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Abstract

Adakite is an intermediate to felsic rock with low K, high Al, Na and Sr, and depleted in Y and HREE, usually
occurring in arc settings related to subduction of an oceanic slab. Here we report the occurrence of potassic adakites
from south Tibet in an orogenic belt produced by the Indo^Asian continent collision. These adakitic intrusives, as a
product of Neogene east^west extension, occur in a Miocene Cu-bearing porphyry belt, which developed along the
Gangdese arc paralleling the Yarlung^Zangbo suture, but is locally controlled by NS-striking normal faulting systems.
Available age data define a duration of magmatism of 10^18 Ma for the adakitic intrusives and related extrusive
analogues in south Tibet, which occur in a post-collisional extensional setting. Geochemical data indicate that these
adakitic intrusives are shoshonitic and exhibit calc-alkaline composition with high K, and high Sr/Y and La/Y
coupled with low Y and HREE, similar to adakites derived from slab melting. However, a wide range for ONdðtÞ
(36.18 to +5.52), initial 87Sr/86Sr (0.7049^0.7079), 207Pb/204Pb (15.502^15.626), and 208Pb/204Pb (38.389^38.960), as
well as high K2O contents (2.6^8.6 wt%) and relatively high Mg# values (0.32^0.74) indicate that these adakitic
magmas were formed by a complex mechanism involving partial melting of mafic materials in a thickened lower crust
with input of enriched mantle and/or upper crust components. Absence of a negative Eu anomaly, extreme depletion
in Y, Nb and Ti, and variable high Sr/Y and La/Yb ratios suggest that the lower crustal source is probably a hydrous
amphibole eclogite or garnet amphibolite, as exhumed in the western and eastern Himalayan syntaxes on the Tibetan
plateau. Partial melting of the lower crust was most likely triggered by mantle-derived ultra-potassic magmatism (17^
25 Ma) formed by slab breakoff or mantle thinning. During the formation and migration of pristine adakitic melts,
additional input of ultra-potassic magmas and upper crustal materials could account for the observed ONd^OSr
signatures and high Rb/Sr, K and Mg# characteristics for most of the adakitic intrusives in south Tibet.
C 2004 Published by Elsevier B.V.
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1. Introduction

Defant and Drummond [1,2] published signi¢-
cant works on adakite, a special rock with com-
position characterized by low K, high Al, Na and
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Sr, and depleted in Y and heavy rare earth ele-
ments (HREE). Their research has received wide-
spread attention because of its contribution to the
understanding of crust^mantle interactions, geo-
dynamic regimes and evaluation of mineral re-
source potential in convergent margins. Many
models for adakite generation have been pro-
posed, such as partial melting of the oceanic
slab related to incipient subduction [1^4] or £at
subduction [5,6], partial melting of basaltic lower
crust [7^11], and assimilation^fractional crystalli-
zation (AFC) processes [12]. Experimental studies
have also shown that basaltic materials can melt
to produce an adakitic melt at pressures equiva-
lent to a crustal thickness of s 40 km [13]. Most
of the Na-rich adakites in subduction zones,
whether their source is slab or lower crust, have
been widely investigated, whereas the occurrence
of potassic adakitic rocks in continental collision
environments is poorly understood.
In the Tibetan^Himalayan orogen, we recently

discovered many potassic magma intrusions com-
prising a Miocene Cu-bearing porphyry belt
[14,15], which developed on the Gangdese arc in
southern Tibet (Fig. 1). These intrusive rocks
show a geochemical a⁄nity with adakite [16,17].
This paper presents new data on the geology and
geochemistry of these adakitic intrusive groups,
and combined with previous data on Miocene po-
tassic and ultra-potassic volcanic rocks in south
Tibet, discusses their origin and signi¢cance for
geodynamic processes.

2. Geological setting

A characteristic feature of the Neogene tecton-
ism and magmatism in south Tibet is an east^west
extension that formed NS-striking normal faulting
systems and an associated 1500 km long, post-
collisional potassic^ultra-potassic magmatic belt.
This belt formed during the Miocene and runs
parallel to the Yarlung^Zangbo suture [15,18^
20] in south Tibet (Fig. 1a). It connects westward
to the Neogene potassic magmatic belt in the
South Karakorum [21], and is bounded in the
east by a large-scale strike-slip belt and NW-di-
rected Paleocene potassic magmatic belt in eastern

Tibet [22,23]. The Miocene potassic magmatic belt
de¢nes a later, signi¢cant thermal event distinct
from the oceanic slab subduction-related magma-
tisms, which terminated around 40 Ma.
The Gangdese adakitic intrusives within the po-

tassic magmatic belt were developed on the
Gangdese arc batholiths, and resulted from the
northward subduction of the Neotethyan ocean
plate during the Cretaceous [24]. These intrusives
constitute an east^west-trending 350 km long
porphyry belt in the Lhasa terrane (Fig. 1b).
Although the terrane was shortened by about
180 km as a result of the Qiangtang^Lhasa ter-
rane collision during the Jurassic^Cretaceous [25],
several tectonic units, i.e., the Indus^Yarlung^
Zangbo suture, the Xigaze fore-arc basin [26],
and the Gangdese arc granite batholiths [27], are
well preserved along the southern margin of the
terrane (Fig. 1b). The Gangdese batholiths have a
long duration (120^30 Ma) of magmatism, with
activity peaking at 110^70 Ma and 55^45 Ma [28].
These timings correspond to that of large-scale
subduction of Neotethyan oceanic slab [27] and
of the strong collision between the Indian and
Asian continents (50^55 Ma), respectively. North-
ward thrusting followed the syn-collisional mag-
matism to form the Gangdese central thrust zone
at 30^24 Ma [29] and to cause the exhumation of
granitic batholiths. A general cooling of the bath-
oliths at around 21 Ma [30] suggests that the rap-
id rise of the Gangdese arc took place at this time
(s 2 mm/yr; [30,31]). A series of NS-striking nor-
mal faulting systems, resulting from the east^west
extension, were developed across the Lhasa ter-
rane (Fig. 1a). Available age data suggest the nor-
mal faulting occurred before 13.5^14 Ma [33,34],
however, recent 40Ar/39Ar dates on the NS-trend-
ing ultra-potassic dykes (13^18 Ma [20,32]) indi-
cate that the initial east^west stretching probably
took place at approximately 18 Ma [20].
The Gangdese adakitic rocks intruded the gran-

itic batholiths and meta-sedimentary formations
and occur as stocks 6 1 km2 in an east^west-
trending porphyry belt. However, some of them
locally appear as small-volume intrusive groups,
which cluster within the graben basins and trend
for 50 km along the NS-striking normal faulting
systems (Fig. 1b). This suggests the control of
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normal faulting due to east^west extension related
to the localization of the adakitic magmatism in
south Tibet. Corresponding eruptive facies of the
adakitic intrusives have also been observed in the
Maquiang [19] and Gazacun [35], V100 km west
of Lhasa, in the S Gegar and SE Barga [18], and
in the western part of the Gangdese arc (Fig. 1).
These potassic calc-alkaline lavas were also con-
trolled by the NS-striking normal fault systems,
and were spatially associated with the Miocene
ultra-potassic volcanic rocks in southern Tibet
[18].

