0·053157 0·001003 0·282704 0·000009 �2·1 0·6 1·22 6·07 0·34

3 0·051909 0·000973 0·282692 0·000011 �2·5 0·8 1·24 5·92 0·41

4 0·075637 0·001454 0·282679 0·000009 �3·0 0·6 1·27 5·81 0·41

5 0·053568 0·001040 0·282697 0·000008 �2·4 0·6 1·23 6·09 0·29

6 0·037304 0·000748 0·282698 0·000010 �2·3 0·7 1·23 5·67 0·49

7 0·051802 0·001018 0·282701 0·000010 �2·2 0·7 1·22 5·85 0·48

8 0·041593 0·000830 0·282709 0·000009 �1·9 0·6 1·21 5·98 0·40

9 0·041296 0·000773 0·282675 0·000016 �3·1 1·1 1·28 5·81 0·44

Average –2·4 0·7 1·24 5·90 0·41

WS-4 (Weishan, potassic adakite-like quartz monzonite; 35·4� 0·6 Ma)

1 0·101853 0·001700 0·282909 0·000009 5·1 0·6 0·76 � �

2 0·051088 0·001012 0·282923 0·000009 5·6 0·6 0·72 � �

3 0·047388 0·000970 0·282908 0·000009 5·1 0·6 0·76 � �

4 0·068468 0·001287 0·282895 0·000013 4·6 0·9 0·79 � �

5 0·052113 0·000993 0·282873 0·000010 3·9 0·7 0·84 � �

6 0·080200 0·001426 0·282893 0·000010 4·6 0·7 0·79 � �

8 0·046327 0·000919 0·282871 0·000008 3·8 0·5 0·84 � �

9 0·033000 0·000683 0·282852 0·000007 3·1 0·5 0·88 � �

10 0·067596 0·001313 0·282859 0·000008 3·4 0·6 0·87 � �

11 0·066715 0·001229 0·282869 0·000011 3·7 0·8 0·85 � �

12 0·214074 0·003595 0·282997 0·000012 8·2 0·8 0·56 � �

15 0·049783 0·000868 0·282822 0·000012 2·1 0·8 0·95 � �

16 0·075012 0·001419 0·282901 0·000011 4·9 0·8 0·77 � �

Average 4·5 0·7 0·80

BNC-3 (Ninglang, potassic adakite-like granite; 32·5� 0·3 Ma); whole-rock geochemistry not analysed

1 0·040374 0·000747 0·282839 0·000011 2·6 0·8 0·91 5·92 0·22

3 0·054265 0·001048 0·282786 0·000015 0·7 1·1 1·03 5·87 0·23

4 0·043984 0·000799 0·282861 0·000010 3·4 0·7 0·87 5·58 0·27

5 0·024383 0·000492 0·282769 0·000011 0·1 0·8 1·07 6·03 0·34

6 0·026491 0·000514 0·282809 0·000011 1·6 0·8 0·98 5·69 0·29

(continued)
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using 176Lu/175Lu¼ 0·02669 (DeBievre & Taylor, 1993) to

calculate 176Lu/177Hf. Similarly, the isobaric interference of
176Yb on 176Hf has been corrected by measuring the

interference-free 172Yb isotope and using 176Yb/172Yb to cal-

culate 176Yb/177Hf. The appropriate value of 176Yb/172Yb

was determined by spiking the JMC475 Hf standard with

Yb, and determining the value of 176Yb/172Yb (0·58669)

required to yield the value of 176Hf/177Hf obtained on the

pure Hf solution. Detailed discussion regarding the over-

lap corrections for 176Lu and 176Yb has been provided by

Pearson et al. (2008). The typical 2s precision for the
176Hf/177Hf ratios of unknown samples reported here is

0·000020, equivalent to a 0·7 eHf unit. Two zircon stand-

ards, including Mud Tank and 91500, were analyzed to

evaluate the accuracy of the laser-ablation results. During

the whole session, Mud Tank yielded mean 176Hf/177Hf¼

0·282546�4 (2s; n¼ 49) (the recommended value is

0·282530�30) and 91500 gave mean 176Hf/177Hf¼

0·282366�22 (2s; n¼ 4) (the recommended value is

0·282280�120). Detailed analytical procedures have been

given by Griffin et al. (2000, 2002).

For calculation of eHf values we have adopted the chon-

dritic values of Bouvier et al. (2008); that is, 176Lu/177Hf

(CHUR, today)¼ 0·0336 and 176Hf/177Hf (CHUR,

today)¼ 0·282785. We have also used the decay constant

for 176Lu of 1·865�10�11 a�1 in the eHf calculation

(Scherer et al., 2001).

To calculate model ages (TDM) based on a depleted-

mantle source, we assume that the depleted mantle (DM)

reservoir developed from an initially chondritic mantle,

and is complementary to subsequent crustal extraction;

that is, 176Lu/177Hf (DM, today)¼ 0·0384 and 176Hf/177Hf

(DM, today)¼ 0·28325 (Griffin et al., 2000).We have calcu-

lated, for each zircon, a ‘crustal’ model age (TDM2;

two-stage model age), which assumes that its parental

magma was produced from an average continental crust

(i.e. 176Lu/177Hf¼ 0·015) derived from depleted mantle

(Griffin et al., 2002).

RESULTS

Major element geochemistry
Major and trace element data are listed in Table 1. The

shoshonitic syenites are characterized by high K2O con-

tents (5·9^6·8wt %) and K2O/Na2O ratios (1·3^1·7) with

A/CNK [i.e. molar ratio Al2O3/(CaOþNa2OþK2O)]

ratios of 0·67^0·75 (Fig. 5; Table 1). Compared with the

other felsic suites, the shoshonitic syenites have the lowest

SiO2 (61·1^63·6wt %) and Al2O3 (14·1^14·8 wt %) con-

tents, but the highest TiO2, Fe2O3T (total Fe2O3), CaO

and MgO contents (Fig. 6; Table 1).

