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Introduction

Western Yunnan and its southern extension (e.g., NW 
Laos and NW Thailand) are key areas for investigating 
and understanding the Paleo-Tethys tectonic evolution 
(Fig. 1a). In these areas, there developed several impor-
tant suture zones including the Jinshajiang–Ailaoshan and 
Changning–Menglian suture zones in SW China, the Chi-
ang Mai and Nan suture zones and the Loei tectonic zone 
in NW Thailand, and the Luang Prabang tectonic zone in 
NW Laos (Liu et al. 1991; Intasopa and Dunn 1994; Lel-
oup et al. 1995; Wu et al. 1995; Mo et al. 1998; Zhong 
1998; Ueno and Hisada 2001; Feng et al. 2005; Panja-
sawatwong et al. 2006; Sone and Metcalfe 2008; Sone 
et al. 2012; Zi et al. 2012, 2013; Qian et al. 2015, 2016a). 
Besides, two giant igneous zones, the Lancangjiang zone 
in SW Yunnan and the Chiang Khong–Lampang–Tak zone 
in NW Thailand, have been identified (Fig. 1a; e.g., Barr 
et al. 2000, 2006; Panjasawatwong 2003; Peng et al. 2006, 
2008, 2013; Srichan et al. 2009; Wang et al. 2010; Barr and 
Charusiri 2011; Qian et al. 2013, 2016b). Along the Lan-
cangjiang igneous zone, previous works on the metamor-
phic and magmatic rocks have revealed tectonic processes 
involving Permian eastward subduction of the Paleo-Tethys 
Ocean and subsequent Triassic collisional orogeny (Mo 
et al. 1998; Zhong 1998; Metcalfe 2002; Peng et al. 2006, 
2008, 2013; Hennig et al. 2009; Wang et al. 2010; Dong 
et al. 2013; Fan et al. 2015). The Chiang Khong–Lampang–
Tak igneous zone between the Chiang Mai and Nan suture 
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zones is a segment of a huge igneous belt. Recent stud-
ies have suggested that it can link with the Lancangjiang 
igneous zone to the north (Fig. 1a; Barr et al. 2000, 2006; 
Panjasawatwong 2003; Barr and Charusiri 2011; Qian et al. 
2013, 2016b). The abundant Permian–Triassic volcanic 
rocks in the zone are characterized by a mafic–intermedi-
ate–felsic association. Existing studies have been focused 
on the general lithofacies and lithochemical characters of 
regional stratigraphy, however, the petrogenesis and tec-
tonic implications of the Late Triassic felsic rocks remain 
poorly understood. Our recent investigations have newly 
identified a Late Triassic I-type rhyolite in the Chiang 
Khong area, northern part of the Chiang Khong–Lampang–
Tak igneous zone. In this paper, we present new geochro-
nological, geochemical results and zircon Hf and O iso-
topic data for the Chiang Khong rhyolites with the aim to 
better constrain the age and petrogenesis of the felsic rocks, 
and to understand their tectonic significance.

Geological background

The Chiang Khong rhyolite is located in the eastern Chi-
ang Rai Province, NW Thailand. According to von Braun 
and Hahn (1976), the sequences in the study area include 
mainly Carboniferous–Permian limestone, chert, shale, 
sandstone and conglomerate, overlain by Triassic conglom-
erate, sandstone, siltstone, mudstone, with interbedded tuff 
and shale layers. These sequences are covered in turn by 
Lower Jurassic reddish brown, purple and pale yellowish 
green sandstone, siltstone, shale and volcanogenic con-
glomerate (Fig. 1b; e.g., von Braun and Hahn 1976). The 
area is characterized by the NNE-trending Doi Yao and Doi 
Khun Ta Khuan igneous belts, separated by the Cenozoic 
Chiang Khong basin, which together constitute an impor-
tant part of the Chiang Khong–Lampang–Tak igneous zone 
(Fig. 1b; e.g., Barr et al. 2006).

Fig. 1  a Tectonic outline of Southeast Asia (Qian et al. 2016a, b), 
JAS Jingshajiang–Ailaoshan suture, CMS Changning–Menglian 
suture, SMS Song Ma suture, CS Chiang Mai suture, SKS Sa Kaeo 
suture, NS Nan suture, LS Loei suture, LPZ Luang Prabang tectonic 

zone, TSFB Truong Son Fold Belt, LZ Lancangjiang igneous zone, 
CLTZ Chiang Khong–Lampang–Tak igneous zone. b Simplified geo-
logical map of the study area in northern Thailand (revised after von 
Braun and Hahn 1976; Barr et al. 2006)
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The volcanic sequences are in unconformable contact 
with the underlying Permian–Triassic sedimentary rocks, 
and in fault contact with the overlying Late Triassic–
Jurassic red beds and Cenozoic sediments. The volcanic 
rocks are composed of basaltic andesite, andesite, dac-
ite, rhyolite and tuff with volcanoclastic interlayers. The 
plutonic rocks include granite, granodiorite and diorite of 
unknown age. The volcanic rocks in the Chiang Khong 
area have been interpreted as products of two magmatic 
events that occurred during the Permian–Middle Trias-
sic and the Late Triassic–Jurassic time intervals, largely 
based on stratigraphic correlations (Jungyusuk and Khosi-
tanont 1992). von Braun and Hahn (1976), Phajuy (2001) 
and Panjasawatwong (2003) suggested that the volcanic 
rocks in the Doi Khun Ta Khuan and Doi Yao igneous 
belts formed in a continental arc during the Permian–
Triassic period. Barr et al. (2006) reported a zircon age 
of 232.9 ± 0.4 Ma for the andesite and interpreted that 
they formed in a continental arc setting. However, Srichan 
et al. (2009) considered that the Chiang Khong volcanic 
rocks are Late Triassic (220–223 Ma) products formed 
in a post-collisional tectonic regime. More recently, Qian 
et al. (2013) have reported three zircon U–Pb ages of 
241.2 ± 4.6, 241.7 ± 2.9 and 238.3 ± 3.8 Ma for andesite 
and rhyolite samples from the Doi Yao and Doi Khun Ta 
Khuan igneous belts with geochemical affinities to arc 
and/or syn-collisional settings. Qian et al. (2016b) also 
report a zircon age of 229 ± 4 Ma for an andesite sample 
from an outcrop near the Thailand–Laos border and sug-
gested that the Late Triassic volcanic rocks formed in a 
post-collisional setting.

