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Abstract There are wide spread Cenozoic voleanic rocks in Tengchong (CVRT), Yunnan
province, SW China. These rocks comprise three rock types: basalt, andesite (dominant
type) and dacite. Most samples are sub-alkaline, and among the sub-alkaline rocks, most
are high-K calc-alkaline. These rocks have a SiO; range of 49.1 wt.% to 66.9 wt.%. TiO.
contents are not high and have a variation of 0.7 wt.%-1.6 wt.%. Trace element concentra-
tions and element ratios (such as Nb/U, Ce/Pb, Nb/La, etc.) of these rocks have a large
variation. 8Sr/*Sr values fall in the range of 0.7057-0.7093 and *Nd/**‘Nd values change
from 0.5120 to 0.5125. 2Pb/"Pb, *"Pb/*Pb, and ®Pb/2*Pb ratios are in the range of
17.936-19.039, 15.614-15.810, and 38.894-39.735, respectively. These geochemical charac-
teristics of CVRT make them resemble island-arc volcanic rocks. We suggest that the
magmas were generated in the lithospheric mantle that had already been metasomatized
by previous subduction processes. By the study of the uplift history of the Tibetan Plateau,
we found that the beginning of the geotectonic processes to the eruption of CVRT was
coeval with one uplift event. Therefore, we propose that the uplift of the Tibetan Plateau
caused collapse of the collisional orogeny in Tengchong, which further triggered the gen-
eration and eruption of the CVRT magmas.
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INTRODUCTION

Located in the west of Yunnan province, SW
China, Tengchong is famous for its geothermal
activity, hot springs, and Cenozoic voleanic activity.
Cenozoic volcanic rocks occupy vast areas in
Tengchong and it is worth noting that most of
these voleanic rocks are associated with faults.
According to previous researches, there may be
magma chambers deep in the crust of Tengchong
(Qin et al. 2000; Jiang et al. 2004; Zhao et al. 2006).
In consideration that some of these volcanoes have
Holocene eruption records, some dormant volca-
noes may erupt in the near future, which can be
hazardous to both environment and people. The
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eruption of Cenozoie voleanic rocks in Tengchong
(CVRT) seems to have been coupled with the uplift
of the Tibetan Plateau and a relationship may exist
between them as a result of the particular geotec-
tonie position of Tengchong.

During recent decades, many geological, geo-
physical, geochemical, and geodetic investigations
have been carried out on these volcanic rocks
(Mu et al. 1987; Tong & Zhang 1989; Bai et al. 1994;
Kan & Zhao 1994; Han et al. 1996; Chen et al.
2002; Wang & Huangfu 2004; Wang et al. 2007).
However, there appears to be no consensus
regarding the origin of these volcanic rocks. Zhu
etal. (1983) and Mu et al. (1987) argued that
the Tengchong volcanism was derived from the
subduction-collision zone between the Indian and
Eurasian plates. Zhao and Chen (1992) believed
that it was a post-collision arc-voleanism or a
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delayed arc-volecanism in the southeast margin of
the Tibetan Plateau. Cong et al. (1994) proposed
that the CVRT were derived from a mature island-
arc area. Ji (1998) pointed out that during 5-8 Ma,
the lower lithosphere delaminated in Tengchong,
resulting in the generation of magmas due to up-
welling of the upper mantle. Chen et al. (2002) pro-
posed that the magma source for these volcanic
rocks was enriched-mantle. This chaos was caused
partly by the complex tectonic evolution of this
area and partly by different interpretations of
geochemical data. In this paper, we propose a new
model based on analyses of the geochemistry of
the CVRT in combination with results of previous
studies.

GEOLOGICAL SETTING

Located on the northeast edge of the collision
zone between the Indian and Kurasian plates,
Tengchong is tectonically complex (Fig.1). The
Indian and Eurasian plates collided during the
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Early Cenozoic, which produced compressional
structures in southern Tibet (Gansser 1981;
Tapponier et al. 1981) and extensional structures
in southeastern Asia (Tapponier et al. 1982). Con-
sequently, post-collisional magmatism occurred
along major tectonic zones and voleanism was
active in rift zones or basins during the Cenozoic
(Tapponier & Molnar 1977; Barr & Macdonald
1981; Chung et al. 1997). Several terranes can be
distinguished in the surrounding areas of
Tengchong such as Burma, Tengchong, Baoshan,
and Simao (from west to east). Between these
terranes there are three sutures: Myitkyina—
Mandalay, Nujiang, and Lancangjiang (Jin 2002;
Wang & Huangfu 2004).