The shoshonitic quartz monzonites have higher SiO2

contents than the shoshonitic syenites, ranging from 62·3

to 64·8 wt %, as well as slightly lower K2O contents

(4·9^5·6wt %), but higher A/CNK ratios of 0·80^0·84

(Fig. 5; Table 1). Compared with the syenites, they have

higher Al2O3 contents (15·5^16·3wt %), but lower TiO2,

Fe2O3T, CaO and MgO contents (Fig. 6; Table 1). They

also have lower K2O/Na2O ratios than the syenites, ran-

ging from 1·1 to 1·3 (Table 1). Collectively, these compos-

itional characteristics are consistent with the shoshonitic

quartz monzonites being more evolved than the syenites.

Table 3: Continued

Hf analysis no. 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf �s eHf(t) �2s TDM2 (Ga) d18O (ø) � 2s

7 0·029594 0·000570 0·282840 0·000009 2·7 0·6 0·91 5·98 0·28

8 0·057980 0·000882 0·282864 0·000017 3·5 1·2 0·86 6·25 0·25

9 0·051181 0·000990 0·282806 0·000014 1·4 1·0 0·99 5·95 0·31

11 0·029012 0·000383 0·282772 0·000010 0·3 0·7 1·06 5·84 0·50

12 0·027883 0·000504 0·282811 0·000018 1·6 1·3 0·98 5·95 0·21

14 0·044721 0·000920 0·282838 0·000019 2·6 1·3 0·92 5·54 0·39

15 0·032909 0·000681 0·282828 0·000017 2·2 1·2 0·94 5·56 0·24

16 0·049790 0·001011 0·282909 0·000020 5·1 1·4 0·76 5·44 0·21

17 0·057276 0·001156 0·282761 0·000022 �0·2 1·5 1·09 5·51 0·24

Average 2·0 1·0 0·96 5·79 0·28

eHf(t)¼ 10000[(
176

Hf/
177

Hf)S – (
176

Lu/
177

Hf)S(e
lt

– 1)]/[(
176

Hf/
177

Hf)CHUR,0 – (
176

Lu/
177

Hf)CHUR(e
lt

– 1)] – 1. Values for
(176Hf/177Hf)CHUR,0 (0·282785) and (176Lu/177Hf)CHUR (0·0336) are from Bouvier et al. (2008). eHf(t) calculated using a Lu
decay constant of 1·865� 10–11 a–1 (Scherer et al., 2001). Two-stage Hf model age (TDM2) calculated using the initial
176Hf/177Hf ratios of the zircons and the depleted mantle, the U–Pb age and the 176Lu/177Hf ratios of the average
continental crust (176Lu/177Hf¼ 0·015; Griffin et al., 2002). Present-day 176Lu/177Hf ratio and176Hf/177Hf ratio of the
depleted mantle are 0·0384 and 0·28325, respectively (Griffin et al., 2000). —, Not measured. The crystallization age of
each sample is given following sample lithology (Lu et al., 2012).
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Potassic adakite-like granites have the highest SiO2 con-

tents, ranging from 68·8 to 71·5wt %, variable K2O con-

tents (3·7^6·4wt %), and are transitional from

subalkaline to alkaline, high-K calc-alkaline to shoshonitic

with A/CNK ratios of 0·91^1·06 (Fig. 5; Table 1). These

granites have high Al2O3 contents (14^15·6wt %), but the

lowest TiO2, Fe2O3T, CaO and MgO contents, and vari-

able K2O/Na2O ratios ranging from 0·7 to 1·9 (Fig. 6;

Table 1).

Potassic adakite-like quartz monzonites have lower SiO2

contents than the granites, ranging from 62·3 to 68·9wt

%, variable K2O contents (3·4^5·8wt %), are transitional

from subalkaline to alkaline, and high-K calc-alkaline

to shoshonitic, with A/CNK ratios of 0·83^1·05 (Fig. 5;

Table 1). Compared with the granites, they have similar

Al2O3 contents (14·2^15·7wt %), but higher TiO2,

Fe2O3T, CaO and MgO contents, and variable K2O/

Na2O ratios ranging from 0·7 to 1·4 (Fig. 6; Table 1).

The shoshonitic syenites and quartz monzonites lie on

an extension of the coeval shoshonitic mafic lava trends

on Harker diagrams, signifying a potential comagmatic re-

lationship, whereas the potassic adakite-like quartz mon-

zonites and granites show different trends from the

shoshonitic suites (Figs 5 and 6). The two different trends

are also highlighted in the Mg# vs SiO2 and MgO vs

SiO2 diagrams shown in Fig. 7a and b, suggesting different

origins for the two suites of rocks.

Trace element geochemistry
The shoshonitic and potassic adakite-like suites have dis-

tinct trends on Ni vs SiO2 and Cr vs SiO2 plots. For

example, the shoshonitic syenites and quartz monzonites

have decreasing Ni (from 42·6 to 1·4 ppm) and Cr (from

113 to 3 ppm) with SiO2. However, the potassic

adakite-like quartz monzonites and granites have similar

Ni (from 55 to 1·3 ppm) and Cr (from 113 to 2 ppm) con-

tents to the shoshonitic syenites and quartz monzonites, re-

spectively, despite the much higher SiO2 contents in the

adakite-like suites (Fig. 7c and d; Table 1).

