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A B S T R A C T   

Eastern Myanmar is located at the junction of the Changning-Menglian and Chiang Rai-Chiang Mai zone and is a 
crucial region for constraining the evolution of the eastern Paleo-Tethys. This study presents new zircon U-Pb 
geochronological, mineral and whole-rock geochemical, and Sr-Nd-Hf-O isotopic data for magmatic rocks from 
the Sukhothai arc in eastern Myanmar. The rock suites analyzed include 360–355 Ma basaltic rocks and 
trondhjemitic dikes, and 257–254 Ma volcanic rocks and gabbroic cumulates. The basaltic rocks were derived 
from partial melting of mélange pair with peridotite and experienced assimilation and fractional crystallization 
(AFC). The trondhjemitic dikes were formed by partial melting of the basaltic rocks and experienced fractional 
crystallization at shallow depth. We suggest that andesite and dacite were derived from partial melting of 
depleted mantle wedge and underwent AFC process. The gabbroic cumulates are a crystallizing phase associated 
with the melts that produced the coeval volcanic rocks. We propose that eastern Myanmar, Central Tibet, SW 
Yunnan and Southeast Asia share a similar three-staged magmatic history, forming a ~ 4000 km long magmatic 
belt. Stage I records the magmatic events related to subduction of the eastern Paleo-Tethys Ocean during the 
Early Carboniferous. A back-arc basin was opened during the Late Carboniferous, and extensive subduction- 
related magmatism was followed since the Permian. Stage II records the igneous rocks formed during the 
final amalgamation between the Indochina and Sibumasu Blocks during the Late Permian to Middle Triassic. 
Stage III is defined by the post-collisional magmatism distributed across the suture zone during the Late Triassic.   

1. Introduction 

Understanding the evolution of the Tethys has a great significance 
for understanding the mechanisms of plate tectonics, paleogeography, 
metallogeny, and the supercontinental cycle (Deng et al., 2018; Hu et al., 
2020; Khin Zaw et al., 2014; Metcalfe, 2013, 2021; Şengör et al., 1984; 
Wang et al., 2018). Paleo-Tethys, as an important part of the Tethyan 
history, was interpreted to be the ocean that opened during the 

Devonian in response to the separation of a series of terranes from 
northern Gondwana and closed during the Triassic after the continental 
collision between several terranes from Gondwana and Eurasia (Khin 
Zaw et al., 2014; Metcalfe, 2013, 2021; Pullen et al., 2008; Şengör et al., 
1984; Wang et al., 2018). However, the age of opening, initial subduc-
tion, final closure, and the evolutionary history are still hotly debated 
(Deng et al., 2018; Huang et al., 2018; Metcalfe, 2013; Wang et al., 2017, 
2018; Zhao et al., 2018). 
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Present knowledge about the Paleo-Tethys is largely based on studies 
of East and Southeast Asia, and therefore the eastern Paleo-Tethys is the 
focus of this research. The traditional model was that the eastern Paleo- 
Tethys was opened after the Devonian, and began to subduct during the 

Early Permian (Deng et al., 2018; Gardiner et al., 2016; Hara et al., 2017; 
Metcalfe, 2013, 2021; Wang et al., 2018). Recently, some researchers 
proposed that the eastern Paleo-Tethys may start opening during the 
Cambrian and subducted from the Late Devonian to the Early Triassic 

Fig. 1. Simplified map of Southeast Asia showing 
major tectonic units and their boundaries (modified 
after Sone and Metcalfe, 2008; Wang et al., 2018; 
Zhang et al., 2018). The superscripts of formation 
ages represent different locations: 1, Lincang granite; 
2, Banpo-Jinghong back-arc; 3, Main Range Granite 
Province in Thailand and Myanmar; 4, Eastern 
Granite Province and Sukhothai arc in Thailand and 
Myanmar; 5, Luang Prabang-Nan back-arc; 6, Sa 
Kaeo back-arc; 7, Loid Fold Belt; 8, Main Range 
Granite Province in Malaysia; 9, Eastern Granite 
Province in Malaysia. The referenced data are listed 
in Supplementary Table S1.   
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based on evidence from the Longmuco-Shuanghu ophiolitic belt (Wang 
et al., 2017; Zhai et al., 2016, 2018). However, some researchers sug-
gested that the Longmuco-Shuanghu ophiolitic belt was an underthrust 
metamorphic belt and not an in-situ ophiolitic mélange (Pullen et al., 
2008). Silurian ophiolites were found in the Changning-Menglian suture 
zone, which could have formed during the opening of the Paleo-Tethys 
Ocean (Wang et al., 2013). To the east of the Changning-Menglian su-
ture, Cambrian-Ordovician ophiolites were recently reported, suggest-
ing that they occurred as the Proto-Tethyan oceanic crust (Liu et al., 
2021; Peng et al., 2020; Wei et al., 2022). Detrital zircons documented a 
“cryptic” magmatic arc during the Late Devonian in southwestern China 
(Nie et al., 2016), but coeval arc-related magmatic rocks were absent. In 
the Longmuco-Shuanghu and Changning-Menglian suture zones, 
Carboniferous granitoids and ophiolites were proposed to have formed 
in an oceanic arc or continental arc setting related to the subduction of 
the Paleo-Tethys (Deng et al., 2018; Jian et al., 2009; Liu et al., 2021; 
Zhai et al., 2016, 2019). In the Jinshajiang segment of the Paleo-Tethys, 
Carboniferous-Permian rocks were also proposed to be related to the 
opening and subduction of the Paleo-Tethys (Zi et al., 2012). 