The studied rhyolite samples were taken from the Doi 
Khun Ta Khuan igneous belt west of the Cenozoic Chiang 
Khong basin in NW Thailand (Fig. 1b). The rhyolites are 
light red in color and show moderately aphyric to porphy-
ritic textures with subhedral phenocrysts of sanidine, pla-
gioclase and quartz (Fig. 2a, b). Plagioclase phenocrysts 
show variable degrees of sericitization. The groundmass 

consists of fine-grained quartz, plagioclase, opaque miner-
als and glass (Fig. 2c).

Analytical techniques

Zircon grains from a representative rhyolite sample (TL-
17A1) were separated by conventional heavy liquid and 
magnetic techniques. Grains were mounted in epoxy and 
polished to expose the center of zircon crystals, which were 
then photographed in transmitted and reflected light. The 
internal texture of zircons was examined using cathodolu-
minescence (CL) imaging at the Institute of Geology and 
Geophysics (IGG), Chinese Academy of Sciences (CAS), 
Beijing.

Zircons were coated with gold and analyzed using a 
laser ablation (LA)–ICP–MS at the IGG CAS. The zircon 
standards CN92-2, 91500 and GJ were used to calibrate the 
U–Th–Pb ratios. The standard silicate glass NIST 610 was 
used to optimize the machine. The spot size for data collec-
tion was 30 μm. The individual U–Pb analysis is presented 
with 1σ error, while weighted mean ages are quoted at the 
95 % confidence level. The age calculations and plots were 
made using Isoplot (version 3.0) (Ludwig 2003). Detailed 
analytical procedure of the LA–ICP–MS technique is simi-
lar to those described by Yuan et al. (2004). The analytical 
data are listed in Table 1.

Zircon Lu–Hf isotopic analysis was carried out using 
a Geolas-193 laser ablation microprobe, attached to a 
Neptune multi-collector ICP–MS at the IGG CAS. Zir-
con Hf isotopic fractionation was corrected using stand-
ard zircon 91500. Isobaric interference of 176Yb on 176Hf 
was corrected by a laboratory-established formula: 
βYb = 0.912 × βHf. Detailed description of the zircon 
Hf isotope analytical technique can be found in refer-
ence Wu et al. (2006). The zircon U–Pb age was used in 
the calculation of εHf (t) values adopting the chondrule 
with 176Hf/177Hf = 0.282772 and 176Lu/177Hf = 0.0332 
(Blichert and Albarède 1997). Single-stage Hf model 

Fig. 2  Field photograph and microscopic photograph for the rhyolite in the Chiang Khong area: a rhyolite field photograph and b, c rhyolitic 
sample (TL17-A1) with parallel and crossed polarizers, respectively. Q quartz, Sa sanidine, Pl plagioclase
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ages were calculated relative to the depleted mantle with 
176Hf/177Hf = 0.28325 and 176Lu/177Hf = 0.0384 (Griffin 
et al. 2000), and two-stage Hf model ages were calculated 
with a mean 176Lu/177Hf = 0.015 of the average continental 
crust (Amelin et al. 1999). Zircon oxygen isotopic analy-
sis was measured using the CAMECA 1280 at IGG CAS. 
The Cs+ ion beam was accelerated to 10 kV, with an inten-
sity of ~2 nA. The analysis site was the same as for U–Pb 
dating, and the spot size about 20 μm in diameter. The 
normal incidence electron flood gun was used to compen-
sate for sample charging. The nuclear magnetic resonance 
(NMR) was used for stabilizing magnetic field. Oxygen 
isotopes were measured in multi-collector mode with two 
off-axis Faraday cups. Analytical procedures are similar to 
that described by Li et al. (2010a). The instrumental mass 
fractionation factor (IMF) was corrected using Penglai zir-
con standard with δ18O value of 5.31 ‰ (Li et al. 2010b). 
The internal precision of a single analysis was generally 
better than 0.20 ‰ (1σstandard error) for 18O/16O ratio. 
The external precision measured by the reproducibility of 
repeated analyses of Penglai standard is 0.27 ‰ (n = 8). 
During the course of this study, an in-house zircon stand-
ard Qinghu was also measured as an unknown together 
with other unknowns. Four measurements of Qinghu zir-
con yield a weighted mean of δ18O = 5.54 ± 0.32 ‰, 

which is consistent within errors with the reported value of 
5.4 ± 0.2 ‰ (Li et al. 2013). Zircon Lu–Hf and oxygen 
isotopic analyzed data are listed in Table 2.