Both shoshonitic and potassic adakite-like suites are en-

riched in highly incompatible trace elements such as the

light rare earth elements (LREE), and large-ion lithophile
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Fig. 5. Geochemical classification of potassic felsic intrusions in west-
ern Yunnan. (a) TAS diagram (Middlemost, 1994); the dashed line
separating alkaline series from subalkaline series is from Irvine &
Baragar (1971). (b) K2O vs SiO2 diagram, modified from Peccerillo
& Taylor (1976) and Gill (1981). LKS, MKS, HKS and SHO are
low-K tholeiite series, medium-K calc-alkaline series, high-K
calc-alkaline series and shoshonitic series, respectively. The shaded
fields represent experimental melts of low-K amphibolite at 3·2^
0·6GPa and 795^11508C (Rapp et al., 1991; Winther & Newton, 1991;

Wolf & Wyllie, 1994; Rapp & Watson, 1995; Winther, 1996), of
medium-K and high-K amphibolite at 3·2^0·7GPa and 825^11508C
(Rapp et al., 1991; Rushmer, 1991, 1993; Sen & Dunn, 1994; Rapp &
Watson, 1995; Sisson et al., 2005; Xiong et al., 2005; Xiao & Clemens,
2007), and of shoshonite at 2·5^1·5GPa and 1050^10758C (Xiao &
Clemens, 2007), respectively. (c) A/CNK [molar ratio Al2O3/
(CaOþNa2OþK2O)] vs SiO2 plot (Kemp & Hawkesworth, 2003).
The rocks plotted for comparison include coeval Paleogene mafic
lavas (Xu et al., 2001b; Huang et al., 2010) and leucogranites within
the Ailao Shan^Red River shear zone (ASRR) in western Yunnan
(Zhang & Scha« rer, 1999). All the major element data have been recal-
culated to 100wt % on a volatile-free basis. qtz-mz, quartz monzonite.
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elements (LILE: Rb, Ba, K), but are depleted in Nb,Ta, P

andTi relative to neighboring REE (Fig. 8).

The shoshonitic syenites and quartz monzonites are

characterized by high heavy rare earth element (HREE)

contents (e.g. 15·7^34·8 ppmY,1·50^3·16 ppmYb), resulting

in lower Sr/Y (40^68) and La/Yb (18^23) ratios than the

potassic adakite-like suites and plot outside the adakite

fields (Fig. 9). However, both shoshonitic syenites and
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Fig. 6. Harker variation diagrams showing the major element compositions of the potassic felsic intrusions in westernYunnan. Grey fields rep-
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quartz monzonites overlap the field of coeval shoshonitic

mafic lavas on the Sr/Y vs Y and La/Yb vs Yb plots in

Fig. 9. Both shoshonitic suites show variable Eu anomalies

(Eu/Eu*) of 0·65^0·78, and nearly flat HREE patterns

with uniform Dy/Yb ratios of 1·9^2·1 (Figs 8a^d and 10).

Potassic adakite-like granites are characterized by high

Sr (328^1272 ppm) but low Y (4·3^12·1ppm) and Yb

(0·37^0·88 ppm) contents, with elevated Sr/Y (38^243)

and La/Yb (24^50) ratios. Similarly, potassic adakite-like

quartz monzonites have high Sr (813^1423 ppm), slightly

higher Y (8·9^18·6 ppm) and Yb (0·74^1·63 ppm) than the

granites, but similar Sr/Y (58^107) and La/Yb (23^62)

ratios (Table 1; Fig. 9). Both suites plot in the adakite field

owing to their high Sr/Yand La/Yb ratios and low Yand

Yb contents (Fig. 9). Compared with the shoshonitic

suites, the potassic adakite-like granites and quartz mon-

zonites have lower HREE contents and fractionated

HREE patterns with larger and variable Dy/Yb ratios

(2·1^3·3) (Table 1; Fig. 10), and Eu/Eu* varies from 0·6 to

0·9 (Table 1; Figs. 8e,g).

Sr^Nd^Pb isotopes
Whole-rock Sr^Nd^Pb isotopic data for the shoshonitic

and potassic adakite-like suites are listed in Table 2 and

plotted in Fig. 11. The shoshonitic syenites and quartz

monzonites have a wide range in Sr [(87Sr/86Sr)i¼

0·7065^0·7073] and Nd ["Nd(t)¼ ^5·3 to ^0·4] isotope

compositions. Compared with the shoshonitic suites, the

potassic adakite-like granites and quartz monzonites have

even larger variations in Sr [(87Sr/86Sr)i¼ 0·7056^0·7080]

and Nd ["Nd(t)¼ ^7·8 to 1·8] isotope compositions. The

shoshonitic syenites and quartz monzonites have uniform

two-stage Nd-isotope depleted mantle model ages (TDM2)

ranging from 1·3 to 1·1 Ga, except for syenite sample JC-9,

which has a younger model age of c. 0·9 Ga. The potassic

adakite-like suites have a larger variation in TDM2, which
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ranges from 1·3 to 0·7 Ga for adakite-like granites, and

from 1·5 to 0·9 Ga for adakite-like quartz monzonites

(Fig. 11a and b; Table 2).

Both the shoshonitic and adakite-like suites have

radiogenic 207Pb/204Pb (15·57^15·68) and 208Pb/204Pb

(38·83^39·06) compositions, plotting well above the North-

ern Hemisphere Reference Line (NHRL, Hart, 1984;

Fig. 11c and d). The shoshonitic syenites and quartz mon-

zonites have relatively uniform 206Pb/204Pb (18·54^18·72),
207Pb/204Pb (15·61^15·66) and 208Pb/204Pb (38·64^38·90)
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ratios. However, the potassic adakite-like granites and

quartz monzonites have wider ranges in 206Pb/204Pb

(18·17^18·81), 207Pb/204Pb (15·59^15·67), and 208Pb/204Pb

(38·39^39·02) ratios.

Notwithstanding differences in Sr^Nd^Pb isotope com-

positions between the shoshonitic and potassic adakite-like

suites, both suites are generally well within the range of

coeval potassic mafic rocks in western Yunnan (Fig. 11).

Furthermore, both shoshonitic and adakite-like suites

share similar Sr^Nd^Pb isotopic compositions with the

amphibolite xenoliths hosted by the potassic felsic intru-

sions in western Yunnan (Fig. 11; Deng et al., 1998; Zhao

et al., 2004). Both felsic suites and potassic mafic counter-

parts are distinct from shallow crustal-derived leucogra-

nites emplaced between 32 and 22 Ma within the Ailao

Shan^Red River shear zone (Searle et al., 2010), which

have highly radiogenic Sr^Nd^Pb isotope compositions

that are consistent with melts of older crust (Zhang &

Scha« rer, 1999; Fig. 11).