3. Age results

The Gangdese adakitic intrusives and corre-
sponding extrusive rocks have been dated by var-

ious isotopic methods. In order to obtain an ac-
curate age of the adakitic intrusives, three samples
from Qulong and Chongjiang were dated using
single zircon U^Pb dating by the SHRIMP II at
the Chinese Academy of Geological Science (Bei-
jing).
Zircons separated from these adakitic intrusives

were documented with transmitted and re£ected
light micrographs and back-scattered electron im-
ages, and the mount was vacuum-coated with a
500 nm layer of high-purity gold. Operating and
data processing procedures follow those estab-
lished in RSES, Australian National University.
Transmission electron microscopy (TEM) stan-
dard zircon with 206Pb/238U=0.0668 at 417 Ma
was used for measurements of U^Th abundance
and U^Pb^Th isotopic ratios. The uncertainties of
individual analyses are reported at the 1c level

Fig. 1. Simpli¢ed tectonic framework of the Himalayan^Tibetan orogen (a) and sketch map of the Gangdese adakitic intrusive
belt in south Tibet (b). Panel a shows that NS-striking normal faulting systems controlled the localization of the Miocene ada-
kitic extrusive rocks [18,19,20]. Panel b shows the adakitic intrusive groups intruded the Gangdese arc batholiths in south Tibet.
Sample sites: 1-Jiama; 2-Qulong; 3-Lakang’e; 4-Nanmu; 5-Tinggong (Nimu); 6-Chongjiang (Nimu); 7-Dongga.
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Table 1
SHRIMP U^Pb dating data of zircon from adakitic intrusives in south Tibet

Sample U Th Th/U 206Pb* 232Th/238U 207Pb*/235U 206Pb/238U Error
correlation

206Pb/238U
(ppm) (ppm) (ppm) ( V 1c) ( V 1c) (Ma, 1c)

Qulong adakitic intrusives
QZK001-1.1 2088 1174 0.56 5.54 0.58 0.0201V 0.0032 0.00294V 0.00005 0.103 18.95V 0.32
QZK001-3.1 379 263 0.69 0.99 0.72 0.00260V 0.00019 16.70V 1.20
QZK001-4.1 509 241 0.47 1.26 0.49 0.00238V 0.00011 15.32V 0.72
QZK001-5.1 468 223 0.48 1.26 0.49 0.0260V 0.0125 0.00282V 0.00012 0.091 18.17V 079
QZK001-6.1 770 1028 1.34 1.89 1.38 0.00268V 0.00007 17.26V 0.45
QZK001-8.1 427 620 1.45 1.01 1.50 0.0134V 0.0054 0.00264V 0.00007 0.066 16.96V 0.44
QZK001-7.1 312 170 0.54 0.82 0.56 0.00244V 0.00023 15.70V 1.50
QZK001-9.1 532 855 1.61 1.34 1.66 0.00247V 0.00012 15.91V 0.76
QZK001-10.1 297 155 0.52 0.87 0.54 0.00266V 0.00019 17.10V 1.20
QZK001-11.1 203 76 0.37 0.62 0.38 0.00262V 0.00026 16.90V 1.00
QZK001-12.1 262 303 1.16 0.74 1.19 0.0620V 0.0155 0.00279V 0.00016 0.233 18.00V 1.00
QZK001-12.2 763 1377 1.80 1.88 1.87 0.3160V 0.0853 0.00269V 0.00016 0.118 17.33V 0.54
Weighted mean of 12 points (2c) 17.68V 0.74
Chongjiang adakitic intrusives
CZK051-26-1.1 438 331 0.76 1.01 0.78 0.00223V 0.00016 14.30V 1.00
CZK051-26-2.1 505 523 1.04 1.25 1.07 0.0420V 0.0105 0.00274V 0.00010 0.151 17.62V 0.66
CZK051-26-3.1 448 331 0.74 1.09 0.76 0.02380V 0.00131 15.34V 0.85
CZK051-26-5.1 840 1519 1.81 1.86 1.87 0.1710V 0.0731 0.00235V 0.00007 0.067 15.12V 0.45
CZK051-26-6.1 253 153 0.60 0.61 0.63 0.0350V 0.0133 0.00230V 0.00013 0.149 14.80V 0.84
CZK051-26-7.1 974 1110 1.14 2.16 1.18 0.2120V 0.0657 0.00241V 0.00007 0.094 15.54V 0.46
CZK051-26-8.1 605 640 1.06 1.33 1.03 0.0164V 0.0100 0.00230V 0.00010 0.070 15.79V 0.63
CZK051-26-9.1 592 439 0.74 1.43 0.77 0.00223V 0.00013 14.38V 0.86
CZK051-26-10.1 718 1090 1.52 1.70 1.57 0.0307V 0.0077 0.00257V 0.00007 0.115 16.51V 0.48
CZK051-26-11.1 491 409 0.83 1.17 0.86 0.00224V 0.00014 14.42V 0.89
CZK051-26-13.1 643 734 1.14 1.43 1.18 0.0267V 0.0067 0.00245V 0.00007 0.111 15.74V 0.44
CZK051-26-14.1 484 311 0.64 1.08 0.66 0.0217V 0.0080 0.00239V 0.00008 0.096 15.36V 0.54
CZK051-26-15.1 554 542 0.98 1.33 1.01 0.00257V 0.00011 0.433 16.55V 0.67
Weighted mean of 13 points (2c) 15.60V 0.52
Chongjiang adakitic intrusives
CZK051-470-2.1 4365 9351 2.14 9.90 2.21 0.0175V 0.0009 0.00262V 0.00006 0.442 16.84V 0.41
CZK051-470-3.1 1018 807 0.79 2.03 0.82 0.0275V 0.0025 0.00232V 0.00008 0.336 14.91V 0.49
CZK051-470-4.1 786 395 0.50 1.47 0.52 0.0212V 0.0066 0.00202V 0.00008 0.135 13.02V 0.54
CZK051-470-6.1 266 215 0.81 0.65 0.83 0.0688V 0.0056 0.00286V 0.00012 0.531 18.38V 0.79
CZK051-470-7.1 981 1072 1.09 1.84 1.13 0.0160V 0.0040 0.00210V 0.00006 0.131 13.49V 0.44
CZK051-470-9.1 869 939 1.08 1.84 1.12 0.0184V 0.0040 0.00238V 0.00010 0.187 15.33V 0.63
CZK051-470-11.1 999 874 1.95 0.90 0.0188V 0.0058 0.00215V 0.00010 0.151 13.81V 0.64
CZK051-470-12.1 461 256 1.00 0.57 0.0401V 0.0076 0.00236V 0.00009 0.202 15.18V 057
CZK051-470-13.1 475 1025 1.18 2.23 0.00254V 0.00014 16.36V 0.89
CZK051-470-14.1 625 609 1.01 1.32 0.01 36V 0.0087 0.00227V 0.00010 0.068 14.61V 0.63
CZK051-470-15.1 1251 1793 2.40 1.48 0.0268V 0.0064 0.00215V 0.00007 0.140 13.82V 0.46
CZK051-470-16.1 862 1137 1.70 1.36 0.0526V 0.0028 0.00230V 0.00006 0.506 14.78V 0.40
CZK051-470-17.1 559 490 1.24 0.90 0.00213V 0.00013 13.74V 0.86
CZK051-470-18.1 491 322 1.06 0.68 0.0143V 0.0074 0.00223V 0.00009 0.080 14.36V 0.59
CZK051-470-19.1 477 220 0.99 0.48 0. 0340V 0.0136 0.00224V 0.00013 0.146 14.42V 0.85
CZK051-470-23.1 421 337 1.01 0.83 0.0230V 0.0166 0.00242V 0.00015 0.084 15.60V 0.94
Weighted mean of 16 points (2c) 14.54V 0.65