Samples were selected for whole-rock elemental and Sr–
Nd isotopic analyses, and were crushed to 200-mesh using 
an agate mill. The major oxides were analyzed by wave-
length X-ray fluorescence spectrometry at the State Key 
Laboratory of Isotope Geochemistry, Guangzhou Institute 
of Geochemistry (GIG), Chinese Academy of Sciences 
(CAS). Trace element analyses were performed at the 
same laboratory using a Perkin-Elmer Sciex ELAN 6000 
ICP–MS. Detailed sample preparation and analytical pro-
cedure followed Li et al. (2002). Sr–Nd isotopic ratios were 
measured on the Micromass IsoProbe™ MC–ICPMS at the 
GIG. The analytical procedures are the same as reported 
by Wei et al. (2002).The total procedure blanks were in the 
range of 200–500 pg for Sr and ≤50 pg for Nd. The mass 
fractionation corrections for Sr and Nd isotopic ratios are 
based on 86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219, 
respectively. The measured 87Sr/86Sr ratios of the (NIST) 
SRM987 standard are 0.710265 ± 12 (2σ), and the meas-
ured 143Nd/144Nd ratios of the La Jolla standard are 
0.511862 ± 10 (2σ). The whole-rock elemental and two Sr 
and Nd isotopic data of the selected samples are given in 
Table 3.

Table 1  LA–ICP–MS zircon U–Pb data of the sample TL-17A1 in the Chiang Khong area, NW Thailand

Analytical 
spot

Concentration (ppm) Isotope ratio Calculated apparent age (Ma)

Th U Pb Th/U 207Pb/206Pb 207Pb/235U 206Pb/238U 207Pb/206Pb 207Pb/235U 206Pb/238U

Ratio 1σ Ratio 1σ Ratio 1σ Age 1σ Age 1σ Age 1σ

TL-17A1-01 87 168 238 0.52 0.051383 0.000956 0.258132 0.005761 0.036437 0.000764 257 44 233 5 231 5

TL-17A1-02 101 177 354 0.57 0.051263 0.000984 0.258867 0.006755 0.036619 0.000880 254 43 234 5 232 5

TL-17A1-03 116 120 443 0.97 0.052306 0.000995 0.265684 0.005912 0.036876 0.000803 298 44 239 5 233 5

TL-17A1-04 75 124 581 0.60 0.051436 0.000977 0.260585 0.005996 0.036738 0.000776 261 43 235 5 233 5

TL-17A1-05 71 110 689 0.65 0.051430 0.000991 0.259480 0.007480 0.036590 0.001020 261 44 234 6 232 6

TL-17A1-06 138 266 987 0.52 0.052477 0.001045 0.265466 0.005935 0.036731 0.000795 306 44 239 5 233 5

TL-17A1-07 62 82 239 0.76 0.051568 0.001071 0.264156 0.006665 0.037105 0.000740 265 53 238 5 235 5

TL-17A1-08 93 97 156 0.96 0.051634 0.000999 0.261383 0.005969 0.036732 0.000805 333 44 236 5 233 5

TL-17A1-09 96 114 456 0.84 0.052183 0.001487 0.255902 0.008210 0.035537 0.000721 295 69 231 7 225 4

TL-17A1-10 131 220 981 0.60 0.051193 0.001406 0.256818 0.008074 0.036420 0.000912 250 69 232 7 231 6

TL-17A1-11 202 171 741 1.18 0.051322 0.000959 0.257300 0.005576 0.036352 0.000729 254 43 232 5 230 5

TL-17A1-12 66 108 410 0.61 0.051337 0.001047 0.258136 0.005808 0.036471 0.000729 257 46 233 5 231 5

TL-17A1-13 56 93 354 0.60 0.051531 0.000908 0.258474 0.006044 0.036346 0.000784 265 36 233 5 230 5

TL-17A1-14 160 168 1023 0.95 0.051597 0.000928 0.259527 0.005761 0.036461 0.000745 333 38 234 5 231 5

TL-17A1-15 82 114 652 0.72 0.051545 0.000986 0.261735 0.005969 0.036839 0.000778 265 44 236 5 233 5

TL-17A1-16 73 95 375 0.77 0.051180 0.000968 0.259080 0.005770 0.036220 0.000640 249 43 234 5 229 4

TL-17A1-17 98 101 603 0.97 0.053190 0.001196 0.263670 0.007250 0.036240 0.000780 337 54 238 6 230 5

TL-17A1-18 79 126 867 0.63 0.051371 0.000985 0.255847 0.006393 0.036101 0.000800 257 44 231 5 229 5

TL-17A1-19 88 139 1014 0.63 0.051640 0.001223 0.256440 0.007960 0.036000 0.001100 270 54 232 6 228 7

TL-17A1-20 103 151 1004 0.68 0.052070 0.001171 0.260650 0.005660 0.036150 0.000580 289 50 235 5 229 4
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Analytical results

Zircon U–Pb dating

The majority of zircon grains from the rhyolite sample 
TL-17A1 are transparent, euhedral and light brown, and 
exhibit oscillatory zoning in CL images (Wu and Zheng 
2004) (Fig. 3). Twenty analytical spots on 20 zircon grains 
have Th and U concentrations ranging from 56 to 160 ppm 
and 82 to 266 ppm, respectively, with Th/U ratios in the 
range of 0.52–1.18. All analyses yield a weighted mean 
206Pb/238U age of 230.7 ± 1.1 Ma with MSWD = 0.98 
(Fig. 3), interpreted as the crystallization age of the 
rhyolite.