Zircon Hf^O isotopes
In situ zircon Hf and O isotopic analyses of both shoshoni-

tic and potassic adakite-like felsic intrusions are listed in

Table 3. Representative zircon CL images are presented

in Fig. 12, and Hf^O isotope variations are reported in

Figs 13^15.

CL images show that xenolith-bearing shoshonitic syen-

ite (sample LH-1) contains inherited zircons with or with-

out younger magmatic overgrowths. These inherited

zircons have U^Pb ages ranging from 2481 to 250 Ma

(Figs 12a and 13; Lu et al., 2012). In contrast, no inherited

zircons were found in two xenolith-free shoshonitic syenites

(samples JC-1 and JC-9, Fig. 12b and c). The Tertiary

magmatic zircons in the three shoshonitic syenite samples,

however, have similar zircon "Hf and d18O values

(Figs 13, 14a and 15; Table 3). For example, the average

magmatic zircon "Hf and d18O values for the three sam-

ples range from ^0·7 to 2·4 and 6·58 to 6·79ø, respectively

(Fig. 15; Table 3). The average zircon two-stage Hf mantle

model ages (TDM2) range from 1·1 to 0·9 Ga (Table 3).

Similarly, xenolith-bearing shoshonitic quartz monzonite

(sample BC-5) has inherited zircons with U^Pb ages of c.

750 Ma (Fig. 12d; Lu et al., 2012).TheTertiary magmatic zir-

cons in this quartz monzonite have similar "Hf and d18O

values to those of the shoshonitic syenites, averaged at ^0·2

and 6·11ø, respectively (Figs 13, 14a and 15; Table 3).

Zircon two-stage Hf mantle model ages (TDM2) for BC-5

range between 1·3 and 0·9 Ga, averaged at 1·1Ga (Table 3).

No inherited zircon was found in any of the four potassic

adakite-like quartz monzonites sampled (Fig. 12e^h), and

Tertiary magmatic zircons in these samples have narrow

"Hf and d18O ranges. For example, sample DHS-1 has

zircon "Hf values of 0·4^3·9 and d18O values of 6·21^

6·80ø, sample DHS-4 has zircon "Hf values of 0·5^4·4

and d18O values of 5·95^6·76ø, and sample BC-4 has uni-

form but slightly lower "Hf values between ^2·7 and ^1·5

and d18O values of 5·67^6·09ø (Figs 13 and 14; Table 3).

Zircon two-stage Hf mantle model ages (TDM2) for these

samples collectively span the range 1·3^0·7Ga (Table 3).

The potassic adakite-like granites have abundant in-

herited zircon with U^Pb ages clustered at c. 250 Ma and

900^850 Ma (Figs 12i^l and 13; Lu et al., 2012). The
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Tertiary magmatic zircons in the four samples have similar

"Hf, which mostly varies from near zero to þ5·5 (Fig. 13).

Samples SG-12 and BNC-3 have mantle-like magmatic

zircon d18O values of 4·78^6·25ø, where the zircon d18O

in equilibrium with mantle is 5·3�0·6ø (2s, Valley et al.,

1998, 2005). SampleJC-7 has higher zircon d18O values ran-

ging from 6·31 to 7·16ø (Fig. 14; Table 3). The average

zircon two-stage Hf mantle model ages (TDM2) for the

granites are 1·0^0·8 Ga (Table 3).

DISCUSSION

Petrogenesis of shoshonitic syenite and
quartz monzonite
The SiO2 contents of the shoshonitic syenites and quartz

monzonites in western Yunnan are too high (61^65wt %)

to represent magmas derived by direct partial melting of

the mantle, as the latter cannot yield melts more silicic

than andesitic compositions with557wt % SiO2 (Lloyd

et al., 1985; Baker et al., 1995). Several lines of evidence sug-

gest that the shoshonitic syenites and quartz monzonites

evolved from shoshonitic mafic melts derived from metaso-

matized lithospheric mantle (Xu et al., 2001b; Li et al.,

2002; Guo et al., 2005; Huang et al., 2010). The evidence in-

cludes the following: (1) the shoshonitic felsic and mafic

suites in western Yunnan show close proximity and a

coeval nature (Figs 1 and 2; Deng et al., 1998; Lu et al.,

2012); (2) both the shoshonitic felsic and mafic suites are al-

kaline with continuous trends in Figs 5 and 6; (3) the

shoshonitic mafic and felsic suites have the same coherent,

parallel, REE and trace element patterns (Fig. 8); (4) the

shoshonitic mafic and felsic suites plot together in Sr/Y vs

-20

-15

-10

-5

0

5

10

15

0.700 0.710 0.720 0.730 0.740

ε
N

d
(t

)

(87Sr/86Sr)
i

EM I EM II

D
M

M
M

O
R

B

(a)

W. Yunnan mafic rocks

0.702

0.704

0.706

0.708

0.710

0.712

17.5 18.0 18.5 19.0 19.5

EM I

EM II

Indian 
MORB Pacific

MORB

206Pb/204Pb

(8
7
S

r/
8

6
S

r)
i

(b)

W. Yunnan mafic rocks

15.3

15.4

15.5

15.6

15.7

15.8

15.9

17.0 17.5 18.0 18.5 19.0 19.5 20.0

206Pb/204Pb

NHRL

DMM

EM I

BSE

EM II

(c)

W. Yunnan mafic rocks

37.5

38.0

38.5

39.0

39.5

40.0

40.5

17.0 17.5 18.0 18.5 19.0 19.5 20.0

206Pb/204Pb

2
0

8
P

b
/2

0
4
P

b

2
0

7
P

b
/2

0
4
P

b

NHRL

(d)
EM I

Indian
MORB

Pacific
MORB

EM II

W. Yunnan mafic rocks

W. Yunnan amphibolite

ASRR leucogranite

W. Yunnan 
amphibolite

ASRR
leucogranite

ASRR leucogranite

W. Yunnan 
amphibolite W. Yunnan 

amphibolite

ASRR leucogranite

Adakite-like granite

Adakite-like qtz-mz

Shoshonitic syenite

Shoshonitic qtz-mz

G
e
o
ch

o
n
 c

u
rv

e

Oceanic 
Na-adakite 

Fig. 11. Variation of (87Sr/86Sr)i vs "Nd(t) (a),
206Pb/204Pb vs (87Sr/86Sr)i (b),

