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Abstract The previously published U-Pb and “°Ar/**Ar ages and our 21 newly-obtained “°Ar/*°Ar
ages suggest that the Cenozoic magmatism in eastern Tibet and Indochina occurred in two epi-
sodes, each with distinctive geochemical signatures, at (40—28) Ma and (16—0) Ma. The older
rocks are localized along the major strike-slip faults such as the Jinsha-Red River fault system and
erupted synchronously with transpression. The younger rocks are widely distributed in rift basins
and coeval with the east-west extension of Tibet and eastern Asia. Combining with their geo-
chemical data, we consider that the earlier magmatic phase was generated by continental subduc-
tion, while the later volcanic phase was caused by decompression melting of a recently meta-
somatically-altered, depleted mantle source. The magmatic gap between the two igneous pulses
represents an important geodynamic transition in the evolution of eastern Tibet, from the proc-
esses controlled mainly by crustal deformation to those largely dominated by mantle tectonics.

Keywords: high-K magmatism, thermochronology, eastern Tibet.

Cenozoic high-K magmatism was vigorously activated in eastern Tibet and controlled by the
Early Tertiary pull-apart basins induced by strike-slip faults or Late Tertiary-Quaternary rift basins.
These small plutons, dykes and volcanic rocks spatially appear in an intermittent fan-shaped
zone!' ) (fig. 1). Their rock types mainly include ultrapotassic-shoshonitic trachyte, andersitic
trachyte, lamprophyre, basanite and syenite, and high-K calc-alkaine alkali basalt and trachy ande-

2791 Most previously published ages of Cenozoic high-K rocks in eastern Tibet were deter-

site
mined by the K-Ar method!">*>'*!"]_ Owing to the defects of the K-Ar method"*, the previously
published chronological data cannot still be used to establish the precise temporal coordinate for
high-K magmatic activities in eastern Tibet. More recently, a few researchers reported some “’Ar/

2678 but the dated rocks are dominantly localized in

PAr ages of high-K rocks in eastern Tibet!
Vietnam!** and formed at 30—40 Ma*". In this paper, an attempt is made to establish the tem-
poral coordinate for the two pulses of Cenozoic high-K activities, on the basis of our 21 newly-

obtained *“Ar/*’Ar ages and the compilation of the previously published “Ar/*° Ar and U-Pb ages.
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Fig. 1. Cenozoic tectonic map of eastern Tibet and Indochina, illustrating the deformation, distribution of high-K

magmatism and localities of sampling. (1)—(13), Sampling localities (see the footnotes of table 1). J-K, Juras-
sic-Cretaceous strata.
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1 Sampling and analytical methods

All of the dated rocks are very fresh and were collected from eastern Tibet. Their detailed lo-
calities are indicated in fig. 1 and the footnotes of table 1. We did our best to select K-bearing
minerals to time their *’Ar/*Ar ages. When K-bearing minerals cannot be separated, some vol-
canic whole-rocks were also used to date their “’Ar/*Ar ages. The K-bearing minerals such as
biotite, phlogopite, K-feldspar and K-nepheline were separated from fresh high-K rocks, using a
conventional magnetic isodynamic separator and final handpicking under clean environmental
conditions after washing and crushing.

A phlogopite separated from sample S8-4 was wrapped in the Al foil and irradiated in Reac-
tor 902 in Mianyang (China), together with a biotite standard (ZBH-2506). Its Ar isotopic compo-
sitions were analyzed on an MM-1200 gas mass spectrometer at the Guangzhou Institute of Geo-
chemistry, the Chinese Academy of Sciences (GIG-CAS). The rest separates and whole-rocks
were packed in the Sn or Cu foil and sealed in 6-mm-ID evacuated quartz-glass vials, together
with the Fish Canyon sanidine (FC-3) flux monitor, and irradiated in the Ford Reactor at the Uni-
versity of Michigan. Their Ar isotopic compositions were measured with a VG 3600 or MM
1200S gas mass spectrometer at the University of California, Los Angeles (UCLA). For detailed
analytical procedures, refer to refs. [13, 14]. Because we adopted the monitoring of standards and
parallel samples during the course of measurements, the age results obtained in the two different
argon labs are comparable.