Tengchong is usually interpreted as the south-
eastern part of the Himalayan belt (Wang et al.
2007). The basement of Tengchong is mainly com-
posed of gneisses, migmatites, and migmatitic
granites with minor mafic rocks exposed as small
lenses (Chen et al. 2002). The basement is often
considered to be the southeastern part of the
Himalayan fold zone (Fan 1978; Powell & Johnson
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Fig. 1 Schematic map of Tengchong (right) and nearby area (left), showing main geological units, faults and place-names. Shaded areas in the left map

indicate Cenozoic volcanic rocks as young as those in the CVRT.
© 2012 Wiley Publishing Asia Pty Ltd



1980) and is intruded by granitoids of late Meso-
zoic to Cenozoic age. To the east of Tengchong,
there is the high-grade Proterozoic Gaoligong
metamorphic zone (Yunnan Bureau of Geology and
Mineral Resources 1979). Along the western side
of Tengchong, late Mesozoic to early Cenozoic
island-arc granites and gneisses are exposed
between Burma and southwestern China (Yunnan
Bureau of Geology and Mineral Resources 1979;
Ji 1998; Jiang 1998). Sedimentary rocks of
Tengchong form a roughly NS-trending belt in the
centre of the block. The Permo-Carboniferous
sequence constitutes most of these sedimentary
rocks, which is composed of the clastic Meng-
hong Group and the overlying carbonate-rich
Dadongchang Group.

The Tengchong volecanic field is located within a
NS-trending fault zone (Fig. 2) with lava flow cov-
erage of more than 1000 km? Within this field,
island-are granites intruded into Mesozoic and
Cenozoic geological units which represent the sub-
duction of the Indian plate under the Eurasian plate
along Naga Hills and Myitkyina-Mandalay suture
zones (Ji 1998). According to Jiang (1998), the
CVRT can be subdivided into four stages: Pliocene,
early Pleistocene, late Pleistocene and Holocene.
Most of these volcanic rocks are basaltic to andes-
itic in composition and are high-K calc-alkaline.

SAMPLING AND PETROLOGY

In order to have a clear notion of the spatial and
geochemical evolution of the CVRT, samples were
gathered from a vast area (Fig.2). Twenty-five
fresh samples (from 22 different locations) were
collected (Table 1). These 25 samples belong to four
groups which have different ages. Group 1 is
Pliocene (N3) in age and has six samples, Group 2 is
early Pleistocene (Q;) with five samples, Group 3
is late Pleistocene (Qs3) with six samples and Group
4 is Holocene (Q,) with eight samples. Three rock
types can be distinguished: basalt, andesite, and
dacite. Most of these rocks (20 samples) are andes-
ite whereas the remaining five samples are com-
posed of basalts (two pieces) and dacites (three
pieces). We made optical slices from fifteen samples
and scrutinized them under a polarizing light
microscope. Basalts have massive, vesicular or
amygdaloidal structures and are dark in color, with
porphyritic texture which has phenocrysts of pla-
gioclase, clinopyroxene, and olivine. The ground-
mass consists of fine-grained to aphanitic minerals
and opaque oxides. Andesites are grey in color and
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Fig. 2 Distribution of four stages of Cenozoic volcanic rocks in
Tengchong and sampling locations. Abbreviations:  N,—Pliocene,
Qs—early Pleistocene, Qs—late Pleistocene, Qs—Holocene.

have massive and vesicular structures. These
andesites are porphyritic and have phenocrysts of
plagioclase, hornblende, and clinopyroxene. The
groundmass of andesites is cryptocrystalline or
glassy. Dacites are porphyritic in texture and have
phenocrysts of plagioclase, quartz, orthoclase, ete.
According to the electron probe micro-analyzer
(EPMA) data, most of the plagioclases and clinopy-
roxenes of the CVRT are labradorite and augite,
respectively, whereas augite and most olivine’s Fo
contents range from 71 to 79. (unpubl. data).

ANALYTICAL METHODS

Geochemical analyses were all performed at the
Institute of Geology and Geophysics, Chinese
Academy of Sciences (IGGCAS). Rock samples
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Table 1 Location and rock types of Cenozoic volcanic rocks in Tengchong

No. Sample name Location Rock types Age
1 CQO08-1 N25°13'50.0"E98°37'50.0” Basaltic trachyandesite Q4
2 DY08-1 N25°07'30.5"E98°2818.0” Trachyandesite Q4
3 GD08-1 N25°18'44.1”7E98°29°01.7” Basaltic trachyandesite Q4
4 HTO08-1 N25°10°51.7"E98°28'47.1” Basaltic trachyandesite Q4
5 LGO08-3 N25°02"22.3"E98°25'54.3” Basaltic trachyandesite Q4
6 MAO08-2 N25°01'18.0"E98°25'59.9” Trachyandesite Q4
7 MAO08-3 N25°01"18.0"E98°25'59.9” Trachyandesite Q4
8 XC08-1 N25°02'05.9"E98°23'48.6” Trachyandesite Q4
9 CZ08-1 N25°14'06.8"E98°31'20.4” Basaltic trachyandesite Q3