U^Pb dating was conducted at the Chinese Academy of Geological Science (Beijing) using SHRIMP II. The uncertainties of indi-
vidual analyses are reported at the 1c level. The mean dates for 206Pb/238U analyses are used to indicate crystallization age of
adakitic magmas, with 95% con¢dence interval (2c). Operating and data processing procedures follow those established in RSES,
Australian National University. Standard material for measurements of U^Th abundance and U^Pb^Th isotopic ratios of ana-
lyzed samples is TEM standard zircon with 206Pb/238U=0.0668 at 417 Ma. The mass resolution used for determining Pb/U and
Pb/Pb isotopic ratios is about 5000. Common 206Pb was corrected using non-radiogenic 204Pb. Pb* is radiogenic Pb.
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(Table 1). The mean dates for 206Pb/238U analyses
are used to indicate crystallization age of adakitic
magmas, with 95% con¢dence interval (2c). The
single zircon from the Qulong adakitic rock
yielded a weighted mean 206Pb/238U age of
17.58 V 0.74 Ma (2c). Monzonitic granite^por-
phyry and diorite^porphyrite at Chongjiang
have a single zircon SHRIMP age of 15.60 V
0.52 and 14.54V 0.65 Ma, respectively (Table 1;
Fig. 2). Biotite and plagioclase separates from
Chongjiang adakitic intrusive yielded 40Ar/39Ar
plateau ages ranging between 13.5 V 1.0 and
12.2 V 0.1 Ma (2c) [37], which are slightly lower
than the zircon U^Pb age, but similar to the bulk
rock K^Ar age [35], whereas such separates from
Lakang’e adakitic intrusive have consistent pla-
teau ages ranging between 13.4 V 0.1 and 12.5 V
1.3 Ma (Table 2). These ages are generally con-
sistent with bulk rock K^Ar ages (16.5^13.4 Ma)
for eight fresh adakitic samples from various sites
[36], suggesting a cooling duration for these ada-
kitic intrusives to 12^18 Ma, peaking at 16 Ma.
A similar 40Ar/39Ar age range has also been

reported for the corresponding potassic calc-alka-
line lavas, e.g., in the S Gegar and SE Barga
(16.2^17.7 Ma [19]), at Maquiang (10^16 Ma
[27]) and Gazacun (12.0^13.6 Ma [35]) in south
Tibet (Table 2). These available data de¢ne a du-
ration of 10^18 Ma for the adakitic magmatism,
which is coincident with that of NS-trending ul-
tra-potassic dykes (13^18 Ma), but is later than
that of the ultra-potassic volcanism (17^25 Ma) in
south Tibet [18,19].
Fig. 3 summarizes major tectonic and magmatic

6

Fig. 2. SHRIMP U^Pb ages of zircons from adakitic intru-
sives in south Tibet. Quartz monzogranite porphyry at Qu-
long yielded a mean 206Pb/238U age of 17.68V 0.74 Ma (2c)
in panel a, in which eight other spots (QZK001-2.1, -3.1,
-4.1, -6.1, -7.1, -9.1, -10.1 and -11.1) are not shown. Monzo-
granite porphyry at Chongjiang gave a mean 206Pb/238U age
of 15.60V 0.52 Ma (2c) in panel b, in which ¢ve spots
(CZK051-26-1.1, -3.1, -9.1, -11.1 and -15.1) are not shown.
Simple zircon from diorite porphyrite at Chongjiang yielded
three groups of 206Pb/238U ages (31.0V 0.7^41.6V 1.2 Ma;
18.4V 0.8^23.2V 3.3 Ma; 13.0V 0.5^16.8 V 0.4 Ma), the last
group gives a mean 206Pb/238U age of 14.54V 0.65 Ma (16
spots), indicating the magmatic age.
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events in south Tibet. It seems that the adakitic
magmatisms accompanied the east^west exten-
sion, and followed the exhumation of the Gangd-
ese batholiths at 18^21 Ma [38] and the molasses
deposition at 19^20 Ma [31] in south Tibet. These
adakitic intrusives formed in a post-collisional,
crustal extension environment.