In comparison, the pre-Permian arc-related magmatic record of the 
Paleo-Tethys in Southeast Asia is scarce. Carboniferous mafic rocks were 
found in northwestern Laos and western Thailand, which were proposed 
to have formed in a back-arc setting (Khin Zaw and Meffre, 2007; Qian 
et al., 2016; Shi et al., 2021). However, coeval or earlier arc-related 
rocks were largely missing resulting in the earlier episodes of the evo-
lution of the Paleo-Tethys in Southeast Asia remaining dubious. As the 
southern branch of the Paleo-Tethyan arc, the Sukhothai arc preserves 
important geological records of the amalgamation of the Sibumasu and 
Indochina Blocks (Gardiner et al., 2016; Hara et al., 2017; Metcalfe 
et al., 2017; Qian et al., 2015, 2016; Sone et al., 2012; Wang et al., 
2016a). Extensive I-type granites and related volcanic rocks (Fig. 1) 
provide evidence for oceanic subduction along the entire region of the 
Paleo-Tethys belt (>3000 km) since the Early Permian (Gardiner et al., 
2016; Wai-Pan Ng et al., 2015a,b). In consideration of the Early 
Carboniferous subduction along the Longmuco-Shuangshu and 
Changning-Menglian suture zones, whether the Paleo-Tethys has a 
consistent evolutionary history since the Early Carboniferous or gradu-
ally younging of initial subduction from the Longmuco-Shuanghu suture 
to the Chiang Rai-Chiang Mai suture is also still unknown. Thus, iden-
tifying early magmatic records in the Sukhothai arc is important for 
understanding the evolution of the Paleo-Tethys. 

In this contribution, we reported the occurrence of newly discovered 
volcanic-plutonic rocks and cumulates in the Tachileik area, eastern 
Myanmar. These rocks are distributed in the northern part of the 
Sukhothai Arc and our new U-Pb zircon dating suggests that they were 
generated in the Early Carboniferous and Late Permian. Their litholog-
ical features, mineral chemistry, whole-rock geochemistry, and whole- 
rock Sr-Nd isotopic, and zircon Hf-O isotopic compositions indicate 
that they are products of oceanic subduction. These data fill a temporal 
gap in the subduction history of the eastern Paleo-Tethys and suggest 
that oceanic subduction was continuous along a ~ 4000 km long arc 
system during the Early Carboniferous to Early Triassic along the Paleo- 
Tethyan belt from western China to SE Asia. 

2. Geological background 

There are six tectonic units from west to east in Southeast Asia, 
which are the Sibumasu Block (West Malaya), Inthanon Zone, Chiang 
Rai-Chiang Mai Suture Zone, Sukhothai arc, Nan-Sa Kaeo back-arc, and 
the Loei Fold Belt (Indochina Block) (Fig. 1; Hara et al., 2020, 2017; 
Metcalfe, 2013; Metcalfe et al., 2017). The Sibumasu Block is a combi-
nation of multiple micro-blocks including Sino (China)-Burman- 
Malaysia-Sumatra, which is a ribbon-like block that originated in 
northern Gondwana during the Permian (Dew et al., 2018; Zhao et al., 
2018). The Sibumasu Block consists of Paleoproterozoic basement and 
Neoproterozoic to Early Paleozoic siliciclastic and carbonate rocks, and 

Carboniferous to Permian marine sedimentary rocks (Dew et al., 2018). 
The Inthanon Zone was proposed to be a fold and thrust belt west of the 
Chiang Mai-Chiang Rai Suture Zone, which had a basement of the 
Sibumasu Block (Metcalfe et al., 2017). The Chiang Rai-Chiang Mai 
Suture Zone (Fig. 1b) contains an accretionary complex that includes 
mid-ocean ridge basalt (MORB), ocean island basalt (OIB), pelagic chert, 
limestone, mudstone, and turbidites (Metcalfe, 2013; Metcalfe et al., 
2017). The radiolarians from the chert range in age from Middle 
Devonian to Middle Triassic, bracketing the lifespan of the Paleo-Tethys 
(Feng, 2002; Feng et al., 2005; Sashida et al., 2000; Sashida and Sal-
yapongse, 2002; Ueno et al., 2010; Wonganan and Caridroit, 2007). The 
MORB and OIB are correlative with ophiolite blocks formed during 
349–307 Ma in the northern Changning-Menglian Suture Zone (Deng 
et al., 2018; Duan et al., 2006). The back-arc basins (Fig. 1b), including 
the Banpo-Jinghong, Luang-Prabang, Nan, and Sa Kaeo basins, contains 
mainly Carboniferous to Early Triassic radiolarian cherts, and Late 
Carboniferous to Permian basaltic rocks and related ophiolites (Hara 
et al., 2020; Li et al., 2012; Metcalfe, 2013; Qian et al., 2016; Sone and 
Metcalfe, 2008; Zhai et al., 2019). The Indochina Block was proposed to 
be an early-drifted composite block from northern Gondwana during the 
Early Devonian (Metcalfe, 2013, 2021). It is mainly composed of Pale-
oproterozoic to Early Paleozoic basement, Mesozoic shallow marine 
carbonate and siliciclastic rocks, and a Mesozoic to Cenozoic continental 
red bed sequence (Dew et al., 2018; Wang et al., 2016a). On the western 
flank of the Indochina Block, the Loei Fold Belt is mainly composed of 
Devonian-Carboniferous magmatic rocks and Late Permian to Triassic 
andesitic-rhyolitic volcanic rocks (Kamvong et al., 2014; Khin Zaw and 
Meffre, 2007; Shi et al., 2021). 