10 CZ08-2 N25°1406.8"E£98°31'20.4” Basaltic trachyandesite Q3

1 HS08-1 N25°16'56.0"E98°28'39.7” Trachyandesite Q3

12 JS08-2 N25°13'39.9"E£98°28'34.1” Basaltic trachyandesite Q3

13 JS08-3 N25°13’39.9”E98°28'34.1” Basaltic trachyandesite Q3

14 TS08-1 N25°14'02.8"E98°2818.0” Trachyandesite Q3

15 BHO08-1 N25°06"27.7"E98°32'54.1” Dacite Q1

16 LW08-3 N25°03'09.0"E98°3245.5” Dacite Q1

17 TTO08-2 N24°45'13.3"E98°37'47.7” Trachyandesite Q1

18 TTO08-4 N24°44'29.3"E98°38'29.9” Trachyandesite Q1

19 YWO08-2 N25°24'55.5"E98°30°02.9” Dacite Q1

20 DP08-1 N25°07'43.4"E98°28'12.1” Trachyandesite N2

21 HY08-1 N25°13"26.4"£.98°34'43.4” Basaltic trachyandesite N2

22 MBO08-1 N24°55'37.8"E98°4010.0” Basalt N2

23 TT08-6 N24°40'53.0"E98°3905.0” Trachybasalt N2

24 WHO08-2 N24°53'06.1"E98°39'34.2” Basalt N2

25 XY08-1 N25°12'43.5"E98°34'41.1” Basaltic trachyandesite N2

were crushed and powdered to 200 mesh size in an
agate mill. Major element analysis was carried out
using X-ray fluorescence spectrometry (XRF) on
fused glass disks. The precision and accuracy of
the major-element data of the Chinese whole-rock
basalt standard GSR-3 (Xie et al. 1989) are =3%
and c. 5% (20), respectively. The FeO concentra-
tion was determined using conventional titration
procedure and the error is less than 5%.

Trace element concentrations were measured by
inductively coupled plasma mass spectrometry
(ICPMS) with a Finnigan MAT Element IT mass
spectrometer. Samples were digested with a
mixture of HF and HNO; acids in screw-top
PTFE-lined stainless steel bombs at 185°C for two
days, and insoluble residues were dissolved in
HNOs; acid heated to 145°C for 3 hours. Closed
high-pressure bombs were used to ensure com-
plete digestion. Precision for all trace elements is
estimated to be 5% and accuracy is better than 5%
for most elements, established through repeated
analyses of the GSR-3 standard.

Sr—Nd-Pb isotopes were measured on a MAT
262 mass spectrometer. The Sr and Nd isotope
ratios were normalized to *Sr/*Sr=0.1194 and
N d/M*Nd =0.7219. The La Jolla standard yielded
USNd/M*Nd=0.511862 + 10 (2 sigma, 7 =13) and
NBS-987 gave 5'Sr/*Sr=0.710240 = 11 (2 sigma,
n =6). The *Rb/*Sr and *'Sm/**Nd ratios were

© 2012 Wiley Publishing Asia Pty Ltd

calculated using the Rb, Sr, Sm, and Nd abun-
dances. Pb isotopic ratios were also obtained on
the Finnigan MAT-262. Measured Pb isotopic
ratios were corrected for instrumental mass frac-
tionation of 0.1% per atomic mass unit by refer-
ences to repeated analyses of the NBS-981 Pb
standard. Repeated analyses of NBS-981 gave
24Ph/A%Ph =0.05897 + 15, Z"Pb/%Ph=0.91445 =
80, 2%Pb/*Pb=2.16170 + 180 (2 sigma). Total
blank levels were below 0.2 ng for Rb, Sr, and Nd,
and around 0.5 ng for Pb.

ANALYTICAL RESULTS

MAJOR ELEMENTS

The result of the major element analysis is listed in
Table 2. The loss of ignition (ILOI) of these samples
is small (less than 1.96 wt.%) except for YWO08-2
(3.95 wt.%) which is probably due to high degree of
alteration. The SiO. contents of these rocks have a
range from 49.1 wt.% to 66.9 wt.%. TiO; contents
are low and have a variation of 0.7 wt.%-1.6 wt.%,
which is similar to those of island-arc volcanic
rocks (McDermott & Hawkesworth 1991). The
contents of TFe (sum of Fe,O3 and FeO) are not
high (3.7 wt.%-10.0 wt.%), with most falling in the
range of 5.4 wt.%-10.0 wt.%. Variation of AlO;
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Table 2 Whole rock major element compositions (wt.%) of Cenozoic voleanic rocks in Tengchong