4. Geochemistry and Sr^Nd^Pb isotopic
systematics

The dominant lithologies in the adakitic intru-
sives are mega-porphyritic monzogranite, quartz
monzogranite and quartz diorite, withV40% mo-
dal phenocrystic plagioclase, subordinate quartz,
hornblende, and sanidine. They are geochemically
shoshonitic, and/or potassic calc-alkaline, similar

Table 2
Summary of age data for adakitic intrusives and associated volcanic rocks in south Tibet

Location Rock type Phase dated Method Age Data source
(Ma)

Adakitic intrusives
East Jiama Granitic porphyry Bulk rock K^Ar 15.9V 0.6 [36]
1. Jiama Granitic porphyry Bulk rock K^Ar 15.9V 0.5 [36]

Bulk rock K^Ar 14.9V 0.4 [36]
Bulk rock K^Ar 13.4V 0.6 [36]

2. Qulong Monzonitic granite^porphyry Zircon U^Pb 17.6V 0.7 This study
3. Lakang’e Quartz monzonitic porphyry Biotite 40Ar/39Ar 13.4V 0.1 [37]

Plagioclase 40Ar/39Ar 12.5V 1.3 [37]
4. Nanmu Monzonitic granite^porphyry Bulk rock K^Ar 16.0V 0.5 [36]
5. Chongjiang Monzonitic granite^porphyry Zircon U^Pb 15.6V 0.5 This study

Diorite porphyrite Zircon U^Pb 14.5V 0.7 This study
Monzonitic granite^porphyry Biotite 40Ar/39Ar 13.5V 1.0 [37]

Plagioclase 40Ar/39Ar 12.2V 0.1 [37]
Bulk rock K^Ar 12.2V 1.6 [35]

6. Tinggong Monzonitic granite^porphyry Bulk rock K^Ar 16.5V 0.8 [36]
Adakitic lavas
Maquiang Ignimbrite Hornblende 40Ar/39Ar 15.8V 0.8 [27]

Biotite 40Ar/39Ar 14.2V 0.2 [27]
Plagioclase 40Ar/39Ar 12.9V 0.3 [27]
Biotite 40Ar/39Ar 10.5V 0.4 [27]
Biotite 40Ar/39Ar 10.1V 0.2 [27]

Gazacun Ignimbrite Biotite 40Ar/39Ar 13.63 [35]
Biotite 40Ar/39Ar 12.00 [35]

S Gegar Dacite, rhyolite Plagioclase 40Ar/39Ar 16.2V 1.1 [19]
Biotite 40Ar/39Ar 17.7V 0.9 [19]

SE Barga Dacite, rhyolite Biotite 40Ar/39Ar 16.7V 0.2 [19]
Biotite 40Ar/39Ar 17.0V 0.2 [19]
Plagioclase 40Ar/39Ar 17.0V 2.0 [19]

Sites of analyzed adakitic intrusives are shown in Fig. 1b.

Fig. 3. Age data of adakitic intrusives and age ranges of ma-
jor tectonic-magmatic events in south Tibet. Age data for
adakitic intrusive and extrusive rocks from [19,23,35^37], age
range for other tectonic-magmatic events from [18^20,31,38].
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to associated potassic calc-alkaline lavas in south
Tibet (Fig. 4a; Table 3). All rock types have high
silica (SiO2s 64%) and aluminum (Al2O3s 15%
at SiO2 = 70%), but show a range of K2O content
(2.6^8.7%), which is higher than that of adakites
produced from slab melting [1]. They usually have
relatively high MgO contents (0.6^1.9%; SiO2s
64%) and Mg# values (molar [Mg/Mg+Fe] ; 0.32^
0.74), most of which are more than 0.44, similar
to those of adakites from slab melting, but higher
than those of the Archean tonalite^trondhjemite^
diorite (TTD) [2].
The Gangdese adakitic intrusives are enriched

in large ion incompatible elements (Sr: up to 903

ppm; Rb: 41^494 ppm; Ba: 555^1242 ppm), and
strongly depleted in high ¢eld strength elements
(Nb, Ta, Ti), generally showing geochemical fea-
tures similar to potassic [19] and ultra-potassic
lavas [18] erupted since 25 Ma in south Tibet
(Fig. 4b). In addition, they have low HREE and
Y contents (Yb: 0.94^1.92 ppm; Y: 10.56^19.31
ppm), thus resulting in high Sr/Y and La/Yb val-
ues, similar to typical adakites from slab melting
(Fig. 4c) [1] and experimental results on partial
melting of hydrous basalt in the garnet stability
¢eld (Fig. 4d) [1]. Associated Miocene potassic
calc-alkaline lavas in south Tibet [18,19] have geo-
chemical characteristics similar to the Gangdese

Fig. 4. (a) K2O^SiO2 plot of the adakitic intrusives from Gangdese porphyry Cu belts showing they are high-K calc-alkaline and
shoshonitic. (b) Normalized abundance patterns of trace elements by N-MORB [58] for the adakitic intrusives. (c) Sr/Y plotted
against Y of the porphyries indicating that porphyries from the belt, though having di¡erent Y abundances possibly related to
composition of the eclogite source, are di¡erent from normal arc volcanic rocks and plutons and show adakite magmatic a⁄nity
[1]. (d) (La/Yb)N versus YbN diagram for the adakitic intrusives [1]
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Table 3
Major and trace element analysis of representative adakitic intrusive samples in south Tibet
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Table 3 (Continued).

All analyses were done at the Rock and Mineral Analytical Center, Hubei Geological Bureau (Wuhan). Major elements were analyzed by wet chemistry and XRF,
trace elements and REE were analyzed by ICP-AES. Element Ta was determined by ICP-MS at the Geoanalytical Center of Nuclear Industry (Beijing). The rou-
tine analytical precision and accuracy for most elements measured are estimated to be 6 5%. Mg#=100 Mg2þ/(Mg2þ+Fe2þ).