The Sukhothai arc is separated from the Loei Fold Belt (Indochina 
Block) by a series of back-arc basin sutures, including Banpo-Jinghong, 
Luang Prabang, Nan, and Sa Kaeo back-arc basins (Fig. 1b). These back- 
arc basins are mainly composed of the Late Carboniferous to Permian 
ultramafic–mafic complex (peridotite, gabbro, and basalt), and associ-
ated limestone and radiolarian chert (Hara et al., 2020; Qian et al., 2016; 
Sone et al., 2012; Zhai et al., 2019). It is separated from the Sibumasu 
Block by the Paleo-Tethys suture zones, including the Changning- 
Menglian Zone, Chiang Mai-Chiang Rai Zone, and Bentong-Raub Zone 
(Fig. 1b). These Paleo-Tethys suture zones are mainly comprised of 
Carboniferous to Triassic supra-subduction zone ophiolites, oceanic is-
land basalt (OIB), Devonian to Triassic oceanic radiolarian cherts, 
limestone blocks, and mélange (Deng et al., 2018; Duan et al., 2006; Jian 
et al., 2009; Metcalfe, 2013; Metcalfe et al., 2017; Wang et al., 2018; 
Zhai et al., 2019). The Sukhothai arc was proposed to represent an 
isolated island arc derived from the Indochina Block with a continental 
basement (Gardiner et al., 2016; Sone and Metcalfe, 2008). From north 
to south, the Sukhothai Arc is composed of the Lincang Terrane, 
Sukhothai Terrane, and Chanthaburi Terrane (Deng et al., 2018; 
Gardiner et al., 2016; Metcalfe et al., 2017; Sone et al., 2012). The ter-
ranes of Sukhothai Arc exposed arc-related I-type granitoids (Eastern 
Granite Province) and related volcanic rocks, which were mainly formed 
during the Early Permian to Early Triassic (Cong et al., 2020; Deng et al., 
2018; Gardiner et al., 2016; Wai-Pan Ng et al., 2015b). These terranes 
also contain Permian to Triassic shallow marine sedimentary rocks with 
warm-water Tethyan type faunas (Hara et al., 2017; Sone et al., 2012; 
Sone and Metcalfe, 2008). Recent studies showed that the Lincang 
Batholith was dominated by Triassic S-type granite, which could be 
correlative with the Main Range Granite Province (Cong et al., 2020; 
Deng et al., 2018; Gardiner et al., 2016). In this paper, we consider the 
Lincang Batholith as part of the Eastern Granite Province due to the fact 
that it is located east of the suture zone, in contrast with the Main Range 
Granite Province that is distributed to the west of the suture zone. 

3. Field occurrence and sampling 

The Tachileik area is located in the northern part of the Sukhothai 
Terrane (Figs. 2 and 3). This area (Fig. 2) is mainly composed of pre- 
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Carboniferous metasedimentary rocks, Carboniferous sandstone, and 
Permian to Triassic shale and limestone, which are intruded by the 
Tachileik Granite (Khin Zaw, 1990). The Tachileik Granite (Fig. 2) 
belonging to the Eastern Granite Province was emplaced at ~ 266 Ma, 
and derived from the melting of ancient continental crust during oceanic 
subduction (Gardiner et al., 2016). To the west of the Tachileik Granite, 
the Kyaing Tong Granite (Fig. 2) was formed at ~ 220 Ma, belonging to 
the Main Range Granite Province, and was derived from the melting of 
ancient continental crust during the continental collision process 
(Gardiner et al., 2016). 

About 3 km north of Tachileik City, an outcrop of weakly to 

moderately altered mafic assemblages was found, that is basalt/diabase 
and hornblende gabbro (Fig. 3a). The basalt/diabase is moderately 
altered and the contact relationship between the hornblende gabbro and 
basalt/diabase is transitional (Fig. 3a). Additionally, a trondhjemitic 
dike intruded the hornblende gabbro (Fig. 3b). The hornblende gabbro is 
medium to fine-grained and consists mainly of hornblende (~58 vol%) 
and plagioclase (~38 vol%), with an accessory mineral association of 
zircon, apatite, and magnetite (Fig. 4a). The trondhjemitic dike is 
porphyritic with quartz and plagioclase phenocrysts and a matrix of 
quartz, plagioclase, orthoclase, and muscovite with minor zircon and 
apatite (Fig. 4b). 