Sample Si0;  TiO;  AlLO; Fe;O3 FeO MnO MgO Ca0 Na,0O K,0O PO LOI  TOTAL
CQ08-1 51.57  1.60 17.11 2.58 7.06 0.16 6.67 7.29 3.58 1.89 038 0.44 100.33
DYO08-1 62.04  1.09 16.31 1.81 3.68 0.09 2.51 4.59 3.63 3.99  0.39 0.06 100.19
GD08-1 5538 121 16.29 1.87 5.69 0.13 5.98 7.14 343 242 027 0.44 100.23
HTO08-1 54.73 151 17.35 2.38 5.61 0.13 4.89 7.09 3.94 260 043 -0.46 100.20
LGO08-3 5447  1.58 16.23 2.25 6.44 0.13 5.23 7.49 3.63 223 031 -0.30 99.70
MAO8-2 59.05 129 16.73 2.07 4.27 0.11 3.61 5.64 3.88 325 046 0.02 100.36
MAO08-3 5873 1.25 16.51 1.63 4.68 0.11 3.55 5.57 3.83 336 045 0.06 99.72
XC08-1 5855  1.30 16.72 1.98 443 0.11 3.711 5.73 3.82 3.17 046 0.08 100.06
CZ08-1 54.03 1.35 16.87 2.13 5.18 0.13 591 6.46 3.84 323  0.55 0.10 99.77
CZ08-2 5428  1.36 16.88 1.99 5.29 0.13 5.81 6.65 3.91 3.21 055  -0.18 99.87
HS08-1 58.81 1.08 17.10 1.82 4.14 0.10 3.38 5.75 3.30 3.11 0.29 0.82 99.70
JS08-2 55.06 1.37 1725 1.68 6.08 0.13 4.88 6.89 3.73 258 031 0.24 100.21
JS08-3 5539 137 17.14 1.97 5.71 0.12 4.79 6.96 3.78 260 031 -0.12 100.03
TS08-1 5893 121 16.55 191 4.36 0.11 4.06 5.92 3.63 325 043 0.00 100.36
BHO08-1 66.92  0.66 15.38 1.20 2.65 0.07 1.79 3.97 347 3.61 0.18 0.12 100.01
LWO08-3 66.69  0.69 15.96 231 1.43 0.06 0.94 3.34 3.27 3.66  0.22 1.02 99.59
TTO08-2 62.05  1.02 16.21 249 2.90 0.10 2.76 5.03 3.62 325 038 0.38 100.17
TT08-4 6124  1.06 16.43 2.51 3.03 0.09 2.92 5.23 3.35 343  0.39 0.50 100.18
YW08-2 6212  0.93 17.97 1.89 4.91 0.08 1.92 0.76 0.91 413  0.13 3.95 99.71
DP08-1 6125  1.11 16.33 1.38 424 0.09 2.68 4.87 3.1 378 040 -0.04 99.82
HYO08-1 56.04 1.26 16.63 2.14 5.48 0.12 4.90 6.65 3.54 284 025 0.40 100.24
MBO08-1 4925  1.39 16.66 3.65 5.37 0.16 8.11 7.61 2.89 1.96  0.50 1.96 99.52
TT08-6 49.08 1.33 16.21 2.73 7.15 0.15 8.22 8.11 3.53 1.68 038 0.86 99.42
WHO08-2 4953 143 15.82 3.59 6.39 0.15 8.14 8.89 3.03 1.51 0.45 1.02 99.94
XYO08-1 50.91 1.61 16.98 2.89 6.47 0.15 5.18 8.56 3.78 1.93  0.36 1.00 99.82
is also not large (15.4 wt.%-18.0 wt.%). MgO has
a large variation (0.9 wt.%-8.2 wt.%). The total 14 b
alkali contents have a range of 4.5 wt.% to 7.6 L o
wt.%. Na,O contents of nineteen samples are 12 0 T Alkaline
higher than K0 contents with Nay,O/K;0 ratios of " AQs .
1.06 (HS08-1) to 2.11 (TT08-6). Na;O contents S N> Phonote- " Trachy- I
of the rest six samples are lower than K,O contents 23 | _ < andeste N2~
with Nay0/K:0 ratios of 0.22 (YW08-2) to 0.98 Q onnme 2 _
(DP08-1). As to P;0; contents, all samples have % 6 | basalt AR A Rnyolte
similar values except YWO08-2 and BHO08-1, which o [ Basa- (A-r W
. < 4 F nite L o Subalkaline

have relatively low P;Os contents. Z [ mv]

In the total alkali vs SiO, (TAS) diagram > | Picros] - Basalt | reeste | pacte

. baslt Basalt_lc
(Fig. 3), five samples (CZ08-2, HT08-1, TT08-6, . andesite
XY08-1, and CQO08-1) are identified—as alkaline 0 b
rocks and the rest 20 are sub-alkaline ones. In 35 39 43 47 51 55 59 63 67 71 75
Figure 3, all the samples fall within the region SiOx(wt%)

enclosed with a solid line defined by former
studies, indicating that they have similar rock
types. Among the 20 sub-alkaline rocks, most
are high-K cale-alkaline (consistent with the
results of Xiang et al. 2000), and several samples
fall into the shoshonite area (CZ08-1) or fall
between high-K calc-alkaline and shoshonite
areas (YWO08-2, DY08-1, MAO08-3, DP08-1, and
MBO08-1) (Fig. 4). In the alkalis-FeO-MgO (AFM)
diagram (Fig.5), 19 of the 20 sub-alkaline
samples drop into the calc-alkaline area with the
remaining sample (early Pleistocene YWO08-2)
drops into the tholeiitic area.

Fig. 3 Total alkali vs SiO, (TAS) diagram of the Cenozoic volcanic
rocks in Tengchong. The broken line between alkaline and subalkaline
areas comes from Irvine and Baragar (1971). All samples are enclosed by
the solid line defined by the former studies of the Cenozoic volcanic rocks
in Tengchong (reference data from Fan ef a/. 1999 and Xiang et al. 2000).
0, Q4; [, Qg; A, Qw; =+, Nz.