2 Results and discussion

2.1 Thermochronological result

The “Ar/*Ar dating results of 21 high-K rocks are summarized in table 1. The age spectra
for 4 representative samples are presented in fig. 2. Owing to the rapid cooling for high-K vol-
canic rocks, the YA Ar ages of whole-rocks or mineral separates should record the time of vol-
canic eruption. Regarding to the high-K plutons, their YA Ar ages of whole-rocks or mineral
separates only record the time of cooling below closure temperatures. The dated high-K intrusive
rocks were collected from the small plutons with the porphyroblastic texture, indicating a rela-
tively rapid cooling. Thus, the cooling ages are close to their emplacement time. In order to over-
come the influence of excess argon, most isochron ages are adopted to represent the time of Ce-
nozoic high-K activities. If no good isochron but a plateau is yielded, the plateau age could reflect
the time of magmatism, e.g. samples Y-9, XPL-1, MK75-2 and ZP-5. If neither a good isochron
nor a plateau appears, its weighted mean age could reflect its time, e.g. samples XT-1 and XP-1. A
V-shaped valley in the low-temperature age spectra occurs for sample ZP-5, indicating that it may
have resulted from a later thermal disturbance. Thus, its plateau age may represent the time of
magmatism.

The age-frequency histogram (fig. 3) for our 21 newly-obtained high-quality “’Ar/*Ar ages,
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together with previously published 63 “Ar/*°Ar and 3 U-Pb ages[z’éfg’15 18 shows two distinctive
magmatic episodes in eastern Tibet: one is between 40 and 28 Ma, and the other since 16 Ma (fig.

3). The high-K magmatism essentially ceased at 28—16 Ma.
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Fig. 2. “Ar°Ar inverse isochrons and plateau spectra for the four representative high-K magmatic rocks in eastern Tibet.



724 SCIENCE IN CHINA (Series D) Vol. 46

2.2 Petrogenesis of high-K rocks in eastern Tibet
The older high-K rocks (40—28 Ma)

are distributed along the entire Red River

20

shear zone and its northern extension, the
Batang-Lijiang fault system and the
Nanggian thrust belt (fig. 1). Their rock

types include syenite, trachyte, andesitic
3,5,10]

Frequency

trachyte and shoshonitic lamprophyre[

16-28 Ma gap Compositionally, the earlier phases of high-

K rocks are characterized by relatively low
30 42 TiO, (<1.0%), P,0s (<0.6%) and FeO*
(<9%), and high Na,O (1.3%—5.1%) and
K,O (3.4%—5.2%), enriched with high

contents of incompatible trace elements.

18 24
Age/Ma

Fig. 3. Age-frequency histogram of Cenozoic high-K rocks of the

two phases in eastern Tibet and Indochina.