E
P
SL

6980
4-3-04

Z
.-Q

.
H
ou

et
al./E

arth
and

P
lanetary

S
cience

L
etters

220
(2004)

139^155
147



adakitic intrusives, and also show a magmatic af-
¢nity with adakite (see Fig. 4) [39^41].
The Nd and Sr isotopic compositions of the

Gangdese adakitic intrusives are characterized
by a wide range of ONdðtÞ of 5.52 to 36.18 and
(87Sr/86Sr)i of 0.7050 to 0.7075 (Table 4; Fig.
5a). The low ONdðtÞ and high (87Sr/86Sr)i features
of some of the intrusives obviously distinguish
them from adakites derived from partial melting
of subducted oceanic slab (MORB), such as those
from Cook Island [40], Adak Island [7] and Cerro
Pampa [41] ; they generally coincide with the
adakitic plutons in the Cordillera Blanca, which
were regarded to be derived from partial melting
of the lower crust [18]. Compared with the ada-
kitic intrusives, potassic calc-alkaline lavas in
the S Gegar have a lower ONdðtÞ (37.1 to 39.5)
and higher (87Sr/86Sr)i (0.70903^0.70967), whereas
Mayuiyang lavas have a similar Nd^Sr isotopic
variation (Fig. 5b). All adakitic intrusives in south
Tibet vary between the Yarlung^Zangbo MORB
[42] and the Miocene ultra-potassic lavas [18], and
fall to the right side of the mixing line between
the lower crust (see [18]) and Yarlung^Zangbo
MORB (asthenosphere materials) on the ONdðtÞ
versus (87Sr/86Sr)i diagram (Fig. 5a).
Pb isotopes of the adakitic intrusives are char-

acterized by a wide range of 207Pb/204Pb (15.502^
15.626) and 208Pb/204Pb (38.389^38.960) at rela-
tively invariant 206Pb/204Pb (Table 4), forming
near-vertical arrays that lie above the northern
hemisphere reference line and to the right of the
geochron (Fig. 5b). The ends of the arrays point
toward modern MORB and the Miocene ultra-
potassic lavas, and away from the Yarlung^Zang-
bo MORBs [42] on the 207Pb/204Pb versus 206Pb/
204Pb diagram (Fig. 5b). The adakitic intrusives
have similar 206Pb/204Pb, but higher 207Pb/204Pb
than adakites derived from slab melting [7,40,
41], suggesting enrichment of radiogenic 207Pb
for some of the adakitic intrusives.

C

Fig. 5. 87Sr/86Sr versus 143Nd/144Nd diagram (a) and 207Pb/
204Pb versus 206Pb/204Pb diagram (b) showing the isotopic
signatures for the Miocene adakitic intrusives and related po-
tassic calc-alkaline lavas in the south Tibet. Data for lavas
from the Gangdese and northern Tibet are from [18] and
[19]. In panel a, lower crustal materials in south Tibet are
represented by the garnet^amphibolite at Kamila from the
western Himalayan syntaxis [47], garnet granulites at
Namche Barwa from the eastern Himalayan syntaxis [49],
and gabbro xenoliths in the ultra-potassic lavas from the
western segment of the Gangdese [18]. Most adakitic intru-
sives in southern Tibet are in the ¢eld, de¢ned by mixing
lines between the depleted mantle and lower crust (87Sr/
86Sr = 0.7100; 143Nd/144Nd= 0.5115) and between the depleted
mantle and enriched mantle (EMII) or the Miocene ultra-po-
tassic lavas in south Tibet [18]. Data for adakitic intrusives
from E China [11] and Cordillera Blanca [8] and orthogneiss
at Amdo (crustal material) [18] were plotted for comparison.
Data for adakites, derived from an oceanic slab, on the
Adak Island, Cook Island and Cerro Pampa are from [7],
[40] and [41], respectively. DMM, HIMU and EMII repre-
sent three types of mantle end-members [59].
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5. Discussion

5.1. Genesis of the Gangdese adakitic intrusives

Partial melting of subducted oceanic slab is
widely regarded as the most internally consistent
model for adakite generation, because the geo-
chemical signatures of adakite suggest a basaltic
source transformed to garnet amphibolite and
amphibole eclogite [1^6]. Other petrogenetic mod-
els, such as AFC processes [12] and lower crust
melting [8^11], have also been proposed. Castillo
[12] emphasized that the AFC processes involving
basaltic magma could produce an evolved rock
with adakitic composition. However, similar pro-
cesses seem unlikely to have led to the formation
of the Gangdese adakitic intrusives because coex-
isting Miocene potassic or ultra-potassic ma¢c

and intermediate lavas in south Tibet have much
lower ONdðtÞ (6312), higher (87Sr/86Sr)i (v 0.7150)
(Fig. 5) and higher K2O contents [18]. Moreover,
ma¢c and/or intermediate lavas parental to ada-
kitic intrusives have not been observed in south
Tibet.
The highly enriched N-MORB normalized

abundance patterns of trace elements for Gangd-
ese adakitic intrusives (Fig. 4b) suggest the exis-
tence of garnet as a residue in the mantle source
beneath south Tibet [1,2,43]. The enrichment of Sr
and the absence of signi¢cant Eu anomalies indi-
cate that the source was plagioclase-free. The ele-
ment Nb exhibits a tendency to be hosted in am-
phibole, being at equilibrium with 60^70% SiO2

melt during partial melting [44], and the element
Ti would be hosted in rutile under hydrous mantle
conditions [45]. However, both elements are

Table 4
Sr^Nd^Pb isotopic compositions of the adakitic intrusives in south Tibet

Location Sample
87Rb
86Sr

87Sr/86Sr
87Sr
86Sr

� �
i

147Sm
144Nd

143Nd/144Nd
143Nd
144Nd

� �
i
ONdðtÞ

207Pb/204Pb 208Pb/204Pb 206Pb/204Pb

Jiama Jm-16 4.206 0.707920V 14 0.7069 0.09424 0.512559V 10 0.51254 31.502 15.626V 0.008 18.628V 0.009 38.930V 0.020
Jm-23 4.791 0.707360V 13 0.7062 0.09189 0.512565V 7 0.51255 31.307
Jmy-01 2.238 0.707358V 11 0.7068 0.09115 0.512511V 6 0.51250 32.282 15.620V 0.008 18.639V 0.010 38.924V 0.020
Jmy-04 4.403 0.707536V 12 0.7065 0.09272 0.512313V 10 0.51230 36.183 15.618V 0.007 18.661V 0.008 38.960V 0.018
Jmy-07 2.598 0.707029V 10 0.7064 0.07715 0.512517V 8 0.51251 32.088 15.602V 0.006 18.599V 0.007 38.872V 0.016