As discussed above there are four groups of vol-
canic rocks in the CVRT: Group 1 is composed of
basalt and andesite; Group 2 is composed of basalt,
andesite, and dacite; Group 3 and Group 4 are both
composed of andesite.

© 2012 Wiley Publishing Asia Pty Ltd
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Fig. 5 AFM diagram of Cenozoic volcanic rocks in Tengchong
showing most samples are calc-alkaline. The line between tholeiitic and
calc-alkaline series is from Irvine and Baragar (1971). 0, Qs; OJ, Qs; A,
01; +, NQ.

TRACE ELEMENTS

The results of trace element analyses are listed in
Table 3. Transitional metallic elements such as Cr
(3.9 ppm—-221.9 ppm) and Ni (2.5 ppm-122.6 ppm)
are low in contents and the total contents of
rare earth elements (REE) have large variations
(157 ppm-356 ppm). The REE contents obtained
in this study are almost the same as those
(151 ppm-326 ppm) from Zhou et al. (2000). Trace
element ratios of these samples have large varia-

© 2012 Wiley Publishing Asia Pty Ltd

tions. For example, ratios of Nb/U, Ce/Pb, Nb/La,
Ba/Nb, Rb/Nb, Th/Nb, Th/La, Ba/La and Rb/Sr
are 3.86-21.66, 3.87-9.69, 0.23-0.66, 19.54-50.55,
0.43-3.88, 0.46-2.82, 0.18-0.64, 8.70-15.37 and
0.02-1.55, respectively.

All samples are enriched in light rare earth ele-
ments (LREE) and depleted in heavy rare earth
elements (HREE) with the early Pleistocene
rocks having the largest (LWO08-3) and the
Holocene rocks having the smallest (CQ08-1) frac-
tionations between La and Yb [(La/Yb)x=23.5
and 8.44, respectively)]. Negative Eu anomalies
are not conspicuous for most samples(>0.60).
However, several samples have rather obvious Eu
anomalies, among which BH08-1 has the smallest
value (0.52). In the chondrite normalized REE dis-
tribution diagrams (Fig. 6), samples of all the four
groups have very similar right oblique patterns
with most samples having slight Eu anomalies.
There are, however, subtle differences among the
REE patterns of these four groups. For instance,
the Eu anomalies of Group 2 (average (Ew/Eu*)y
is 0.63) are smaller than those of the other three
groups (0.87, 0.73 and 0.76 for Group 1, Group 3
and Group 4), which can be used as a proof that
Group 1 is more primary and did not experience
strong fractionation of plagioclase. Another differ-
ence is that the LREE patterns of Group 1 and
Group 4 show large variations compared with
those of the other two groups.

In the primitive mantle normalized incompatible
elements spider diagrams (Fig. 7), samples of all
the four groups have similar right oblique patterns
and share the following traits: enrichment in large
ion lithophile elements (LILE) such as Rb and K;
depletion of HREE and Y; obvious negative Nb-Ta
anomalies and negative Sr-P anomalies, positive
anomalies of Th, Pb and Nd. There are also differ-
ences among these four groups: the negative
Nb-Ta anomalies of Group 1 and Group 2 are more
conspicuous than those of the other two groups;
the patterns of Group 4 highly resemble each
other compared with the other three groups which
have small differences among their distribution
patterns. Also, the concentration patters in the
chondrite normalized REE distribution diagrams
(Fig. 6), and in the primitive mantle normalized
multi-element concentration diagrams (F'ig. 7), are
similar to those of Zhou et al. (2000).

ISOTOPES

Sr-Nd-Pb isotope analyses were performed on
eleven samples and the results are listed in Table 4.
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Fig. 6 Chondrite-normalized REE patterns for Cenozoic volcanic rocks in Tengchong. Rocks from the four stages have similar patterns and slightly
negative Eu anomalies. Normalization values of chondrite come from Boynton (1984).
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Fig. 7 Primitive-mantle normalized trace element patterns for the Cenozoic volcanic rocks in Tengchong. Rocks from the four stages have similar
distribution shape and negative Nb-Ta anomalies. Normalization values of primitive mantle come from Sun and Mcdonough (1989).