Most of them are ultra-potassic and shoshonitic, and a few are high-K calc-alkali. Some chon-
drite-normalized REE patterns of the earlier phase show weakly negative Eu anomalies! '®, sug-
gesting that plagioclase is a major phase involved in fractional crystallization. This is consistent
with the petrographical observation that plagioclase is one of the phenocrysts. The primitive man-
tle-normalized spidergrams of trace elements exhibit pronounced negative anomalies in Nb, Ta, Ti
and P, indicating the involvement of a subduction-related component in the earlier phase[3 18 The
following evidence of tectonic deformation supports the above inference. The previous studies
indicated that transpression occurred in eastern Tibet during Eocene-Oligocene (~40—24 Ma)[z].
The Early Mid-Tertiary development of the Lanping-Simao fold belt (fig. 1) and associated de-
velopment of Late Eocene-Late Oligocene compressional basins indicate that this region was un-
dergoing contraction”®!. The proposed kinematic link between the development of the
Lanping-Simao fold belt and the left-slip ductile shearing along the Red River shear zone!'” im-
plies that transpressional tectonics in the Red River region may have started as early as ~40 Ma.
Similarly, the northern extension of the Red River shear zone along the Batang-Lijiang fault sys-
tem also underwent an east-west contraction during Paleogene!””). The east-west contraction in the
north and transpression in the south along north- and northwest-striking strike-slip fault systems
along the eastern margin of Tibet gave way to the transtension in the latest Oligocene. They have
high *Sr/*Sr (0.705—0.710), “*°Pb/***Pb (18.52—19.17), **’Pb/***Pb (15.78—15.60) and
2%pp2%pp (38.56—39.98) ratios, but low "*Nd/'*Nd (0.5120—0.5126) ratios” "%\, Their Nd
and Sr isotopic compositions lie in the enriched extension of the mantle array, but fall far outside
the fields of MORB and Hawaiian basalts. The similarity in Nd and Sr isotopic compositions be-
tween the earlier high-K rocks and Tengchong volcanic rocks in western Yunnan indicates that
they were derived from the same magmatic source. The Sr-Pb and Nd-Pb isotopic data also plot
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outside the field of oceanic basalts. The above signatures of Pb, Sr and Nd isotopes argue against
exclusively asthenospheric or mantle plume sources. No correlation between 297pp/ 2P and
Ce/Pb or between "*Nd/"**Nd and Ta/Nd or Ba/Nb ratios also argues against the mixing of as-
thenospheric and highly enriched lithospheric sources. In *’St/**Sr vs. ***Pb/***Pb and "*Nd/"**Nd
vs. °Pb/**Pb diagrams, the data mainly plot in or near the EM2 field. This indicates that the ear-
lier phase may be derived from an EM2 mantle. However, a few data deviate from the EM?2 field,
suggesting an input of continental materials with low “’°Pb/***Pb and "**Nd/"**Nd ratios and high
¥7Sr/%Sr ratios into mantle-derived melts. The high ¥Sr/*Sr and low "*Nd/'*'Nd isotope signa-
tures, together with the characteristics of elemental geochemistry, suggest that the earlier phase be
derived from a metasomatized subcontinental lithospheric mantle source!' !,

In contrast, the younger phase (16—0 Ma) is distributed along the southern segment of the
active Red River fault and in the Indochina block to the south (fig. 1). Systematic dating of Neo-
gene-Quaternary intraplate activities in the Indochina block'™ reveals essentially continuous basal-
tic eruptions since ~16 Ma, coinciding with cessation of sea-floor spreading in the South China
Sea”” and termination of transtension along the Red River shear zone at ~17 Mal'¥. The litho-
types of later phase contain alkali basalt, basanite, trachy basalt and trachy andesite.

The geochemistry of the younger phase is characterized by high-K calc-alkali or shoshonitic
compositions. They are high in TiO, (> 2%), P,O5; (> 0.6%), FeO* (> 9%), Na,O (2.4%—4.0%),
K0 (2% —5%) and incompatible trace elements. The positive anomalies in Nb and Ta, high

Ce/Pb (10.44—23.88) and Nb/U (36.07—65.82), and low La/Nb (0.38—0.53) indicate a similar-
ity to oceanic island basalts!”. They have low *’Sr/**Sr (0.703—0.705), °Pb/***Pb (18.17—
18.39), *’Pb/***Pb (15.51—15.57) and ***Pb/***Pb (38.03—38.69), but high '*Nd/"*'Nd (0.5127
—0.5131). Nd and Sr isotopic compositions of these rocks plot in or near the MORB quadrant.
The striking resemblance in Nd and Sr isotopic compositions between the younger phase and Ha-
waiian basalts strongly argues against significant crustal contamination. Thus, we consider that the
geochemistry of the younger phase nearly reflects its original source compositions without sig-
nificant continental contamination or fractional crystallization during magma ascent. If the mag-
matic melts were derived from an enriched Precambrian mantle, these igneous rocks would be
characterized not only by high contents of K,O and incompatible elements, but also by relatively
high 7Sr/%Sr and low '*Nd/'**Nd ratios. However, the apparent decoupling between isotopic and
elemental compositions indicates that the younger phase was derived from a depleted mantle
source enriched by recent mantle metasomatism. The Sr-Pb and Nd-Pb isotopic compositions of
the younger phase clearly reflect a hybrid of “*°Pb/***Pb-poor EM1 and MORB mantle sources.