Fig. 2. Simplified geologic map of the Tachileik area, eastern Myanmar (modified after 1:2,250,000 Geologic Map of Myanmar and Metcalfe, 2021) and cross-section 
profile. The superscripts of formation ages represent source literature: 1, Cong et al. (2021); 2, Gardiner et al. (2016); 3, Wang et al. (2015); 4, Hennig et al. (2009); 5, 
Wang et al. (2014); 6, Jian et al. (2009). 
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The Ahr-Ye manganese deposit is located about 20 km northeast of 
Tachileik City and occurs chiefly in rhyolites and dacites (Fig. 3c and d). 
The manganese-related ores including cryptomelane, manganite, 
rhodonite, and braunite occur as layers/veins within these volcanic 
rocks and associated sedimentary rocks (Minn Chit Thu, 2012; Mitchell, 
2018). Intrusion-related gold deposits are also reported in the area (Zaw 
Myo Htet, 2021). The volcanic rocks experienced varied alteration 
resulting in chloritization, epidotization, or albitization. The andesite 
shows medium to fine-grained texture and consists mainly of plagioclase 
(~58 vol%), hornblende (~35 vol%; altered to chlorite), quartz (~5 vol 
%), with accessory minerals of zircon, apatite, and magnetite (Fig. 4c). 
The dacite is porphyritic and plagioclase is the main phenocryst 
(Fig. 4d). The matrix is mainly composed of fine-grained quartz, 
plagioclase, and hornblende (altered to chlorite and epidote), with 
accessory zircon, apatite, and magnetite (Fig. 4d). 

About 35 km northeast of Tachileik City, an outcrop of hornblende 
gabbro and gabbronorite was found (Fig. 3e and f). However, because of 
the strong weathering and poor exposure, the contact relationship 
cannot be observed between these gabbroic rocks and other units. The 
hornblende gabbro and gabbronorite show the massive structure and 
cumulate texture, which is different from the hornblende gabbro asso-
ciated with the basalt/diabase mentioned above (Fig. 4e and f). This 
gabbroic cumulate is composed of orthopyroxene (~0–8 vol%), horn-
blende (~55–65 vol%), and plagioclase (~25–35 vol%), with accessory 
mineral assemblages of zircon, apatite, magnetite (Fig. 4e and f). 

4. Methods 

Whole-rock major and trace elements and whole-rock Sr-Nd isotopes 
were analyzed at the Wuhan Sample Solution Analytical Technology 
Co., Ltd., Wuhan, China. Zircon U-Pb-Hf-O isotopic data and major 
element compositions of minerals were determined at the Institute of 
Geology and Geophysics, Chinese Academy of Sciences, Beijing, China 
(IGGCAS). Detailed analytical procedures and instrumental conditions 
are described in the Supplementary Methods. 

5. Results 

5.1. Zircon U-Pb ages, and Hf-O isotopes 

The zircon U-Pb isotopic data and Hf-O isotopic data for the 
magmatic rocks from the Tachileik area, eastern Myanmar are given in 
Supplementary Tables S2 and S3, respectively. 

As shown in representative CL images, zircons from different types of 
rocks show different characteristics (Fig. 5). Zircon grains in the basalt 
are rare and have short-prismatic to long-prismatic shapes, with lengths 
between 50 and 100 μm and length/width ratios of 1:1 to 2:1 (Fig. 5). 
They show broad zoning or/are homogenous (unzoned) and have Th 
and U contents ranging from 299 to 2863 ppm and 270 to 1598 ppm, 
respectively, with Th/U ratios of 0.98–1.79. CL images of zircon grains 
from the hornblende gabbro and gabbroic cumulate show rounded to 
long-prismatic shapes, with lengths between 100 and 300 μm and 

Fig. 3. Outcrop photographs of the magmatic rocks in the Tachileik area showing (a) transitional contact relationship between basalt and gabbro (b) trondhjemitic 
dike intruding into hornblende gabbro; (c and d) andesite-dacite and related manganese ore deposit; (e and f) gabbroic cumulate. 

F. Hu et al.                                                                                                                                                                                                                                       



Journal of Asian Earth Sciences 227 (2022) 105093

6

length/width ratios of 1:1 to 4:1, and display broad, sector, and oscil-
latory zoning (Fig. 5). They exhibit a wide range of Th (8–752 ppm) and 
U (28–1117 ppm) contents, with Th/U ratios of 0.10–1.18. Zircon grains 
from the andesite and dacite display broad zoning and oscillatory zoning 
and have short-prismatic to long-prismatic shapes, with lengths between 
50 and 100 μm and length/width ratios of 1:1 to 4:1. They have low Th 
and U contents ranging from 36 to 428 ppm and 48 to 1057 ppm, 
respectively, with Th/U ratios of 0.17–1.76. Zircon grains from the 
trondhjemitic dike have rounded to long-prismatic shapes, with lengths 
between 50 and 100 μm and length/width ratios of 1:1 to 3:1 and display 
mainly oscillatory zoning with some of them showing metamict features 
with pores and resorption cores (Fig. 5). They have a wide range of Th 
(60–2836 ppm) and U (44–4724 ppm) contents, and variable Th/U ra-
tios of 0.10–2.67. The zircons with metamict textures show elevated Hf 
with increasing U content (Fig. S1), which should be related to meta-
mictization (Rubatto, 2002; Yang et al., 2014). Therefore, most zircons 
are of magmatic origin and some underwent deuteric alteration (Corfu 
et al., 2003; Rubatto, 2002). 