Zircon Hf and O isotopic compositions

In situ Hf and oxygen isotopic compositions were ana-
lyzed on the dated zircons from sample TL-17A1 
(Table 2). The176Lu/177Hf ratios of 20 zircon grains range 
from 0.001420 to 0.003766, indicating that only a small 
amount of radiogenic Hf has accumulated since the zir-
cons crystallized (Griffin et al. 2000). These grains have 
positive εHf (t) values ranging from 4.7 to 12.0, with cor-
responding TDM1 and TDM2 in the range of 0.41–0.72 and 
0.44–0.81 Ga, respectively (Fig. 4a). The measured zircon 
grains have a restricted range of oxygen isotopic compo-
sitions. Fifteen zircon grains yield mantle-like δ18O values 
of 5.3–5.9 ‰ (Table 2; Fig. 4b). The whole-rock δ18O in 

Table 2  Zircon in situ Hf and O isotopic compositions of sample TL-17A1

εHf (t) = [176Hf/177HfZ/176Hf/177HfCHUR(t)–1] × 10,000
176 Hf/177HfCHUR(t) = 176Hf/177HfCHUR(0)–

176Lu/177HfCHUR × (eλt–1)

TDM1 = (1/λ) × ln[1 + (176Hf/177HfDM–176Hf/177HfZ)/(176Lu/177HfDM–176Lu/177HfZ)]

TDM2 = TDM1–(TDM1–T) × [(fC–fZ)/(fC–fDM)]

fLu/Hf = 176Hf/177Hf/176Lu/177HfCHUR–1

Where fC, fZ and fDM are the fLu/Hf values of the continental crust, zircon sample and the depleted mantle

Subscript Z = analyzed zircon sample, CHUR = chondritic uniform reservoir, DM = depleted mantle. T = zircon U–Pb age

λ = 1.867 × 10−11 year−1, decay constant of 176Lu (Söderlund et al. 2004)
176 Hf/177HfDM = 0.28325, 176Lu/177HfDM = 0.0384 (Griffin et al. 2000)

Present-day176Hf/177HfCHUR(0) = 0.282772; 176Lu/177HfCHUR = 0.0332 (Blichert and Albarède 1997)

(176Lu/177Hf)CC = 0.015, (176Hf/177Hf)CC = 0.28325 (Amelin et al. 1999)

Analytical spot T (Ma) 176Hf/177Hf 1σ 176Yb/177Hf 176Lu/177Hf εHf (t) TDM1 (Ga) TDM2 (Ga) δ18O 2σ

TL-17A1-01 231 0.282800 0.000015 0.055611 0.001491 5.8 0.65 0.75 5.7 0.35

TL-17A1-02 232 0.282825 0.000018 0.105760 0.002631 6.6 0.63 0.71 5.6 0.22

TL-17A1-03 233 0.282772 0.000021 0.116577 0.002975 4.7 0.72 0.81 5.6 0.28

TL-17A1-04 233 0.282795 0.000020 0.072046 0.001899 5.6 0.66 0.76 5.9 0.33

TL-17A1-05 232 0.282823 0.000015 0.068604 0.001751 6.6 0.62 0.71 5.4 0.32

TL-17A1-06 233 0.282785 0.000019 0.067170 0.001672 5.3 0.67 0.78 5.9 0.20

TL-17A1-07 235 0.282831 0.000021 0.109840 0.002732 6.8 0.63 0.70 5.7 0.18

TL-17A1-08 233 0.282806 0.000020 0.142681 0.003716 5.7 0.68 0.75 5.3 0.46

TL-17A1-09 225 0.282782 0.000019 0.100739 0.002599 4.9 0.70 0.79 5.4 0.30

TL-17A1-10 231 0.282769 0.000022 0.054670 0.001420 4.7 0.69 0.80 5.7 0.20

TL-17A1-11 230 0.282871 0.000020 0.142844 0.003465 8.0 0.58 0.64 5.8 0.29

TL-17A1-12 231 0.282872 0.000019 0.118613 0.002924 8.2 0.57 0.63 5.3 0.23

TL-17A1-13 230 0.282840 0.000021 0.114545 0.002875 7.0 0.62 0.69 5.9 0.29

TL-17A1-14 231 0.282892 0.000019 0.106555 0.002553 8.9 0.53 0.59 5.4 0.25

TL-17A1-15 233 0.282916 0.000020 0.150517 0.003461 9.7 0.51 0.56 5.5 0.37

TL-17A1-16 229 0.282880 0.000024 0.165600 0.003766 8.3 0.57 0.62

TL-17A1-17 230 0.282982 0.000020 0.150402 0.003386 12.0 0.41 0.44

TL-17A1-18 229 0.282873 0.000019 0.133701 0.003023 8.1 0.57 0.63

TL-17A1-19 228 0.282824 0.000023 0.115491 0.002611 6.5 0.63 0.71

TL-17A1-20 229 0.282808 0.000021 0.120476 0.002789 5.9 0.66 0.74
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Table 3  Major oxides, trace 
element analytical data and Sr–
Nd isotopic compositions of the 
rhyolites in the Chiang Khong 
area, NW Thailand