To explain the episodic activities, geochemical characteristics and tempo-spatial relationships
to the major structures in eastern Tibet, we propose a new three-stage genetic model (fig. 4)[3 1,
First, contraction along the Batang-Lijiang fault system and development of the Lanping-Simao
fold belt in the Early Tertiary caused local continental subduction along the Red River shear
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Fig. 4. A new tectonic model for the occurrence of the
three tectono-magmatic phases in eastern Tibet and SE Asia.
(a) Continental subduction-related magmatism during tran-
spression along the Ailao Shan-Red River shear zone; (b) a
magmatic gap during transtension along the Ailao Shan-Red
River shear zone; (¢) partial melting in the asthenosphere in
the Red River region and SE Asia, which caused the

younger phase of volcanism.

zone! leadlng to fluid infiltration into the over-
lying mantle wedge and subsequent melting to
generate high-K magma (fig. 4(a)). We interpret
the narrow belt of Late Paleocene to Early Mio-
cene basins in eastern Tibet, from the Nanggian
thrust belt to the Lanping-Simao fold belt (fig.1),
as representing the foreland basins formed by
transpression (fig. 1). This proposal is similar to
Meyer et al.’s™! model for northern Tibet. The
interpretation of Cenozoic strata in eastern Tibet
as contraction-related deposits appears plausible
for the Nanggian thrust belt to the north and the
Lanping-Simaoc fold belt to the south where
Cenozoic strata are clearly associated with
thrusting and folding[z’24
recently been suggested”) that the Paleogene

I (fig. 1). However, it has

igneous activity in eastern Tibet is due to
convective removal of the lower lithosphere
beginning at ~40 Ma, this mechanism has been
shown to be physically implausible[25 ]

The U-Pb dating of leucogranites in the
Ailao Shan belt indicates that the actual crustal
magmatism was sustained till 25 Ma'®. Thus,
there is a magmatic gap of 24—16 Ma. The hia-
tus coincides with an interval of transtension
along the Red River shear zone!" between 24
Ma and 17 Ma. In addition to halting the flux of
volatiles into the underlying mantle wedge, the
transition to transtension may have also thinned
or removed the crustal root created during the
earlier phase of transpression (fig. 4(b)), substan-
tially restricting the conditions appropriate for
generating activities.

The younger phase is temporally associated with the widely distributed east-west extension

in eastern Tibet and Indochina since the Late Miocene (fig. 4(c))**. Along the Red River fault,

this is manifested by the development of several north-striking normal faults that merge with the

coeval right-slip Red River fault (fig. 1)[24]. This relationship between north-south striking normal

faults and west-northwest-striking right-slip faults is similar to that observed in southern Tibet
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(fig. )"\, This newly established tectonic regime is not restricted to eastern Tibet, but is wide-
spread throughout eastern Asia. In Tibet, the significant east-west extension began at about §—4
Mal?¥, although local extension may have occurred earlier®”. Although morphology of rift shoul-

ders in Tibet implies that the active east-west extension is restricted to the upper crust?®’!

, nor-
mal-faulting earthquakes at mantle depths®” and wide spacing of major Tibetan rifts”!! all indi-
cate that the Tibetan extension involves the mantle lithosphere. In North China, the north-south
trending Shanxi graben began to develop at about 6 Mall. In SE Siberia, the Baikal rift initiated
since 10 Ma and was most active between 8 Ma and 4 Ma?, Obviously, most of these eastern
Asian rifts are associated with basaltic eruptions and mantle earthquakes, implying that extension

2933341 Thus, the new tectonic setting for the occurrence of the 16

is related to asthenospheric flow!
— (0 Ma magmatic activity may represent a fundamental change in geodynamic setting of the In-

dian and Asian plates.

2.3 Discussion

Cenozoic magmatic activities in eastern Tibet and Indochina occurred in two episodes, each
with distinctive geochemical signatures, at 42—24 Ma and 16—0 Ma. The older magmatism is
localized along the major strike-slip faults such as the Red River fault system and erupted
synchronously with transpression. The younger magmatism is widely distributed in rift basins and
coeval with east-west extension in Tibet and entire eastern Asia. The geochemical evidence sug-
gests that the earlier phase was generated by continental subduction, while the younger episode
was caused by decompression-induced melting of a metasomatically altered, depleted mantle. The
magmatic gap between the two magmatic sequences represents an important geodynamic transi-
tion in the evolution of eastern Tibet, from the deformation controlled by crustal processes to that
largely dominated by mantle processes.
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