Of the 11 samples, three belong to the Pliocene
(HY08-1, MBO08-1, and WHO08-2), two belong to
the early Pleistocene (BH08-1 and TT08-1), one
belongs to the late Pleistocene (JS08-3) and the rest

© 2012 Wiley Publishing Asia Pty Ltd

five belong to the Holocene. Most samples have the
following Sr-Nd isotope traits: *'Sr/*Sr ratios fall
in the range of 0.7057-0.7093, while “*Nd/*“Nd
are higher than 0.5120 and eNd(0) values are all
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Table 4 Sr-Nd-Pb isotope analyses of the Cenozoic voleanic rocks in Tengchong

143N d/144N d

87Sy/5Sr
20

Sample
20

—4.94 —4.60 -3.80

—7.14

-8.76 -5.11 -5.21 —6.85 -5.38

—2.28

18.0652
0.007
15.6769
0.009
38.9835
0.015

18.0255
0.013
15.6385
0.016
38.8936
0.018

18.2202
0.009
15.6624

0.01
39.1336
0.011

18.2671
0.009
15.6671
0.008
39.1875
0.009

17.9356
0.009
15.6137
0.008
39.0888
0.009

18.1395
0.013
15.6476
0.011
39.0728
0.015
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0.012
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0.013
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0.015
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15.6556
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39.1074
0.011

18.2766
0.009
15.6530
0.011
39.0851
0.012

eNd(0)
206Pb/204Pb
26(M)%
207Pb/204Pb
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208Pb/204Pb
26(M)%
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Fig. 8 eNd(0)-*Sr/%®Sr diagram for Cenozoic volcanic rocks in
Tengchong. The distribution of CVRT overlaps much with those of
Gangdisi and Qiangtang. Data of Gangdisi comes from Coulon efal.
(1986), Arnaud et al. (1992), Miller et al. (1999) and Zhao et al. (2001).
Data of Qiangtang come from Deng (1998), Deng and Sun (1998) and
Ding et al. (1999). Data of Kekexili come from Turner ef al. (1996), Deng
(1998), Deng and Sun (1998) and Lai ef a/. (2001). Data of Xikunlun come
from Arnaud et al. (1992), Xie et al. (1992), Deng (1998) and Deng and
Sun (1998). Data of crustal material in Tengchong come from Chen et al.
(2002). Enriched mantle I (EMI), enriched mantle Il (EMII) and depleted
mantle (DM) come from Zindler and Hart (1986). +, This study; A,
Gangdisi; [, Qiangtang; ©, Kekexili; x, Xikunlun.

negative (-2.28 to —12.19). Lead isotope ratios are
something like those of Sr-Nd isotopes. These
samples have 2°Pb/*Pb ratios of 17.936-18.277,
27Ph/2%Ph ratios of 15.614-15.677 and 2*®Pb/**Pb
ratios of 38.894-39.188, respectively.

The isotopic data of the CVRT are plotted in
Figures 8 and 9. In these figures, the isotopic data
of the Cenozoic voleanic rocks in Gangdisi (Coulon
et al. 1986; Arnaud et al. 1992; Miller et al. 1999;
Zhao et al. 2001), Qiangtang (Deng 1998; Deng &
Sun 1998; Ding et al. 1999), Kekexili (Turner et al.
1996; Deng 1998; Deng & Sun 1998; Lai et al. 2001)
and Xikunlun (Arnaud et al. 1992; Xie et al. 1992;
Deng 1998; Deng & Sun 1998) from the Tibetan
Plateau and its margin are also plotted. Rocks
from Gangdisi have the largest distribution range,
with the maximum eNd(0) and ¥Sr/*Sr values.
The Sr-Nd distribution of the CVRT overlaps with
much of that of the Gangdisi and Qiangtang rocks.
However, because the lead isotopic data of the
CVRT do not overlap with those of the other
regions (see Fig.9), the geochemical features of
the source mantle beneath Tengchong are differ-
ent from those beneath the other regions. The Sr
and Nd isotopic data of the CVRT are distinguish-
able from those of crustal rocks in Tengchong
(Chen et al. 2002), implying not very severe crustal
contamination. In Figure 9, rocks from Qiangtang
have the largest lead isotope ratio variations.
Unlike the Sr-Nd traits, the CVRT do not overlap

© 2012 Wiley Publishing Asia Pty Ltd
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(b) diagrams for the Cenozoic volcanic rocks in Tengchong. CVRT do
not overlap with those from other four regions, indicating their source
region is unique in lead isotopes. The reference date are the same as
Figure 8. EMI and EMII come from Zindler and Hart (1986). NRHL
stands for north hemisphere reference line which has Th/U-valug of 4.0
in (a) and the slope of which has an age significance of 1.77 Ga in (b).

with those from the other four regions, indicating
their source region is unique in lead isotopes and
they inherited the lead isotope characteristics
from their source region. Again, it is also clear that
the CVRT data are significantly different from
those of crustal rocks in Tengchong (Chen et al.
2002) in Figure 9.

DISCUSSION

PETROGENESIS

The low Ni (2.5 ppm-122.6 ppm) and Cr (3.9 ppm—
221.9 ppm) contents and Mg-numbers (0.41-0.73) of
these samples suggest that they experienced con-
siderable crystal fractionation. Fractionation
trends can be seen clearly in the Harker diagram
(Fig. 10), in which negative correlations exist
between TiOs, FeO + Fe;03, MgO, P20s5, Ca0O, and
SiOs, implying that minerals such as pyroxene,
olivine, and apatite have fractionated before the
emplacement of the basalts. The Al,O3; contents
do not change much with the increase of SiOs, indi-
cating significant fractionation of plagioclase. This

© 2012 Wiley Publishing Asia Pty Ltd

is because the effect of the increase in Al,O3 content
by extensive fractionation of Al-free mafic phasesis
counterbalanced by the effect of the decrease in
Al;O; content by plagioclase fractionation.