Sample TL17-A1 TL17-A2 TL17-A3 TL17-A4 TL17-A5 TL17-A6 TL17-A7

SiO2 73.68 76.62 76.99 71.33 73.98 70.57 70.88

TiO2 0.43 0.31 0.30 0.62 0.51 0.40 0.29

Al2O3 13.87 13.01 12.97 14.36 13.06 15.88 14.38

Fe2O3t 2.54 1.43 1.86 3.75 3.04 2.31 3.35

MnO 0.02 0.01 0.02 0.03 0.05 0.06 0.04

MgO 0.13 0.08 0.04 0.27 0.14 0.81 0.41

CaO 0.41 0.15 0.32 0.56 0.97 1.51 0.57

Na2O 7.02 6.22 6.42 6.65 6.58 1.73 4.15

K2O 1.65 2.07 1.15 1.85 1.12 4.83 5.21

P2O5 0.09 0.001 0.03 0.16 0.12 0.04 0.04

LOI 0.55 0.48 0.29 0.69 0.73 1.90 0.78

Total 100.40 100.38 100.39 100.27 100.31 100.05 100.11

A/CNK 0.99 1.02 1.05 1.03 0.95 1.47 1.06

A/NK 1.04 1.04 1.10 1.11 1.09 1.97 1.15

Sc 18.3 14.4 17.9 23.4 22.1 12.3 21.9

V 9 8 5 31 13 10 10

Cr 3.0 2.8 3.3 8.2 3.9 3.9 11.2

Co 1.3 0.6 0.4 3.3 2.2 1.7 2.2

Ni 0.4 1.5 0.4 2.3 0.5 1.4 4.9

Rb 30.4 40.5 18.1 51.0 24.7 184.0 190.7

Sr 87 54 61 147 116 163 86

Y 22.71 10.20 16.87 25.32 28.05 44.38 34.20

Zr 185.5 239.3 223.3 205.6 189.8 280.0 316.8

Nb 9.06 11.77 11.24 9.71 9.27 16.37 25.11

Ba 285 288 157 404 208 922 848

La 12.07 5.83 23.73 19.14 28.49 64.39 33.98

Ce 31.38 11.33 55.10 40.01 53.97 118.11 79.02

Pr 4.21 1.76 5.45 5.33 6.50 13.43 10.10

Nd 17.13 6.76 19.65 20.13 24.79 49.96 38.58

Sm 3.91 1.56 3.57 4.32 5.20 8.74 7.92

Eu 0.80 0.35 0.81 1.01 1.23 1.98 1.68

Gd 3.60 1.38 3.35 4.16 4.75 8.48 6.61

Tb 0.69 0.29 0.57 0.73 0.83 1.38 1.21

Dy 4.03 1.79 3.35 4.50 4.74 7.77 6.93

Ho 0.91 0.45 0.73 1.01 1.07 1.74 1.52

Er 2.69 1.37 1.97 2.93 3.11 4.82 4.14

Tm 0.41 0.22 0.31 0.46 0.46 0.75 0.62

Yb 2.60 1.50 1.99 3.05 3.00 4.87 4.16

Lu 0.38 0.22 0.29 0.46 0.44 0.77 0.61

Hf 5.01 6.45 6.21 5.28 5.04 7.92 7.81

Ta 0.64 0.81 0.78 0.69 0.65 1.07 1.56

Pb 7.06 6.71 5.92 12.70 7.80 26.62 7.11

Th 8.23 8.60 9.32 9.02 8.74 14.40 16.97

Eu/Eu* 0.64 0.71 0.70 0.72 0.74 0.69 0.69

(La/Yb)N 3.33 2.78 8.56 4.50 6.82 9.48 5.86

(Gd/Yb)N 1.14 0.76 1.39 1.13 1.31 1.44 1.31
87Rb/86Sr 1.016 1.002
147Sm/144Nd 0.138 0.130
87Sr/86Sr 0.708304 0.708565

2σ 0.000007 0.000006
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equilibrium with zircon δ18O can be approximated by the 
empirical linear relationship: whole-rock δ18O ≈ zircon 
δ18O + 0.0612 × (wt% SiO2) − 2.5 (Valley et al. 2005). 

The zircon grains used to constrain the crystallization age 
yield calculated whole-rock δ18O of 7.4–7.9 ‰ (Fig. 4b).

Table 3  continued Sample TL17-A1 TL17-A2 TL17-A3 TL17-A4 TL17-A5 TL17-A6 TL17-A7

143Nd/144Nd 0.512618 0.512595

2σ 0.000004 0.000004

(87Sr/86Sr)i 0.70497 0.70527

εNd (t) 1.33 1.13

TDM2 (Ga) 0.80 0.81

Fe2O3t represents total Fe oxides, Eu/Eu* = 2 ×  EuN/(SmN +  GdN), 147Sm/144Nd = 0.1967, 143Nd/144 

Nd = 0.512638, which are used for the calculation. εNd (t) is calculated by assuming 231 Ma

Fig. 3  a LA–ICP–MS zircon U–Pb concordia diagram and b weighted average diagram for rhyolite sample (TL17-A1) in the Chiang Khong 
area with cathodoluminescence (CL) image of representative zircon grains

Fig. 4  Plots of a age (Ma) versus εHf (t) and b oxygen isotopic com-
positions for zircon grains from sample TL17-A1. Also shown for 
MORB (Eiler et al. 2000), altered upper and lower oceanic crust 
(Gregory and Taylor 1981; Cocker et al. 1982), mafic rocks and I-, 

and S-type granitoids (Eiler et al. 2000). Whole-rock δ18O is cal-
culated using whole-rock δ18O = zircon δ18O + 0.0612 × (wt% 
SiO2) − 2.5 (Valley et al. 2005)
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Whole‑rock geochemistry