Lakang’e Dzl-07 2.031 0.705201V 10 0.7047 0.09498 0.512733V 6 0.51272 2.010
Dzl-06 0.440 0.705163V 12 0.7050 0.09825 0.512680V 7 0.51266 0.839 15.582V 0.009 18.469V 0.011 38.587V 0.023
Dzl-05 0.390 0.705146V 12 0.7050 0.09520 0.512728V 6 0.51271 1.814 15.502V 0.011 18.369V 0.013 38.389V 0.027
Dzl-01 1.030 0.705444V 10 0.7052 0.09987 0.512662V 9 0.51265 0.644 15.535V 0.010 18.409V 0.012 38.478V 0.026

Nanmu Nmy-07 0.760 0.705044V 12 0.7048 0.10290 0.512920V 10 0.51290 5.520 15.552V 0.009 18.381V 0.010 38.872V 0.016
Nmy-04 0.561 0.705275V 10 0.7051 0.09606 0.51274V 12 0.51273 2.204 15.516V 0.006 18.227V 0.007 38.960V 0.018
PI-18 0.299 0.705064V 12 0.7049 0.09453 0.512716V 8 0.51270 1.619 15.593V 0.017 18.423V 0.020 38.567V 0.043
PI-28 0.622 0.705316V 10 0.7051 0.09260 0.512651V 8 0.51264 0.488 15.612V 0.013 18.432V 0.015 38.648V 0.031
Ng-16 0.194 0.705126V 12 0.7050 0.08179 0.512459V 8 0.51245 33.250 15.575V 0.015 18.408V 0.017 38.546V 0.036
Ng-18 0.236 0.704907V 12 0.7048 0.09399 0.512702V 8 0.51269 1.424 15.586V 0.009 18.424V 0.011 38.520V 0.022

Nimu Cj-02 5.849 0.706424V 9 0.7050 0.09176 0.512679V 8 0.51266 0.892 15.606V 0.008 18.475V 0.009 38.721V 0.019
Cj-20 1.586 0.705598V 16 0.7052 0.09698 0.512529V 8 0.51250 32.320 15.575V 0.014 18.447V 0.017 38.561V 0.036
Cj-22 0.760 0.705746V 10 0.7051 0.09519 0.512568V 8 0.51255 31.300 15.563V 0.017 18.423V 0.020 38.543V 0.043
Nt-03 0.566 0.705558V 13 0.7054 0.11000 0.512630V 8 0.51261 30.130 15.567V 0.016 18.408V 0.019 38.609V 0.040
Nt-08 0.598 0.705802V 14 0.7056 0.09672 0.512529V 6 0.51250 32.300 15.581V 0.006 18.437V 0.007 38.620V 0.014
Nt-10 1.383 0.706255V 10 0.7059 0.09718 0.512563V 10 0.51255 31.300 15.605V 0.010 18.446V 0.011 38.695V 0.024

Sr^Nd isotopic analysis was done at the Isotope Geology Lab, Chinese Academy of Geological Science (Beijing). Sr and Nd iso-
topic measurements were done by MC-ICP-MS (MAT-262). NBS987 ratio of 87Sr/86Sr = 0.71025V 2 (2c), measurement accuracy
of Rb/Sr ratio is better than 0.1%, mass fractionation of Sr isotopes was corrected using 88Sr/86Sr= 8.37521; JpM ratio of
143Nd/144Nd=0.511125V 8 (2c), measurement accuracy of Sm/Nd ratio is better than 0.1%, mass fractionation of Nd isotopes
was corrected using 146Nd/144Nd=0.7219. The initial ONd values and 87Sr/86Sr ratios were calculated at t=16 Ma. Pb isotopic
measurements were done by MAT-261 thermal ionization mass spectrometer at the Geoanalytical Center of Nuclear Industry
(Beijing). The measurements are accurate to better than 0.05% for 204Pb/206Pb and 0.005% for 208Pb/206Pb for 1 Wg Pb. Interna-
tional standard NBS981 yielded the following results: 208Pb/206Pb= 2.162189 with an error of 0.0027%; 207Pb/206Pb=0.913626
with error 0.0059%; and 204Pb/206Pb=0.059201 with error 0.015%.
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strongly depleted in the Gangdese adakitic intru-
sives, which suggests that the source also has re-
sidual rutile and amphibole, and thus is most
probably garnet-bearing, hydrous garnet^amphib-
olite or amphibole eclogite [42]. Extreme deple-
tion in Yb and strong fractionation between
LREE and HREE suggest that the generation of
the adakitic intrusives requires about 10^25% par-
tial melting of the amphibole eclogite or garnet^
amphibolite source in south Tibet [1] (see Fig. 4d).
This garnet-bearing source implies that there are
at least two possibilities for generating the
Gangdese adakitic intrusives, i.e., partial melting
of thickened lower crust or subducted oceanic
slab.
It is expected that the crustal thickening (V70

km) caused by the Asian^Indian continental col-
lision since the Paleocene period will result in the
transformation of basaltic lower crust to garnet^
amphibolite or amphibole eclogite. In fact, such
lower crust materials have been observed in both
the western and eastern Himalayan syntaxes on
the Tibetan plateau [46^50]. In the western syn-
taxis, the Paleocene eclogites and associated gran-
ulite were exhumed at Babusar Pass in northern
Pakistan [47] and at Tso Morari in E Ladakh [48].
Garnet-bearing amphibolites (Kamila amphibo-
lites), interpreted as the basement of the arc,
have also been exhumed in the Kohistan arc,
the westward prolongation of the Gangdese arc
batholith [46]. The Nd, Sr and Pb isotopic com-
positions of the Kamila amphibolites [49] are sim-
ilar to those of MORBs derived from depleted
mantle (Fig. 5). In the eastern syntaxis, garnet
granulite and garnet pyroxenite were exhumed
at Namche Barwa [50], and have 144Nd/143Nd
(0.5125^0.5127) and 87Sr/86Sr (0.7044 and 0.7047)
(L. Ding, personal communication) values similar
to those of adakitic intrusives in the Cordillera
Blanca (Fig. 5a). Moreover, lower crustal gabbro
xenoliths in the Miocene ultra-potassic lavas in
the western segment of the Gangdese arc batho-
lith [18] have a Nd^Sr signature similar to that of
adakitic intrusives in East China, which may be
derived from lower crust [11] (Fig. 5a). Assuming
lower crust has a 87Sr/86Sr ratio of 0.7100 and a
143Nd/144Nd ratio of 0.5115 (see [18]), these avail-
able data indicate that the lower crust samples of