A total of ten zircon spots are analyzed for U-Pb dating of basalt 
sample 19MY31. All analyses are plotted on the concordia curve, 
yielding a weighted mean 206Pb/238U age of 357 ± 2 Ma (MSWD = 1.0), 
which represents the crystallization age of this sample (Fig. 6a). Seven 
Lu-Hf isotopic analyses give εHf(t) values of − 1.6 to + 3.8 (Fig. 7a). 

Twenty spots are analyzed for hornblende gabbro sample 19MY29, 
and all analyses are plotted on the concordia curve, yielding a weighted 
mean 206Pb/238U age of 360 ± 3 Ma (MSWD = 0.23), which represents 
the magmatic crystallization age (Fig. 6b). Fifteen analyses of Hf-O 
isotope compositions give εHf(t) values of + 1.6 to + 5.5 and 

δ18OVSMOW values of 5.2‰ to 5.7‰ (average = 5.5 ± 0.3 ‰ (2σ)) 
(Fig. 7a and b). 

A total of forty spots are analyzed for trondhjemitic dike sample 
19MY30, including 20 SIMS analyses and 20 LA-ICP-MS analyses, and 
thirty spots are analyzed for sample 19MY32. All these analyses ob-
tained similar results. Both samples yield older apparent 206Pb/238U 
ages of 2591 ± 39 Ma (SIMS, 19MY30), 2061 ± 21 Ma (LA, 19MY30), 
2031 ± 43 Ma (LA, 19MY32), and 606 ± 10 Ma (SIMS, 19MY30), which 
are interpreted to represent inherited zircons. These two samples obtain 
similar weighted 206Pb/238U ages of 357 ± 7 Ma (MSWD = 1.6) (SIMS, 
19MY30) and 355 ± 4 Ma (MSWD = 0.94) (LA, 19MY32) (Fig. 6c-f). 
Only one LA-ICP-MS analysis of 19MY30 yield apparent 206Pb/238U ages 
of 360 ± 5 Ma. The remaining analyses of both samples yield ages from 
334 Ma to 211 Ma. Twenty grains of 19MY30 and fifteen grains of 
19MY32 are analyzed for Hf-O isotopes. The zircons with older ages 
have εHf(t) values of − 13.0 to + 1.9, and δ18OVSMOW values of 5.8–7.0‰ 
(Fig. 7a and b). The zircons with weighted mean ages of 357 ± 7 Ma and 
355 ± 4 Ma have εHf(t) values of − 11.8 to + 6.7, and δ18OVSMOW values 
of 5.2–7.3‰ (Fig. 7a and b). The remaining zircons with younger ages 
have εHf(t) values of − 19.0 to + 5.4, and δ18OVSMOW values of 4.9–9.8‰. 
These trondhjemitic dikes show a complex age spectrum, and their 
crystallization time is discussed below. The inherited zircons could be 
rich in crystallized rocks, if the melting temperature is too low to 
dissolve zircons in the source rocks (Miller et al., 2003). However, the 
Hf-O isotopic compositions of the youngest zircons are different from 
those of predominant 357–355 Ma zircons, which is most likely of the 
magma source. In addition, the Hf-O isotopic compositions of these 
youngest zircons are not compatible with their own whole-rock Sr-Nd 

Fig. 4. Photomicrographs of the magmatic 
rocks in the Tachileik area showing (a) 
hornblende gabbro containing plagioclase 
and hornblende; (b) trondhjemitic dike con-
taining quartz, plagioclase, muscovite; (c) 
andesite containing hornblende, plagioclase 
and quartz; (d) dacite containing plagioclase 
and quartz; (e and f) gabbroic cumulate 
containing hornblende, plagioclase, ortho-
pyroxene, and Fe-Ti oxide. Mineral abbrevi-
ations: Opx, orthopyroxene; Hb, hornblende; 
Pl, plagioclase; Qtz, quartz; Ms, muscovite.   
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isotopic compositions (see next section). Because no ~ 350–280 Ma 
magmatic rocks in the study area, we consider that the zircons with ages 
of ~ 350–280 Ma are not inherited or captured. The predominant 
357–355 Ma zircons show different textures, sizes, and chemical com-
positions (Th/U) from those nearby coeval mafic rocks, indicating that 
they are also not inherited or captured (Fig. S1). Combined with their 
relatively intact grains with clear internal textures (Fig. 5), we suggest 
that the 357 ± 7 Ma and 355 ± 4 Ma represent the crystallization ages. 
The younger ages are most likely formed by recrystallization and met-
amictization during later thermal events. Compared to those of 357–355 
Ma zircons, more than half of young zircons have discordant ages. 
Although young concordant zircons show no positive correlation be-
tween U and Hf contents, indicating that they are not influenced by 
metamictization, a trend of decreasing Th/U ratios with decreasing ages 
is observed and some of them have very low Th/U ratios (Fig. S1). Near- 
concordant U-Pb zircon ages could be spanning hundreds of million 