 Contents of major oxides are normalized to 100 % on a 
volatile-free basis. The seven rhyolite samples in this study 
display a moderate range of SiO2 (71.36–76.92 wt%), low 
TiO2 (0.29–0.62 wt%), low MgO (0.04–0.82 wt%) and high 
Al2O3 (12.95–16.18 wt%) (Table 3; Fig. 4). In the TAS dia-
gram (Fig. 5a) (after Le Bas et al. 1986), these samples fall 
in the field of subalkalic rhyolite and that of the post-colli-
sional granitoids (Luo and Yin 1988; Jian et al. 2003; Zhu 
et al. 2011), similar to those reported by Barr et al. (2006), 
Srichan et al. (2009) and Qian et al. (2013). Most of the 
samples straddle the metaluminous–peraluminous bound-
ary with A/CNK [molar Al2O3/(CaO + Na2O + K2O)] val-
ues of 0.95–1.06 with all except the outlier (sample TL-17 
A6 at 1.47) plotting as I-type granite (Fig. 5b). The differ-
entiation index (DI) (DI = Q+Or + Ab + Ne + Lc + Kp) 
varies between 82 and 97, suggesting that the magma was 
highly evolved. In the A.R.–SiO2 diagram (Fig. 5c) (after 
Wright 1969), most samples plot in the alkaline field. In 
addition, the 10000 × Ga/Al ratios of the rhyolites range 
from 1.05 to 1.94 and most samples plot within the field 
of I- and S-type granite (Whalen et al. 1987) (Fig. 6). All 
these features suggest that these samples can be classi-
fied as highly fractionated I-type rhyolites. All samples 
exhibit REE fractionation with (La/Yb)N (N herein refers 
to chondrite-normalized value) of 2.78–9.48, (Gd/Yb)N of 
0.76–1.44 and Eu/Eu* of 0.64–0.74 (Table 3; Fig. 7a). As 
shown in the primitive mantle-normalized multi-element 
spidergram (Sun and McDonough 1989) (Fig. 7b), these 
samples are characterized by enrichment in large ion litho-
phile elements (LILEs) and depletion in high field strength 
elements (HFSEs) (e.g., Nb, Ta and Ti) with Th/La = 0.22–
1.47 and Nb/La = 0.25–2.02. Most samples are broadly 
similar to the Chiang Khong Triassic rhyolites samples 
(Barr et al. 2006; Srichan et al. 2009; Qian et al. 2013). 
One outlier sample (TL17-A2) with lower Y and REE is 
also similar to the Chiang Khong Triassic rhyolite sample 
reported by Barr et al. (2006). In comparison with the high-
Mg post-collisional volcanic rocks in the Lancangjiang 
igneous zone, the Chiang Khong Triassic rhyolites samples 
(e.g., Barr et al. 2006; Srichan et al. 2009; Qian et al. 2013) 
do not show negative Th anomalies, but have negative Sr 
anomalies, are similar to the high-Al post-collisional vol-
canic rocks in the Lancangjiang igneous zone (Fig. 7b) 
(e.g., Wang et al. 2010).  

The Sr–Nd isotopic analytical results for two selected 
samples are presented in Table 3. The initial Sr–Nd isotopic 
ratios were calculated using the age of 231 Ma. The two 
samples have 87Sr/86Sr (i) ratios of 0.70497 and 0.70527. 
The εNd (t) values fall at +1.1 and +1.3, corresponding to 
Neoproterozoic Nd model ages (Table 3; Fig. 8). The two 
εNd (t) values are slightly higher than those of the high-Al 

post-collisional volcanic rocks in the Lancangjiang and 
Chiang Khong–Lampang–Tak igneous zones (Wang et al. 
2010; Qian et al. 2016b), but lower than the high-Mg post-
collisional volcanic rocks in the Lancangjiang igneous zone 
(Fig. 8) (Wang et al. 2010).

Fig. 5  a SiO2 versus Na2O + K2O (TAS) (after Le Bas et al. 1986), 
b A/CNK versus A/NK and c A.R. versus SiO2 (after Wright 1969) 
classification diagrams for the Late Triassic rhyolites in the Chiang 
Khong area, NW Thailand. A.R.: (alkalinity ratio) = [Al2O3 + CaO 
+ (Na2O + K2O)]/[Al2O3 + CaO − (Na2O − K2O)] (wt%). The field 
of the post-collisional granitoids is from Luo and Yin (1988), Jian 
et al. (2003) and Zhu et al. (2011). The data of Triassic rhyolites are 
from Barr et al. (2006), Srichan et al. (2009) and Qian et al. (2013)
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Fig. 6  a 10,000 × Ga/Al versus 
Nb and b 10,000 × Ga/Al ver-
sus Zr diagrams (after Whalen 
et al. 1987) for the Late Triassic 
rhyolites in the Chiang Khong 
area, NW Thailand

Fig. 7  a Chondrite-normalized 
REE patterns and b Primitive 
mantle–normalized trace ele-
ment spidergrams for the Late 
Triassic rhyolites in the Chiang 
Khong area, NW Thailand. 
Also shown are the patterns of 
N-MORB, E-MORB and OIB. 
Normalized values for chondrite 
and primitive mantle are from 
Sun and McDonough (1989). 
The data of the Lancangjiang 
Late Triassic high-Al and high-
Mg post-collisional volcanic 
rocks are from Wang et al. 
(2010). The data of Late Trias-
sic rhyolites from the Chiang 
Khong area are from Barr et al. 
(2006), Srichan et al. (2009) and 
Qian et al. (2013), respectively
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Discussion

Petrogenesis

The studied samples are relatively fresh, and all samples 
show low loss on ignition (LOI) contents (0.29–1.90 wt%), 
suggesting that post-eruption alteration or weathering is not 
severe. Furthermore, the homogenous mantle-like δ18O val-
ues, positive εHf (t) values (Fig. 4a, b), and two representa-
tive Sr–Nd isotopic compositions (Fig. 8) suggest that the 
crustal contamination did not play a significant role during 
magma evolution.