the Tibetan plateau fall on or near a mixing line
between depleted mantle (MORB) and lower crust
on the ONdðtÞ versus (87Sr/86Sr)i diagram (Fig. 5a).
Simple bulk mixing calculations suggest that the
base of lower crust underneath the Tibetan pla-
teau is most probably comprised of asthenospher-
ic materials in various proportions.
Based on the wide ONd^OSr range for the lower

crust in south Tibet, some of the observed Nd^Sr
isotopic variations in the Gangdese adakitic intru-
sives and related extrusive rocks could be inter-
preted as the partial melts of the ma¢c lower
crust, plus additional input from an enriched
mantle or an upper crustal source (see Figs. 4
and 5). Model Nd ages of the Gangdese adakitic
intrusives are signi¢cantly older than the age of
their emplacement, and also suggest crustal ori-
gin.
In order to test the possibility of additional in-

put of both upper crustal and enriched mantle
sources, we plotted all the available data for po-
tassic adakitic rocks in south Tibet on a Rb/Sr
versus La/Ce (Fig. 6a) and a Rb/Sr versus Nb/U
(Fig. 6b) diagram. In both diagrams, the Gang-
dese adakitic intrusives and related lavas show
possible derivation from lower crust melting.
Nb/U and La/Ce ratios are generally unfractio-
nated during partial melting [51], whereas the
Rb/Sr ratio is usually a¡ected by crustal com-
ponents, thus the trend toward low Nb/U and
high La/Ce and high Rb/Sr indicates that upper
crust and/or enriched mantle components were
involved in the generation of the Gangdese ada-
kitic intrusives. Two groups of these adakitic
intrusives can be identi¢ed, as shown in Fig. 6.
One group, dominated by the Jiama intrusives,
is characterized by a high K2O content (4.24^
8.56) and high initial 87Sr/86Sr values (0.7062^
0.7069). Their Rb/Sr ratios are more than 0.56,
higher than that of potassic lavas (13^0.3 Ma)
in northern Tibet, but close to that of the ultra-
potassic lavas in southern Tibet, suggesting crus-
tal contamination (Fig. 6). Another group, includ-
ing most of the adakitic intrusives, usually has
lower Rb/Sr ratios (6 0.50) than those of the ul-
tra-potassic lavas, and varies in the ¢eld between
adakites from the lower crust and ultra-potassic
lavas on the Nb/U versus Rb/Sr diagram (Fig.
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6b), suggesting input of an enriched mantle source
(see Section 5.2).
The other candidate for hydrous amphibole

eclogite or garnet^amphibolite, that could melt
to produce the adakitic intrusives in south Tibet,

is the subducted Neotethyan oceanic slab, repre-
sented by the Yarlung^Zangbo MORBs. These
MORBs have a very limited range of 87Sr/86Sr
(0.70406^0.70446) and 144Nd/143Nd (0.513059^
0.513095) [42], which could not be distinguished
from adakites derived from slab melting, such as
on Cook Island, Adak Island and Cerro Pampa
(Fig. 5a). This implies that partial melting of the
subducted oceanic slab (MORB) can indeed pro-
duce the pristine adakitic melts without additional
input of crustal components. Simple bulk mixing
of pristine adakitic melts with components from
enriched mantle (or ultra-potassic lavas) could ac-
count for the observed Sr^Nd isotopic variations
in the Gangdese adakitic intrusives, except for the
Jiama intrusives, which required additional input
from upper crustal materials. However, several
lines of evidence, detailed in Section 5.2, do not
appear to support this possibility. First, available
data for adakites in the world [2] indicate that
slab melts generally have Rb/Sr ratios ranging
from 0.01 to 0.04, although their Nb/U and La/
Ce ratios show much wider variations due to in-
volvement of £uid from a subducted oceanic slab
[52]. In contrast, adakites in east China derived
from lower crust sources usually have Rb/Sr ra-
tios of s 0.05 (Fig. 6). Thus, the high Rb/Sr ra-
tios (s 0.05) of Gangdese adakitic intrusives re-
quire a large contribution of the lower crust to
generate them. Second, the Yarlung^Zangbo
MORBs have a much lower 206Pb/204Pb (17.63^
17.77) and 207Pb/204Pb (15.4^15.45) than those of
the Gangdese adakitic intrusives; these are incon-
sistent with the binary mixing mentioned above
(Fig. 5b). Third, the Neotethyan oceanic litho-
sphere was subducted northwards before 130
Ma [53]. An oceanic slab of this age seems un-
likely to produce adakitic melts if no additional
heat was involved [3]. Moreover, the Miocene
adakitic magmatism occurred 35^45 Ma after
the Asian^Indian continental collision in south
Tibet, and such a delay would not be expected
whether £at subduction or incipient subduction
of the Neotethyan oceanic slab took place
[1,5,6]. Still, our present limited data cannot en-
tirely rule out the possibility of the Neotethys oce-
anic slab as a source of the adakitic intrusives in
southern Tibet.

Fig. 6. La/Ce versus Rb/Sr (a) and Nb/U versus Rb/Sr dia-
gram (b) for adakitic intrusives and the Miocene potassic
calc-alkaline lavas at Mayuiyang [19] and S Gegar [18]. Ada-
kitic intrusives derived from lower crust are represented by
Anjishan rocks in E China [11] and quartz^diorite and tona-
lite in the Cordillera Blanca [8], respectively. Data for Cook
Island adakite derived from oceanic slab are from [40], Ceno-
zoic adakites (n=140) predominated slab-derived melts, ada-
kite and high Al TTD (n=394) and Archean high Al TTD
(n=174) derived from lower crust are from [2].
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5.2. Interaction between adakitic melt and enriched
mantle