years due to partial recrystallization if the lattice of zircon is not fully re- 
constructed (Halpin et al., 2012). The partial recrystallization most 
likely occurs in a solid state with or without a fluid phase (Geisler et al., 
2007; Hoskin and Black, 2000). These young ages are mainly coeval to 
regional tectono-magmatic events, and this could be the reason for 
partial recrystallization. The partial recrystallization will not modify the 
Hf isotopic compositions (Halpin et al., 2012), as observed in our sam-
ples (Fig. 7c). Therefore, we re-calculate εHf(t) values for zircons with 
younger ages using the crystallization age of the sample. The large range 
of εHf(t) and δ18OVSMOW values may reflect supracrustal assimilation 
during magma ascent and emplacement. 

A total of twenty spots are analyzed for andesite sample 19MY24. 
Eight analyses (#5, #8–9, #13, #15–17, #20) fall below the concordia 
curve, indicating possible Pb loss. Four analyses yielded older apparent 
206Pb/238U ages of 1441 ± 14 Ma, 1425 ± 12 Ma, 1128 ± 10 Ma, and 
386 ± 4 Ma, indicating that they may be captured/inherited zircon 

Fig. 5. Cathodoluminescence images of representative zircon grains from samples of basalt (19MY31), hornblende gabbro (19MY29), trondhjemitic dike (19MY30 
and 19MY32), andesite (19MY24), dacite (19MY25), and gabbroic cumulate (19MY38, 19MY39 and 19MY45) showing their internal structures and analyzed lo-
cations. The red circles indicate zircon in situ U–Pb analyses with beam diameters of 32 µm for LA–ICP–MS (U–Pb) and 20 × 30 µm for SIMS (U–Pb). The yellow 
dashed circles indicate zircon in situ Lu–Hf isotope analyses with a beam diameter of 44 µm. The white circles indicate zircon in situ O isotope analyses with beam 
diameters of 15 × 20 µm. Apparent ages (in red), εHf(t) (in yellow), and δ18OVSMOW (in white) are also shown. Data are given in Supplementary Tables S2 and S3. 
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(Fig. 6g and h). The remaining eight analyses yield a weighted mean 
206Pb/238U age of 257 ± 2 Ma (MSWD = 0.80) (Fig. 6h). Ten zircon 
grains are selected for Hf isotopic analysis. The captured zircons (1441 
Ma, 1425  Ma, 386 Ma, and 344 Ma) give εHf(t) values of + 14.2, +1.0, 
− 10.3, and − 11.7, respectively (Fig. 7a and b). The remaining six ana-
lyses are corrected to the magmatic crystallization age of 257 Ma, and 
yield εHf(t) values of − 2.9 to + 9.7 (Fig. 7a and b). 

Twenty-five spots are analyzed for dacite sample 19MY25, and all 
analyses yield a weighted mean 206Pb/238U age of 255 ± 2 Ma (MSWD 
= 0.30) (Fig. 6i). Twenty of them are selected for Hf isotopic analysis, 

yielding εHf(t) values of + 1.6 to + 10.8 (Fig. 7a). 
A total of nineteen spots, sixteen spots, and twenty spots are analyzed 

for gabbroic cumulate samples 19MY38, 19MY39 and 19MY45, 
respectively (Fig. 6j-l). All analyses are plotted on the concordia curve, 
and two analyses yield older apparent 206Pb/238U age of 1846 ± 14 Ma 
(19MY39) and 1909 ± 12 Ma (19MY45). These three samples have a 
similar weighted mean 206Pb/238U age of 257 ± 2 Ma (MSWD = 0.39, 
19MY38), 254 ± 2 Ma (MSWD = 0.44, 19MY39), and 254 ± 1 Ma 
(MSWD = 0.91, 19MY45) (Fig. 6j-l). Fifteen zircons of sample 19MY38 
are selected for Hf-O isotope analyses, yielding εHf(t) values of + 8.3 to 

Fig. 6. U–Pb isotopic data for representative samples from the magmatic rocks in the Tachileik area. (a) basalt (19MY31); (b) hornblende gabbro (19MY29); (c-d) 
trondhjemitic dike (19MY30); (e-f) trondhjemitic dike (19MY32); (g-h) andesite (19MY24); (i) dacite (19MY25); (j-l) gabbroic cumulate (19MY38, 19MY39 and 
19MY45). Datapoint error ellipses are 2σ. 
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+ 11.9 and δ18OVSMOW values of 5.3‰ to 5.6‰, with an average of 5.4 ±
0.1 ‰ (2σ) (Fig. 7a and b). Fifteen of zircons from sample 19MY39 are 
analyzed for Hf-O isotopes and yield εHf(t) values of + 7.4 to + 12.0 and 
δ18OVSMOW values of 5.4‰ to 5.8‰, with an average of 5.7 ± 0.2 ‰ (2σ) 
(Fig. 7a and b). Fourteen zircons from sample 19MY45 are selected for 
Hf isotopic analysis. The older zircon (1912 Ma) gives a εHf(t) value of 
− 1.0. The remaining thirteen analyses, corrected to the magmatic 
crystallization age of 257 Ma, give εHf(t) values of + 7.7 to + 10.8 
(Fig. 7a and b). 