As described earlier, our samples can be classified as 
highly fractionated I-type rhyolites. Three processes have 
been proposed for the origin of I-type rhyolites: (1) mix-
ing between crust-derived felsic and mantle-derived mafic 
magmas (e.g., Wu et al. 2003b; Clemens et al. 2011), (2) 
fractional crystallization of mantle-derived basaltic paren-
tal magma (e.g., Barth et al. 1995; Rapp and Watson 1995; 
Wu et al. 2003b) and (3) partial melting of the mafic to 
intermediate crust, followed by extensive fractional crystal-
lization (e.g., Wu et al. 2003b; Zhao and Zhou 2009; Liu 
et al. 2014; Zhang et al. 2015). Below we assess each of 
these scenarios and their applicability to the Chiang Khong 
rhyolites.

The magma mixing model involving the mingling of 
isotopically primitive mantle-derived material with a par-
tial melt of relatively evolved crust would produce a wide 
range of isotopic and geochemical signatures (Zhang et al. 
2015). However, zircon grains from our Chiang Khong rhy-
olite samples have homologous mantle-like δ18O values of 

5.3–5.9 ‰. They also show mantle-like 87Sr/86Sr (i) ratios 
and εNd values. Accordingly, the magma mixing model pro-
posed is not feasible for the Chiang Khong rhyolites.

In general, large volumes of basaltic magma are needed 
to produce small amounts of silicic rock (Peccerillo et al. 
2003). Experiments also have shown that mafic magmas 
can produce 12–25 wt% of felsic magmas by differentia-
tion (Sisson et al. 2005). Late Triassic volcanic rocks are 
relatively common in the Chiang Khong area (Srichan et al. 
2009; Barr and Charusiri 2011; Qian et al. 2016b), how-
ever, mafic and intermediate rocks are not widely distrib-
uted and where present their εNd values of −1.92 to −0.32 
(Qian et al. 2016b) are lower than the Chiang Khong rhyo-
lites. Therefore, fractional crystallization of mantle-derived 
basaltic magma is unlikely for the Chiang Khong rhyolites.

Partial melting of the mafic to intermediate crust is the 
most likely explanation for the formation of the Chiang 
Khong rhyolites. Trace element modeling (Fig. 9) indicates 
that extensive fractional crystallization took place after the 
initial magma formation with biotite, plagioclase, horn-
blende and allanite being important fractionating phases. 
Two selected samples have low 87Sr/86Sr (i) ratios and posi-
tive εNd (t) values (Fig. 8a), and the modeling based on iso-
topic data (Fig. 8b) shows that no upper crustal component 
has been added to the magma source. Zircon Hf and O iso-
topic compositions are typical of mantle values. All these 
isotopic characteristics suggest that mantle-derived materi-
als were involved in the source region of the Chiang Khong 
rhyolites. Their Neoproterozoic Nd model ages (0.80–
0.81 Ga) and Hf TDM1 (0.41–0.72 Ga) are much older than 
the eruption age of 231 Ma. Moreover, these samples have 

Fig. 8  a 87Sr/86Sr (i) versus εNd (t) and b the mixing model for the 
Late Triassic rhyolites in the Chiang Khong area, NW Thailand. The 
fields of Lancangjiang post-collisional volcanic rocks and Chiang 
Khong post-collisional volcanic rocks are from Wang et al. (2010) 
and Qian et al. (2016b), respectively. The fields of EMI and EMII are 
from Zindler and Hart (1986). The mixing model of two end mem-

bers: (Atherton and Petford 1993) basalt representing the mantle-
derived components (87Sr/86Sr = 0.704, εNd =+8), (Audétat 2010) 
crustal components (LCC lower continental crust, 87Sr/86Sr = 0.708, 
εNd = −15; UCC upper continental crust, 87Sr/86Sr = 0.740, 
εNd = −12), the end member data from Wu et al. (2003b)
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low Rb/Sr and Rb/Ba ratios and plot within the clay-poor 
field (Fig. 10), indicating little or no clay-rich sedimen-
tary contribution to the magma. Therefore, the geochem-
istry and isotopic compositions of Chiang Khong rhyolites 
argue for a derivation from partial melting of juvenile mafic 
lower crust and en route to the surface the melts experi-
enced extensive fractional crystallization, with removal of 
biotite, hornblende, plagioclase and allanite.

Tectonic implications

Triassic felsic rocks are widely distributed along the Chiang 
Khong–Lampang–Tak igneous zone in NW Thailand. The 
rhyolite exposed in the Lampang area of the central igneous 
zone was dated at ca. 240 Ma (Barr et al. 2000). The Chi-
ang Khong rhyolite in the northern part of the igneous zone 
gave zircon ages of 220–238 Ma (Barr et al. 2006; Srichan 
et al. 2009 ; Qian et al. 2013). Similar ages of 220–242 Ma 
have been obtained from the mafic–intermediate volcanic 

rocks in the northern part of the igneous zone (Srichan 
et al. 2009; Qian et al. 2013, 2016b). Recent studies have 
suggested that the Chiang Khong–Lampang–Tak igneous 
zone can be linked with the Lancangjiang igneous zone to 
the north based on geochronological and geochemical data 
of volcanic rocks (Barr et al. 2000, 2006; Barr and Charu-
siri 2011; Qian et al. 2013, 2016b). Within the Lancangji-
ang igneous zone, abundant Middle–Late Triassic igneous 
rocks have been identified and are generally interpreted to 
have formed in collision-related settings (Peng et al. 2006, 
2013; Wang et al. 2010; Kong et al. 2012; Wang et al. 
2012; Dong et al. 2013). Meanwhile, granitic rocks from 
the Kyaing Tong Granite between the Chiang Khong–Lam-
pang–Tak and Lancangjiang igneous zones (Fig. 1a) were 
dated at 219–220 Ma by Gardiner et al. (2015) who suggest 
that the closure and suturing of the Paleo-Tethys occurred 
at ca. 230 Ma in northern Thailand and eastern Myanmar. 
Our zircon age of 231 Ma from the Chiang Khong rhyo-
lite is consistent with the published geochronological data, 
and taken together, these suggest a Middle–Late Triassic 
collisional orogenesis along the Chiang Khong–Lampang–
Tak and Lancangjiang igneous zones, and the Kyaing Tong 
Granite in eastern Myanmar.