The upper crust in Tengchong consists mainly
of granites (most are Mesozoic in age) and the
middle-lower crust consists partly of amphibolites
(Chen et al. 2002). It is worth noting that crustal
rocks can be ruled out as possible sources for the
CVRT because experimental evidence shows that
partial melting of any of the older crustal rocks
(e.g. Hirajima et al. 1992; Yang et al. 1993; Zhang
et al. 1994, 1995; Kato et al. 1997) and lower crustal
intermediate granulites (Gao et al. 1998a, b) in the
deep crust would produce high-Si, low-Mg liquids
(e.g. granitoid liquids; Rapp et al. 2003), which is
not the case for the CVRT.

Elevated SiO; contents, high ¥Sr/*Sr ratios and
low eNd(0) values are commonly used as indicators
of crustal contamination for mafic melts (DePaolo
1981). The wide range of SiO, content (49.1 wt.%—
66.9 wt.%) (Fig. 3), high values of ¥"Sr/*Sr (0.7057—
0.7093) (Fig. 8) and negative eNd(0) values (-2.28
to —12.19) indicate that the CVRT probably have
undergone different degrees of crustal contamina-
tion. The crustal contamination can also be distin-
guished in the ¥Sr/*Sr vs MgO diagram (Fig. 11),
in which the ¥Sr/*Sr values decrease with the
increment of MgO. That is to say, the primary
magma has lower *'Sr/*Sr values and higher con-
tents of MgO, and the magma was contaminated by
the crustal materials with high 8"Sr/*Sr values and
low content of MgO. Geophysical observations (Qin
et al. 2000; Jiang et al. 2004; Zhao et al. 2006)
suggest that magma chambers are located in the
crust at a depth of <20 km. Therefore, evolved
magmas may have formed through assimilation
and fractional crystallization in such -crustal
magma chambers.

Hart (1984) distinguished different mantle
components using their radioactive isotopes
such as Sr, Nd, and Pb. Sr-Nd-Pb isotopic compo-
sitions and the ratios of highly incompatible ele-
ments with similar bulk distribution coefficients
(e.g. Th/La, Zr/Nb, Ce/Pb and Nb/U) are seldom
affected in partial melting or crystal fractionation
processes and, therefore, they are powerful tools in
identifying the source region of the volcanie rocks.
In Figures 8 and 9, the CVRT data can primarily be
explained by the mixture of enriched mantle I
(EMI), enriched mantle IT (EMII), and depleted
MORB-source mantle (DMM), although some data
may be affected significantly by crustal assimilation
as discussed above. Therefore, these three mantle
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components might have been involved in the gen-
eration of the CVRT magmas. Enrichmentin LILE
and LREE and the EMI- and EMII-rich charac-
ters of the CVRT magmas suggest that the source
might have been in the lithospheric mantle.

For these considerations, the eruption of the
CVRT can be summarized as follows: firstly, the
primary magma formed in the lithospheric mantle,
and rose rapidly into the crust to form a magma
chamber, in which the magma experienced crystal

TECTONIC IMPLICATIONS

The low TiO; contents, obvious Nb-Ta negative
anomalies and slightly enriched Sr-Nd-Pb isotope
ratios of the CVRT are similar to those of island-
arc rocks which have the above mentioned traits.
Moreover, theses rocks include basalt, andesite
and dacite, which are typical assemblages of
island-arc rocks. However, the CVRT are obvi-
ously products of intraplate environments. So,
why JCCVRT have island-arc imprints? Dating
shows that the continental-continental collision
(Fig. 12(a), (b)) completed at least at the end of the
Cretaceous (about 65 Ma) in Tengchong. After the

© 2012 Wiley Publishing Asia Pty Ltd


Zhangan
插入号
the


12 Y. Zhang et al.

A
Vg S
LA /\/\/\/\/ \/\/\/\/\/ s

(c)
)
L— cl 1\

/:/\/\/\/\/\' N PR AN

Fig. 12  Schematic diagrams illustrating the three stages in generating
the Cenozoic volcanic rocks in Tengchong. Detailed meaning of these
diagrams can be found in the text.

collision Tengchong was in an intraplate state.
That is to say that the eruption of the CVRT (the
oldest age of most of them is about 3.7 Ma) was
later than the collision by about 65 Ma.

Within and around the Tibetan Plateau, Ceno-
zoic voleanic rocks are widely exposed. But, volca-
nic rocks as young as those in Tengchong are
scarce and are restricted to several places (Mo
et al. 2006) such as to the northwest, southeast and
northeast edges of the Tibetan Plateau. Because of
their locations to the northwest and southeast
edges of the Tibetan Plateau, which are near the
west and east tectonic syntaxis, it is inferred that
these volcanic rocks are linked with the evolution
of the Tibetan Plateau. Wang et al. (2001) studied
the Cenozoic voleanic activities in the eastern
Indo-Asian collision zone and pointed out that the
younger rocks are widely distributed in rift basins
and are coeval with the east-west extension of
Tibet and eastern Asia.