5.2. Whole-rock geochemistry 

The major and trace element compositions of the magmatic rocks 
from the Tachileik area, eastern Myanmar are given in Supplementary 
Table S5. The gabbroic cumulate and trondhjemitic dike samples have 
low LOI values of < 2 wt% and show no or minor secondary minerals. 
The deuteric alteration usually results in the non-charge-and-radius- 
controlled (non-CHARAC) behavior of whole-rock REE (Yang et al., 
2014), which is not observed for trondhjemitic dikes. Hence, we suggest 
that their whole-rock composition could be used for petrogenetic dis-
cussion. The hornblende gabbro and volcanic rocks (basalt, andesite and 
dacite) have slightly higher LOI (2.01–3.99 wt%) which is caused by 
weak to moderate alteration. Their microscopic texture features also 
indicate that they experienced post-magmatic alteration (Fig. 4). The 
concentrations of mobile elements (e.g., Ca, Na, K, Rb, Sr, Ba) are 

usually modified during alteration (Hastie et al., 2007). Therefore, 
mobile elements of hornblende gabbro and volcanic rocks are not suit-
able for rock classification and petrogenetic discussion. 

5.2.1. Basalt and hornblende gabbro 
The hornblende gabbro and basalt have low SiO2 contents 

(47.6–51.9 wt%) and belong to the medium-K calc-alkaline series in the 
Th vs. Co diagram and the high-K calc-alkaline series in the K2O vs. SiO2 
diagram (Fig. 8a-d). They have high TiO2 (1.15–1.40 wt%) and TFe2O3 
(total Fe2O3; 10.8–12.4 wt%) contents, and moderate CaO (4.21–5.75 
wt%) contents (Fig. 8g-i). The basalt has higher MgO (9.89 wt%), Mg# 
(61), Cr (405 ppm) and Ni (152 ppm) values than the hornblende gabbro 
(5.06 wt%, 48, 3.55 ppm, 13.8 ppm). Chondrite-normalized REE pat-
terns of the hornblende gabbro and basalt show slightly fractionated 
patterns with moderate (La/Yb) ratios of 3.40–3.90 and moderate to 
weak negative Eu anomalies (δEu = 0.6–0.9) (δEu = EuN/SQRT 
(SmN*GdN); subscript N represents the chondrite-normalized value; Sun 
and McDonough, 1989) (Fig. 9a). These samples are enriched in large 
ion lithophile elements (LILE), such as Rb, Ba and Th, and are depleted 
in Nb, Ta and Zr in the primitive mantle-normalized multi-element di-
agram (Fig. 9b). 

5.2.2. Trondhjemitic dike 
The trondhjemitic dikes have extremely high SiO2 contents 

(78.8–79.4 wt%) and belong to the medium-K calc-alkaline series in the 

Fig. 7. Zircon Hf-O isotopic characteristics for magmatic rocks in the Tachileik area. (a) Plots of zircon εHf(t) values versus crystallization ages. The detrital zircon 
data of SW Indochina Block is from Arboit et al. (2016). The granites from Northern Laos are based on Wang et al. (2016a). The Tachileik granite data is after 
Gardiner et al. (2016). Reference lines representing meteoritic Hf evolution (CHUR) and that of the depleted mantle (DM) are from Blichert-Toft and Albarède (1997) 
and Griffin et al. (2000), respectively. (b) Zircon δ18O versus εHf(t) of this study, showing calculated curves corresponding to magma evolution by simple mixing and 
crustal assimilation-fractional crystallization (AFC). The ratio of Hf concentrations in the parental magma (pm) and crustal (c) end-members (Hfpm/Hfc) is indicated. 
The δ18O for the mantle is from Valley et al. (1998). The detailed parameters used in the modeling are listed in Supplementary Table S4. (c) Plots of apparent 
176Hf/177Hf ratios versus ages of zircons from trondhjemitic dikes. Datapoint errors are 1σ. 
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K2O vs. SiO2 diagram and the high-K calc-alkaline in the Th vs. Co di-
agram (Fig. 8a-d). They have low TiO2 (0.14–0.16 wt%), MgO 
(0.08–0.40 wt%), and CaO (0.13–1.12 wt%) contents, and high Na2O 
(4.53–4.99 wt%) and Th (22.2–22.4 ppm) contents with metaluminous 
to peraluminous characteristics (A/CNK = 0.9–1.09; molar Al2O3/(CaO 
+ Na2O + K2O)) (Fig. 9g-i). In the chondrite-normalized REE diagram, 
these trondhjemitic dikes have fractionated LREE/HREE patterns with 
(La/Yb) ratios of 2.36–4.97 and strongly negative Eu anomalies (δEu =
0.22–0.39) (Fig. 9c). These samples have high concentrations of LILE, 
such as Rb, Ba and Th, and show negative Nb-Ta anomalies and strong 
negative Sr, P and Ti anomalies in the primitive mantle-normalized 
multi-element diagram (Fig. 9d). 