206Pb/204Pb vs 207Pb/204Pb (c) and 206Pb/204Pb vs 208Pb/204Pb (d)
for the potassic felsic intrusions in westernYunnan (after Huang et al., 2010). The field for oceanic sodic adakite attributed to melting of subduct-
ing oceanic crust is after Wang et al. (2006b). The field for western Yunnan potassic mafic rocks is from Xu et al. (2001b), Li et al. (2002), Guo
et al. (2005) and Huang et al. (2010). The field for leucogranite within the Ailao Shan^Red River shear zone (ASRR) in western Yunnan is
from Zhang & Scha« rer (1999). The field for western Yunnan amphibolite is from Deng et al. (1998) and Zhao et al. (2004). Northern
Hemisphere Reference Line (NHRL) is from Hart (1984). Mantle source reservoirs BSE, MORB, DMM, EM I and EM II are from Zindler
& Hart (1986). Indian MORB and Pacific MORB are after Guo et al. (2005). qtz-mz, quartz monzonite.

LU et al. WESTERN YUNNAN FELSIC INRUSIONS

1335

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
e
tro

lo
g
y
/a

rtic
le

/5
4
/7

/1
3
0
9
/1

4
8
3
4
0
7
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



Y and La/Yb vs Yb co-ordinate space (Fig. 9); (5) the

shoshonitic potassic felsic suites have Sr^Nd^Pb isotope

compositions well within the range of the shoshonitic

mafic magmas (Fig. 11).

Negative correlations of TiO2, Fe2O3T, MgO, CaO, Ni

and Cr with SiO2 imply fractionation of olivine and clino-

pyroxene for both the shoshonitic syenites and quartz mon-

zonites (Figs 6a, c, d, e and 7). In addition, plagioclase

might have been another fractionated phase given the

relatively low Eu/Eu* (0·65^0·78) values of these rocks

(Table 1) coupled with negative correlations of Eu/Eu*

and Sr with SiO2 (not shown). Minor potassic feldspar

fractionation may have also taken place for the shoshonitic

syenites, as indicated by the negative correlation between

K2O and SiO2 (Fig. 5b) and between Ba and SiO2 (not

shown). Both the shoshonitic syenites and quartz monzon-

ites have similar and limited variations in La/Yb (18^23)

and Dy/Yb (1·9^2·1) with increasing SiO2, consistent with

differentiation from a shoshonitic mafic melt by olivine,

clinopyroxene and plagioclase (gabbroic) dominated frac-

tional crystallization (Fig. 10). Amphibole and garnet were

probably not involved in magmatic differentiation, because

it is expected that garnet fractionation would be indicated

by a significant increase in La/Yb and Dy/Yb ratios,

whereas amphibole fractionation would be indicated by

increased La/Yb and decreased Dy/Yb ratios. None of

these trends are observed for the shoshonitic suites

(Fig. 10; Davidson et al., 2007; Macpherson, 2008).

Igneous zircons in high-temperature equilibrium with

asthenospheric mantle should have average d18O of

5·3�0·6ø (2s, Valley et al., 1998, 2005). Significant devi-

ations of zircon d18O from the mantle value are due to

input of supracrustal materials that ultimately derived

their higher d18O from low-temperature fluid^rock

Fig. 12. Cathodoluminescence images of representative analyzed zircons from the potassic felsic intrusions in westernYunnan. The dashed el-
lipses indicate SHRIMP U^Pb pits and the number is the age of the corresponding spot (Lu et al., 2012). The white scale bars represent 100 mm.
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interaction on or near the Earth’s surface (Valley et al.,

2005). It is generally accepted that zircons with d18O of

less than 6·5ø formed from melts that contained a minor

to negligible supracrustal component, whereas zircon

d18O values higher than 6·5ø signify a significant compo-

nent of supracrustal material (Cavosie et al., 2005; Valley

et al., 2005; Hawkesworth & Kemp, 2006; Kemp et al.,

2006; Fu et al., 2009; Hawkesworth et al., 2010). For zircons

with d18O46·5, it is important to distinguish high-d18O

crustal materials recycled into the mantle source from

melts or direct assimilation of a high-d18O supracrustal

component in the crust.

The xenolith-free shoshonitic syenites have uniform

zircon d18O values averaging 6·58� 0·31ø (sample JC-9)

and 6·79� 0·35ø (sample JC-1), suggesting insignificant

crustal contamination during magma emplacement

(Fig. 15; Table 3), which is also indicated by the lack of

zircon inheritance and relatively uniform zircon "Hf

(^0·9 toþ 3·9) values (Figs 12b, c and 13;Table 3).The crus-

tal xenolith-bearing shoshonitic syenite (sample LH-1) has

an average magmatic zircon d18O value of 6·78�0·24ø,

which is identical within error to that of its xenolith-free

counterparts (Fig. 15). The xenolith-bearing shoshonitic

quartz monzonite (sample BC-5) has an average magmatic

zircon d18O value of 6·11�0·43ø, which overlaps with

those of the shoshonitic syenites (Fig. 15; Table 3). This sug-

gests that the crustal xenoliths and the presence of in-

herited zircons had minimal effect on the oxygen isotope

compositions; therefore supracrustal contamination ap-

pears to be negligible in the petrogenesis of shoshonitic

syenites and quartz monzonites (Fig. 15).