Mu et al. (1987) systematically measured the
age of the CVRT and revealed that the main erup-
tion age of the CVRT is 0-3.7 Ma. The uplift of the
Tibetan Plateau is a scientific concern of many
different realms. By the high-resolution magneto-
stratigraphy on the NE Tibetan Plateau, Fang
et al. (2007) proposed that the Tibetan Plateau
experienced at least three rapid uplifts which
started at about 14.7 Ma, 8.1 Ma and 3.6 Ma. Thus,

© 2012 Wiley Publishing Asia Pty Ltd

the eruption of the CVRT started almost synchro-
nously with the 3.6 Ma rapid uplift of the Tibetan
Plateau and some kind of link may exist between
them. Meanwhile, Zhang et al. (2001) studied the
structural-chronological frame of the eastern
Himalayan syntaxis and found that it collapsed
after about 6-7 Ma and thought the collapse rep-
resented a rapid uplift of the Tibetan Plateau.
After the final collision between the Burma
and Tengchong terranes, the regional structural
deformation style had transformed from the pre-
dominance of compression in the syn-tectonic
stage into lithospheric extension during the post-
orogenic stage because of the collapse of the colli-
sional orogenic belt. For example, according to the
study of Wang et al. (2007), extension and strike-
slip were dominant structure types since about
6-4 Ma in Tengchong. Extensional tectonics in
orogenic belts usually develop during the post-
orogenic stage in response to readjustment of the
lithospheric thinning by means of mantle convec-
tion, lithospheric collapse, slab breakoff, and/or
detachment (England & Houseman 1989; Platt &
England 1994; Ruppel 1995; Davis & Von Blanck-
enburg 1995). When the degree of extension is
large enough to make the geotherm graze the
solidus, decompressional melting will take place.
According to the studies of Jiang et al. (2003), most
CVRT occur in basins bordered by normal faults,
indicating that these Cenozoic volcanic rocks
formed in an extensional state, which is in accord
with the above principle. That is to say, before the
eruption of CVRT the extension of the Tengchong
lithosphere had existed for a long time and when
the extension was large enough, decompressional
melting of the CVRT source region took place and
the magma finally erupted to the surface.
Tengchong is a part of the eastern Himalayan
syntaxis. According to the aforementioned inter-
pretation of Zhang et al. (2001), the syntaxis col-
lapsed as a result of the rapid uplift of the Tibetan
Plateau. So, we propose that the uplift of the
Tibetan Plateau caused the collapse of the colli-
sional orogenic belt in Tengchong. Due to the
decompression of the enriched lithospheric mantle
which was caused by the collapse, the magma was
generated and was stocked in the crust. After
assimilation and fractional crystallization in
magma chambers the evolved magmas erupted
(Fig. 12(c)) and emplaced in basins bordered by
normal faults. We also suggest that CVRT, which
are classified as intraplate volcanism, have an
island-are signature because the source mantle
was metasomatized by previous subduction events.



As mentioned in the introduction, many models
have been put forward to explain the CVRT. Some
of these models are consistent with our newly
obtained geochemical data such as that the CVRT
have island-arc imprints and that the source region
is enriched mantle. However, these models are not
sufficient to give us a clear conception of the forma-
tion of the CVRT. For example, the model of Zhu
et al. (1983) and Mu et al. (1987) concerned only
with the tectonic environment of the CVRT, models
of Zhao and Chen (1992) and Cong et al. (1994) just
considered that the CVRT are products of island-
arcvolcanism, the model of Ji (1998) merely pointed
out the upwelling of the upper mantle in Tengchong
and the model of Chen et al. (2002) concerned with
the source region of the CVRT. Our model shares
many similar characteristics with previous models
such as island-arc prints (Zhu et al. 1983; Mu et al.
1987; Zhao & Chen 1992), enriched mantle source
region (Chen et al. 2002) and upwelling of the upper
mantle (Ji 1998). However, compared with previ-
ously proposed models concerning the CVRT, our
model is unique in that it links the uplift of the
Tibetan Plateau with the eruption of the CVRT for
the first time.

CONCLUSIONS

The CVRT are mainly composed of basalt, andes-
ite, and dacite and most of them are sub-alkaline
and high-K calc-alkaline. Major, trace, and isotope
geochemical characteristics of the CVRT resemble
those of the voleanic rocks which erupted in an
island-arc. Geochemical data of the CVRT suggest
that the EMI-, EMII- and DMM-like components,
which resided in the lithospheric mantle, probably
involved in the magma genesis. Petrogenesis
studies also show that the CVRT experienced
assimilation and fractional crystallization (AFC)
process. Considering the nearby tectonic evolution
around Tengchong, we conclude that the uplift of
the Tibetan Plateau caused the collapse of the col-
lisional orogeny in Tengchong, which further trig-
gered the generation of magma and the eruption
of the CVRT.
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