Adakitic magmas, whether derived directly
from partial melting of the subducted oceanic
slab (MORB) or from lower crustal ma¢c rocks,
usually show characteristics of low Mg (or Mg#
value) and high Na rather than high K, as dem-
onstrated by experimental studies [54]. However,
the Gangdese adakitic intrusives, though showing
some features of typical adakites in arc settings
(Fig. 4c,d), have much higher K2O contents
(2.6^8.6 wt%) and Mg# values (0.32^0.74) than
adakites. This implies that the K and Mg#
anomalies in these rocks were probably formed
by processes such as crustal contamination, slab
melt/peridotite interaction, binary melt mixing
etc., expected during the upward migration of
the adakitic melt [9^13].
Crustal contamination could increase K2O

contents in some of the shoshonitic intrusives
(Fig. 4a), as suggested by the high 87Sr/86Sr and
Rb/Sr ratios of the Jiama porphyries (Figs. 4
and 5), but probably cannot account for the ob-
served K2O and Mg# variation in all the intru-
sives. The interaction between adakitic melt and
peridotite is suggested to be a possible mecha-
nism for increasing the Mg# value of adakites
[8,10]. Mixing model calculations using Depaolo’s
method [55] also indicate that the OSr^ONd varia-
tion of the Gangdese adakitic intrusives could
be accounted for by interaction between the en-
riched mantle (EMII) and the Yarlung MORB
(see Fig. 5a). However, the process cannot result
in the increase in the K2O contents of the ada-
kitic melts. An alternative possibility is binary
mixing between pristine adakitic melts and en-
riched mantle-derived melts in variable propor-
tions. Assuming the mantle-derived melt is repre-
sented by coexisting ultra-potassic lavas (17^
25 Ma [18]) with high Mg# (0.59^0.70 [18]), it
is expected that the hybridized melt should
have the ONd^OSr signature and K2O contents
and Mg# values observed in the Gangdese intru-
sives. This mixing hypothesis is further demon-
strated by their near-vertical arrays on the
207Pb/204Pb versus 206Pb/204Pb diagram (Fig. 5b)
and sub-horizontal trends on the Nb/U versus

Rb/Sr diagram (Fig. 6b) for most of the adakitic
intrusives.

5.3. Tectonic implication

Three signi¢cant events characterize the Mio-
cene tectonic and magmatic evolution of south
Tibet (Fig. 3). They are: (1) exhumation of the
Gangdese batholiths and molasse deposition (18^
21 Ma), with associated ultra-potassic and potas-
sic magmatism (17^25 Ma [18]) ; (2) east^west ex-
tension (13.5^18 Ma) that produced NS-trending
normal fault systems [20], which in turn con-
trolled the localization of adakitic magmatism
peaking at 16 Ma; and (3) widespread, small-vol-
ume, potassic volcanism since 13 Ma on the Ti-
betan plateau [19]. The coincident onset of exten-
sional deformation and appearance of potassic
magmatism in south Tibet appears to mark a ma-
jor change in the tectonic regime. Therefore, any
thermal explanation for partial melting of either
the thickened lower crust or dead Neotethyan
oceanic slab to generate the Gangdese adakitic
intrusives must consider these three events.
Radiogenic heating is a possible mechanism for

partial melting of ma¢c materials. However, due
to the low thermal conductivity of thickened
crust, heating caused by thickening will only be
developed on the time scale of the thermal time
constant of the lithosphere (V240 Ma [19]). The
thickening of lithosphere and low degrees of ex-
tension also rule out the possibility of decompres-
sion melting, because the decrease in pressure
only resulted in phase transformation of eclogite
to granulite in the lower crust, as observed in the
eastern Himalayan syntaxis [50]. Another plausi-
ble means of attaining enough heat for melting
within the continental lithosphere is upwelling of
asthenospheric materials by either lithospheric
mantle thinning [18,19] or slab breako¡ of the
Indian plate [21]. Upwelling asthenosphere could
cause partial melting of the enriched mantle to
produce ultra-potassic magmas [20], which then
could pool at the bottom of the lower crust, in
turn triggering melting of the lower crustal source.
Extremely low Vp (6.91 km/s) and Vs (3.98 km/s)
of the lower crustal ma¢c granulites exhumed at
Namche Barwa also suggest that the lower crustal
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materials had been evenly heated and melted
(Z.-M. Jin, personal communication). The input of
components similar to the Miocene ultra-potassic
lavas during generation of the Gangdese adakitic
intrusives, as suggested by the Nd^Sr^Pb isotopic
and trace element data, supports this suggestion.
The convective thinning of lithospheric mantle,

as a mechanism for east^west extension [56,57],
was regarded as the trigger for partial melting of
the Asian mantle and the production of wide-
spread, small-volume, potassic lavas since 13 Ma
on the plateau [19]. However, the Gangdese ada-
kitic intrusives and coexisting ultra-potassic lavas
were restricted in a 1500 km long, narrow belt
along the Yarlung^Zangbo suture. This narrow
‘thermal anomaly’ belt seems to be easily inter-
preted by slab breako¡ of the subducting Indian
plate [21]. According to this model, at V25 Ma,
the breakup of the subducting Indian continental
plate was initiated at a depth of about 70^100 km,
near the bottom of the lower crust in south Tibet.
The hot Indian asthenosphere rose through the
broken slab window, and then induced the melt-
ing of the lithospheric mantle metasomatized by
components of subduction zone to produce ultra-
potassic magmas. These magmas, in turn, mi-
grated upwards and triggered the lower crust
melting. Based on the above analysis, we conclude
that the appearance of the Gangdese adakitic
magmatism marked a signi¢cant change in geo-
dynamic processes from slab breako¡ (25^18
Ma) to convective thinning (18^13 Ma) on the
Tibetan plateau. It seems that upwelling and
northward movement of the asthenosphere
through the broken slab window of the subduct-
ing Indian continental plate triggered and pro-
moted the subcontinental mantle thinning on the
Tibetan plateau.

6. Conclusions

1. Mid-Miocene adakitic intrusives from south
Tibet are the ¢rst example of the occurrence
of adakites formed in continental collision
belts. Close association with mid-Miocene po-
tassic^ultra-potassic lavas and control of NS-

striking normal fault systems on localization of
such magmas in south Tibet indicate that the
collision-type adakite formed in a post-colli-
sional extension environment.

2. These adakitic intrusives are characterized by
relatively high K (K2O: 2.6^8.7%), Mg# (0.32^
0.74), and high (87Sr/86Sr)i (0.7049^0.7079) and
low ONdðtÞ (36.18^+5.52), compared with ada-
kites produced by oceanic slab melting, which
suggests a complex mechanism involving par-
tial melting of ma¢c materials in a thickened
lower crust and the input of enriched mantle
and/or upper crust components.

3. Melting of the thickened lower crust in south
Tibet requires a signi¢cant thermal anomaly,
which was most likely triggered by mantle-
derived Miocene ultra-potassic magmatism
formed by subcontinental mantle thinning or
subducted continental slab breako¡.
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