The zircon d18O values of the shoshonitic syenites and

quartz monzonites (6·11^6·79ø) are higher than that for

the depleted mantle (5·3�0·6ø, 2s; Valley et al., 1998,

2005; Figs 14 and 15). The high d18O values for the shoshoni-

tic syenites and quartz monzonites are inferred to be

inherited from the parent shoshonitic mafic melt, rather

than from the assimilation of a high-d18O supracrustal com-

ponent (as discussed above). The potassic mafic rocks in

western Yunnan were most probably derived from

continental mantle lithosphere, metasomatized by

subduction-related fluids and/or melts, which carry crustal

elemental and isotopic signatures (Xu et al., 2001b; Li et al.,

2002; Guo et al., 2005; Huang et al., 2010). It is likely that the

elevated zircon d18O of the potassic suites is due to mantle

metasomatism by subduction-derived fluids and/or melts

(Eiler et al., 1998); this was also inferred for potassic rocks in

Central Italy (Gagnevin et al., 2011). It has been also demon-

strated that potassic magmatism in SW Tibet has

whole-rock d18O values of 6·3^9·5ø, which is much higher

than mantle values of 5·5^5·9ø (Bindeman, 2008). These

higher d18O values have been interpreted as being due to

mantle metasomatism by melts and/or fluids derived from

the subducting Indian continental crust (Zhao et al., 2009).

Petrogenesis of potassic adakite-like suites
Origin of potassic adakite-like granite
The potassic adakite-like rocks in western Yunnan postdate

the India^Asia continent^continent collision (Fig. 2). As a

corollary, there is no geodynamic evidence for coeval ocea-

nic subduction in westernYunnan that might have generated

oceanic Na-adakite suites. Accordingly, given the
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post-collisional context it is unlikely that they were pro-

duced by partial melting of subducting oceanic crust. This

suggestion is corroborated by the much lower "Nd(t) and

higher (87Sr/86Sr)i ratios for the western Yunnan potassic

adakite-like rocks in comparison with the mid-ocean ridge

basalt (MORB)-like isotopic signatures of Cenozoic oceanic

Na-adakites (Fig. 11a). In addition, the western Yunnan po-

tassic adakite-like granites have higher SiO2 and lower

MgO, Ni and Cr contents and lower Mg# values than dela-

minated lower crust-derived adakite-like rocks, suggesting

that they were unlikely to have been derived by partial melt-

ing of delaminated lower crust (Fig. 7;Wang et al., 2006b).

The western Yunnan potassic adakite-like granites were

most plausibly derived by partial melting of thickened

K-rich mafic lower crust. This interpretation is supported

by the following lines of evidence: (1) their major element

compositions fit well within the fields of experimental

melts of medium-K, high-K and shoshonitic amphibolites

(Fig. 6; Rapp et al., 1991; Rushmer, 1991, 1993; Sen &

Dunn, 1994; Rapp & Watson, 1995; Sisson et al., 2005;

Xiong et al., 2005; Xiao & Clemens, 2007); (2) their

Mg#, and MgO, Ni and Cr contents are same as those

of thick lower-crust derived adakite-like rocks and metaba-

saltic and eclogite experimental melts (Fig. 7; Wang et al.,

2006b); (3) their REE and trace element patterns are simi-

lar to those of the adakite-like granites in South Tibet,

which are widely considered to be derived from thickened

mafic lower crust (Fig. 8g and h; Chung et al., 2003; Hou

et al., 2004; Guo et al., 2007; Chen et al., 2011).

There is a close match in the Sr and Nd isotope compos-

itions of the potassic adakite-like granites and the western

Yunnan amphibolite xenoliths hosted by the potassic felsic

intrusions, indicating that amphibolites may be the pri-

mary source of the adakite-like granites (Fig. 11a). To test

this hypothesis, batch melting modeling was conducted to

simulate the Sr/Y vs Yand La/Yb vs Yb variations, follow-

ing the methods of Haschke et al. (2002, 2010). The starting

composition for the modeling is an amphibolite xenolith

sampled at Liuhe in western Yunnan (sample LH14b,

Wang et al., 2003). The variations for the potassic

adakite-like granites broadly follow the trends expected

for partial melting with up to 30wt % garnet in the restite

(Fig. 9). On the Sr/Y vs Y diagram, some granite samples

plot off the partial melting curves, which suggest that

these samples might have a different source composition

(Fig. 9a). The presence of garnet as a residual phase is con-

sistent with the high La/Yb ratios (24^51), low HREE con-

centrations (YbN56), and fractionated HREE patterns

(Dy/Yb¼ 2·1^3·3) of the adakite-like granites (Fig. 8g;

Table 1). The distinctive positive correlation on La/Yb vs

SiO2 and Dy/Yb vs SiO2 plots for the adakite-like granites

also suggests that garnet was present in the residue during

the partial melting process (Fig. 10; Davidson et al., 2007;

Macpherson, 2008).
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The "Hf value of the Tertiary magmatic zircons in the

adakite-like granites mostly varies from near zero to þ5·5

with corresponding mantle model ages of 0·8^1·1Ga, con-

sistent with melting of Neoproterozoic mafic crust

(Fig. 13). This interpretation is supported by the fact that

the Neoproterozoic is the major episode for juvenile crustal

growth in the Yangtze Craton (Sun et al., 2009; Zhao

et al., 2010;Wang et al., 2012).

The presence of inherited zircons with ages of 900^850

and 250 Ma indicates that there is an older crustal compo-

nent involved in the genesis of the potassic adakite-like

granites, either in the source or by AFC during magma

emplacement (Figs 12i^l and 13). This older crustal compo-

nent is unlikely to have been supracrustal material (such

as metasedimentary rocks), given that most potassic

adakite-like granites have mantle-like zircon d18O values

(Fig. 14b). The age and "Hf of the inherited zircons are

similar to those of felsic intrusions in the Neoproterozoic

and Late Permian sequences of the western Yangtze

Craton (Huang et al., 2008, 2009; Xu et al., 2008). This ob-

servation implies that these older intrusions, as well as

garnet amphibolite, were involved in the generation of the

potassic adakite-like granites.

Origin of potassic adakite-like quartz monzonite
It is likely that the western Yunnan potassic adakite-like

quartz monzonites are derived from partial melting of

thickened mafic lower crust, through processes similar to

those invoked for the potassic adakite-like granites.