The studied Chiang Khong rhyolites belong to the high 
fractionated I-type rhyolites. I-type igneous rocks are most 
abundant in Andean-type continental arc settings or post-
collisional settings (Roberts and Clemens 1993). Available 
data have established that the collision between the Indo-
china and Sibumasu blocks occurred during the Middle–
early Late Triassic (Srichan et al. 2009; Wang et al. 2010; 
Qian et al. 2013; Fan et al. 2015; Qian et al. 2016b). In 
addition, the studied rhyolites are in fault contact with Late 
Triassic–Jurassic red beds and Cenozoic sediments (von 
Braun and Hahn 1976; Jungyusuk and Khositanont 1992; 
Srichan et al. 2009). This stratigraphic relationship sup-
ports the Late Triassic as the time of collision. Therefore, 
the genesis of the Late Triassic Chiang Khong rhyolites 
was likely associated with a collisional setting. Moreover, 

Fig. 9  a Rb versus Ba, b Eu/Eu* versus Ba and c La versus (La/Yb)N diagrams (after Wu et al. 2003a; Zhang et al. 2015 ) for the Late Triassic 
rhyolites in the Chiang Khong area, NW Thailand

Fig. 10  Rb/Sr versus Rb/Ba diagram (after Sylvester 1998) for the 
Late Triassic rhyolites in the Chiang Khong area, NW Thailand
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in the Y + Nb − Rb (after Pearce 1996) discrimination 
diagram (Fig. 11), most rhyolite samples from the Chiang 
Khong area fall in the fields of post-collisional and vol-
canic arc granites. This is consistent with the conclusions 
of recent studies by Srichan et al. (2009) and Qian et al. 
(2016b) on other Late Triassic volcanic rocks in the Chi-
ang Khong–Lampang–Tak igneous zone. From the geo-
chemistry in combination with the geochronology data, 
we propose that the rhyolites in the Chiang Khong area are 
equivalent with the post-collisional volcanic rocks of the 
Xiaodingxi and Manghuihe formations in the Lancangjiang 
igneous zone (Wang et al. 2010; Peng et al. 2013).

Our Chiang Khong rhyolite samples are characterized 
by relatively high εHf (t) and εNd (t) values and have man-
tle-like O isotopic compositions and probably originated 
from partial melting of juvenile mafic lower crust. Srichan 
et al. (2009) suggested that the Late Triassic volcanic rocks 
in the Chiang Khong area may be related to gravitational 
collapse of the thickened crust according to the geochemi-
cal similarity between the rift-related Whitsunday vol-
canic province and the Chiang Khong suites. However, the 
gravitational collapse is a slow passive process and usually 
occurs in the continental lower crust and does not cause 
the extensive magma activity (Zhang et al. 2006). There-
fore, these rhyolite samples in the Chiang Khong area may 
be related to another mechanism. It is well known that 
continuous subduction can result in the HP–UHP meta-
morphism of the subducting slab to form eclogite, and ulti-
mately lead to detachment/break-off of the eclogitized slab 
(e.g., Bird 1979; Cooke and O’Brien 2001). Following 
the slab detachment, the upwelling asthenospheric man-
tle not only heats to melt the lithosphere and cause partial 

melting of the crust and mantle wedge, but also supplies 
asthenospheric materialto generate the high εHf (t) and εNd 
(t) magma (Davies and von Blanckenburg 1995; Turner 
et al. 1999; Wang et al. 2010). Qian et al. (2016b) propose 
that melting of the lithosphere by the upwelling astheno-
spheric mantle is a potential mechanism governing the 
genesis of the Late Triassic mafic-intermediate rocks in the 
Chiang Khong–Lampang–Tak igneous zone. This mecha-
nism may be used to interpret the genesis of the high εHf 
(t) and εNd (t) rhyolites along the Chiang Khong–Lam-
pang–Tak igneous zone. Bodet and Schärer (2000) iden-
tified five main Proterozoic crustal growth events in the 
area at around 2.5, 2.3, 1.9, 1.1 and 0.8 Ga. Chiang Khong 
rhyolite samples were probably the result of partial melt-
ing of juvenile mafic lower crust and have Nd model ages 
of 0.80–0.81 Ga and Hf TDM1 of 0.41–0.72 Ga (the aver-
age is 0.62 Ga), which may record Neoproterozoic crustal 
growth in the area.

Conclusions

Geochronological and geochemical data for the Late Trias-
sic rhyolites in the Chiang Khong–Lampang–Tak igneous 
zone allow us to draw the following conclusions:

1. Zircon U–Pb dating provides an age of 230.7 ± 1.1 Ma 
for the Chiang Khong rhyolites.

2. The Chiang Khong rhyolites can be classified as I-type 
rhyolite and are characterized by depleted Hf and Nd 
isotopic compositions and homogenous mantle-like 
δ18O values, suggesting that they originated from par-
tial melting of juvenile mafic lower crust.

3. Late Triassic rhyolites may have formed in a post-colli-
sional tectonic setting related to the upwelling of asthe-
nospheric mantle.
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