However, the difference is the involvement of hybridization

with mafic magma as supported by petrographic and geo-

chemical evidence. The evidence for this hybridization in-

cludes the following: (1) the presence of MMEs in the

potassic adakite-like quartz monzonites suggests magma

mingling and mixing (Waight et al., 2000; Fig. 3d and e);

(2) the major element compositions, REE and trace elem-

ent characteristics of the potassic adakite-like quartz mon-

zonites are transitional between the potassic adakite-like

granites and the western Yunnan shoshonitic mafic

magmas, consistent with two-component mixing (Figs 6

and 8e, f); (3) there is an inverse relationship between

SiO2 and both Mg# and MgO contents for the potassic

adakite-like quartz monzonites. These trends are steeper

than for the thick lower crust-derived adakite-like rocks

and the metabasaltic experimental melts, which indicates

a mafic magma input (Figs 6d and 7a, b; Guo et al., 2007);

(4) at the same SiO2 contents, the potassic adakite-like

quartz monzonites have higher Ni and Cr contents than

the thick lower crust-derived adakite-like rocks, also sug-

gesting input of a high Ni and Cr component such as a

mafic melt (Fig. 7c and d).

To test the hybridization hypothesis, magma mixing

modeling was conducted for the potassic adakite-like

quartz monzonites to simulate the variations in Sr/Y vs Y
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and La/Yb vs Yb plots following the methods of Schwartz

et al. (2011).The modeling shows that the trend of the potas-

sic adakite-like quartz monzonites fits well with the

magma mixing curves, which are distinct from the partial

melting curves for the potassic adakite-like granites

(Fig. 9).

The potassic adakite-like quartz monzonites have uni-

form mantle-like zircon d18O values, ruling out significant

supracrustal contamination (Figs 14c and 15), in keeping

with the lack of crustal xenoliths (Fig. 3d and e) and the

absence of inherited zircons (Figs 12e^h and 13).

Implications for geodynamic processes
Table 4 summarizes the characteristics of the major mag-

matic suites and associated rocks in western Yunnan,

including shoshonitic mafic suites, shoshonitic felsic, and

potassic adakite-like felsic suites. Figure 16 illustrates the

inferred tectonic evolution of the western Yangtze Craton

(combining the results of previous studies and this contri-

bution). Figure 17 illustrates in detail our proposed model

for the origin of the various magmatic suites at c. 35 Ma

in westernYunnan. The shoshonitic mafic suites in western

Yunnan, consisting of mafic lavas and lamprophyres, are

derived from metasomatized continental lithospheric

mantle (CLM) (Table 4; Xu et al., 2001b; Li et al., 2002;

Guo et al., 2005; Huang et al., 2010). The metasomatic do-

mains within the CLM were probably formed by the

double-vergent oceanic subduction beneath the northern

and southern margins of Yangtze Craton at 1000^900 Ma

as suggested by Li et al. (2008b) and Wang et al. (2009)

(Fig. 16a). In the Late Triassic (220 Ma), the Simao Block

accreted to the westernYangtze Craton along the westward

subducting Jinsha suture. Since then, the western Yangtze

Craton has occupied an intracontinental position

(Fig. 16b; Yang, 1998;Wang et al., 2000).

As discussed above, the shoshonitic suites require melt-

ing of metasomatized CLM, whereas the potassic

adakite-like suites involve melting of a thickened potassic

mafic lower crust with an older felsic component. The two

magmatic suites are coeval and spatially closely related,

in keeping with control by the same tectonic processes

(Fig. 2).

The crustal thickness beneath western Yunnan is cur-

rently �40^55 km, as indicated by data from seismic pro-

files (Li et al., 2008a; Sun et al., 2008), and was �55 km in

the Eocene, as estimated from studies of lower-crustal

xenoliths hosted by the potassic felsic intrusions (Zhao

et al., 2003). Therefore, the crustal thickness has not chan-

ged significantly in western Yunnan since the Eocene,

when it thickened to 450 km during the collision of the

Indian and Asian plates (Fig. 16c).

Melting of thickened lower crust generally requires

input of mantle heat (Thompson & Connolly, 1995;

Petford et al., 2000; Petford & Gallagher, 2001; Clemens,

2003; Zeng et al., 2011). One plausible mechanism for

metasomatic domain

Jinsha Suture

Asian-Indian Orogen
(overthickened crust and CLM)

Yangtze Craton

Yangtze Craton

(b)   220 - 55 Ma

(c)   55 - 37 Ma

(a)   1000 - 900 Ma

crust

crust

CLM

CLM

(d)   37 - 32 Ma

Fig. 17

CLM

Removal of 

lower CLM 

hot

asthenosphere

crust

crust

continental lithospheric
mantle (CLM)

Simao Block

Jinsha    Suture

Jinsha    Suture

asthenosphere

N S

W E

W E

W E

Yangtze CratonSimao Block

Fig. 16. Schematic illustration of the tectonic evolution of the western
Yangtze Craton. (a) Double-vergent oceanic subduction from the
northern and southern margins of theYangtze Craton before 900 Ma
produced metasomatic domains within the continental lithospheric
mantle (CLM). (b) In the LateTriassic (c. 220 Ma), the Simao Block
accreted to the western Yangtze Craton along the westward subduct-
ing Jinsha suture. Since then, the western Yangtze Craton has occu-
pied an intracontinental position (Yang, 1998; Wang et al., 2000). (c)
Between c. 55 and 37 Ma, the continuing India^Asia continental colli-
sion may have preferentially overthickened the crust and CLM along
the Jinsha suture. (d) The lower overthickened CLM was removed at
c. 37^32 Ma along theJinsha suture, causing upwelling of hot astheno-
sphere. (a) is a north^south section whereas (b)^(d) are west^east
sections.
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inducing both lower-crustal melting and CLM melting is

asthenosphere upwelling induced by the thinning of the

lithospheric mantle (Thompson & Connolly, 1995;

Clemens, 2003). Therefore, we propose that the shoshonitic

and potassic adakite-like magmatism was in response to

the removal of the lower overthickened CLM beneath the

westernYangtze Craton, which took place at 37^32 Ma fol-

lowing the Indian^Asian continent^continent collision

(Fig. 16d).

Using geophysical data, Liu et al. (2000) and Lei et al.

(2009) suggested that there is an �300 km wide mantle

diapir derived from �450 km depth beneath western

Yunnan. This may support the conclusion that the lower

CLM was removed and replaced by upwelling astheno-

sphere. In this process, upwelling hot asthenosphere dis-

places cooler lower CLM, causing asthenospheric

decompression and advection of heat. This can lead to the

production of the shoshonitic mafic magmas observed in

westernYunnan through the melting of the residual metaso-

matized CLM. In this model, underplating of CLM- or

asthenosphere-derived melts at the Moho density filter, and

intrusion of mantle-derived hot mafic magmas into an al-

ready thickened continental crust, induced dehydration

melting of potassic-rich mafic and minor felsic components

in the lower crust. This resulted in the production of the po-

tassic adakite-like granitic melts containing inherited zir-

cons (Table 4; Fig. 17). Fractional crystallization of the

shoshonitic mafic magmas en route to shallow crustal levels

generated the shoshonitic syenites and quartz monzonites.

Extensive interaction between the mafic magmas and the

lower-crustal adakite-like melts through mixing produced

the potassic adakite-like quartz monzonites (Fig. 17).

Jinsha Suture

Potassic adakite-like

granite

Feeder dykes

Garnet-amphibolite

partial melting

Fractionating

shoshonitic mafic melt

Magma mixing:

Potassic adakite-like

quartz monzonite

Lower crust

(K-mafic)

Continental

lithospheric mantle

Upper crust

Moho Discontinuity
~55 km

~25 km

0 km

Ponding of primitive

shoshonitic mafic melt

Metasomatic domains

Asthenospheric

melts?

~1Ga

felsic domains

Yangtze CratonSimao Block

lamprophyre

dykes

Shoshonitic syenite -

quartz monzonite

Fig. 17. Schematic crustal section during the formation of the post-collisional potassic magmatic rocks in western Yunnan (modified from
Annen et al., 2006; Guo et al., 2007). The primitive shoshonitic mafic melt from the metasomatic domains within the continental lithospheric
mantle underplated beneath the thickened crust or intruded directly as lamprophyre dykes. Shoshonitic syenites and quartz monzonites are
mainly due to fractional crystallization of shoshonitic mafic melts. In contrast, potassic adakite-like granites are mainly potassic mafic
lower-crustal melts with involvement of older felsic domains (c. 1 Ga) in keeping with zircon inheritance. Potassic adakite-like quartz monzon-
ites are due to varying degrees of mixing between lower-crustal melts and shoshonitic mafic melts, probably in the upper crust. The thickness
of the crust beneath westernYunnan (�55 km) is from Zhao et al. (2003).
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The 2000 km long Eocene potassic magmatic belt across

the Qiangtang Terrane and Yangtze Craton is coincident

with the Late Triassic translithospheric Jinsha suture

(Fig. 1). This spatial distribution of the potassic magmatic

suites suggests that the translithospheric structure may

have been the focus of lithospheric overthickening during

development of the Asian^Indian orogen since 55 Ma,

and is now the upper-crustal expression of the locus of re-

moval of the CLM. These lithospheric boundaries and

structures may have provided first-order control on the lo-

calization of the post-collisional intracontinental magma-

tism (Begg et al., 2009).

CONCLUSIONS

(1) Spatially related, coeval potassic adakite-like and

shoshonitic felsic intrusions occur in the western

Yunnan province of SW China, recognized on the

basis of field relationships and their major and trace

element compositions. The shoshonitic syenites and

quartz monzonites are characterized by high K2O

contents (4·9^6·8wt %) and K2O/Na2O ratios (1·1^

1·7), enrichment in LREE and LILE, and depletion

in Nb, Ta, Ti and P. The potassic adakite-like granites

and quartz monzonites are both characterized by

high Sr (328^1423 ppm), Sr/Y (38^243) and La/Yb

(23^62) values, and lowYandYb contents.

(2) The shoshonitic syenites and quartz monzonites have

the same Sr^Nd^Pb isotope compositions as the

shoshonitic mafic magma suite. They define linear

trends on Harker variation diagrams, and have simi-

lar REE and trace-element patterns to the shoshonitic

mafic magmas, suggesting a comagmatic origin.

These observations suggest that the shoshonitic syen-

ites and quartz monzonites originated by fractional

crystallization of shoshonitic mafic melts derived

from metasomatized lithospheric mantle with varying

degrees of olivine, clinopyroxene and feldspar frac-

tionation. The shoshonitic syenites and quartz mon-

zonites have higher zircon d18O values (6·26^7·05ø)

than the mantle, which suggests some 18O enrichment

from earlier subduction-related metasomatic enrich-

ment of the CLM source.

(3) The potassic adakite-like granites have Sr^Nd^Pb

isotopic compositions that overlap those of lower-

crustal amphibolites. They have low Mg# and

MgO, Ni and Cr contents, abundant inherited zir-

cons, juvenile zircon "Hf (0^5·5) and mantle-like

d18O (4·78^6·25ø) values.The granites were probably

derived from partial melting of a thickened, potassic,

mafic lower crust with minor input from an older ig-

neous felsic component.

(4) The potassic adakite-like quartz monzonites contain

abundant mafic microgranular enclaves (MMEs),

and have transitional major and trace element charac-

teristics between the adakite-like granites and the

shoshonitic mafic magmas. The quartz monzonites

generally have higher Mg# and MgO, Ni and Cr

contents than the thick lower crust derived

adakite-like rocks. They have no inherited zircons

and display uniform zircon "Hf and d18O values. It is

suggested that they were derived by variable degrees

of mixing between lower-crustal melts and shoshonitic

mafic magmas.

(5) Collectively, the geochemical, Sr^Nd^Pb isotope and

zircon Hf^O isotope signatures are consistent with

both the shoshonitic and potassic adakite-like suites

being associated with removal of the lower CLM and

upwelling of asthenosphere in westernYunnan, which

induced partial melting of the residual metasomatized

lithospheric mantle as well as the thickened potassic

mafic lower crust.
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