5.2.3. Andesite and dacite 
The andesite and dacite have moderate SiO2 contents (61.4–70.0 wt 

%) and are plotted in the medium-K calc-alkaline region in the Th vs. Co 
diagram and the low-K calc-alkaline region in the K2O vs. SiO2 diagram 
(Fig. 8a-d). They are peraluminous (A/CNK = 1.17–1.58) due to their 
low CaO (1.27–1.61 wt%) and K2O (0.26–0.37 wt%) contents. They also 
exhibit low Rb (4.72–6.70 ppm), Ba (34.2–59.4 ppm) and Sr (102–106 
ppm) contents. They show moderate MgO (1.68–3.33 wt%), Al2O3 

(14.3–15.8 wt%), TiO2 (0.45–0.87 wt%) and TFe2O3 (3.98–9.17 wt%) 
contents (Fig. 8). These samples are slightly enriched in light rare-earth 
elements (LREE) [(La/Yb)N = 2.16–2.85], with negative Eu anomalies 
(δEu = 0.7–0.8) in the chondrite-normalized REE diagram (Fig. 9e). 
They show enrichment in Th but are depleted in Rb, Ba, Sr and high field 
strength elements (HFSE) (e.g., Nb, Ta, and Ti) in the primitive mantle- 
normalized multi-element diagram (Fig. 9f). 

5.2.4. Gabbroic cumulate 
The gabbroic cumulate samples have low SiO2 contents (44.9–49.3 

wt%) and are plotted in the low-K tholeiite region in the Th vs. Co and 
K2O vs. SiO2 diagrams (Fig. 8a-d). They are characterized by low K2O 
(0.06–0.12 wt%), Rb (0.94–1.96 wt%) and Th (0.04–0.24 wt%) contents 
and high MgO (4.45–8.38 wt%), CaO (9.93–12.65 wt%), TiO2 
(0.78–1.39 wt%), Al2O3 (16.7–21.5 wt%), TFe2O3 (10.4–14.0 wt%), Cr 
(22–116 ppm), and V (177–477 ppm) contents (Fig. 8). These gabbroic 
cumulates have mainly flat REE patterns ((La/Yb)N = 0.81–1.18, except 
for sample 19MY40) and positive Eu anomalies (δEu = 1.19–1.94) 
(Fig. 9e). These samples show no negative Nb-Ta anomalies and are 
depleted in Rb, Th and Zr, but show positive Ba, Sr and Ti anomalies in 
the primitive mantle-normalized multi-element diagram (Fig. 9f). 

Fig. 8. Petrochemical classification of samples from the Tachileik area and their geochemical characteristics. (a) Total alkalis versus silica diagram (TAS, after Bas 
et al., 1986). (b) Zr/Ti versus Nb/Y diagram (after Pearce and Norry, 1979). (c) Th versus Co diagram (after Hastie et al., 2007). (d) K2O versus SiO2 diagram (after 
Rollinson, 1993). (e) Mg# versus SiO2 diagram (modified after Stern and Kilian, 1996). The field for pure crustal partial melts obtained in experimental studies by 
dehydration melting of amphibolitic rocks and eclogites (Rapp et al., 1999; Rapp and Watson, 1995; Sisson et al., 2005; Smithies, 2000). (f) Eu/Eu* versus CaO 
diagram. Data of low-Ca trondhjemite is from Fiannacca et al. (2020). Data of Longmuco-Shuanghu trondhjemite is from Dan et al. (2018). Abbreviations: LC- 
trondhjemite, Low-Ca trondhjemite. LS-trondhjemite, Longmuco-Shuanghu trondhjemite. (g) CaO versus SiO2 diagram. (h) TiO2 versus SiO2 diagram. (i) TFe2O3 
versus SiO2 diagram. Red and blue lines represent experimental liquid lines. Experimental liquid lines of descent are after Nandedkar et al. (2014) (red line) and 
Kawamoto (1996) (blue line). Data of arc volcanic rocks and cumulates from the Lesser Antilles are from Cooper et al. (2016, 2019). 
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5.3. Whole-rock Sr-Nd isotopes 

Whole-rock Sr-Nd isotope composition data for the magmatic rocks 
in the Tachileik area, eastern Myanmar are given in Supplementary 
Table S6. The initial 87Sr/86Sr ratios and εNd(t) of magmatic rocks are 
calculated on the basis of their zircon U-Pb ages for the basalt (t = 360 
Ma), hornblende gabbro (t = 360 Ma), trondhjemitic dike (t = 360 Ma), 
andesite (t = 255 Ma), and gabbroic cumulate (t = 255 Ma). The basalt 
has a (87Sr/86Sr)i value of 0.7033 and a εNd(t) value of + 2.1. Compared 
to the basalt, the coeval hornblende gabbro and trondhjemitic dike have 
more enriched Sr-Nd isotopic compositions with (87Sr/86Sr)i values of 
0.7046 and 0.7047 and εNd(t) values of − 0.2 and − 0.6, respectively. The 
gabbroic cumulate has (87Sr/86Sr)i values of 0.7043 to 0.7045 and εNd(t) 
values of + 2.9 to + 3.3. In comparison to the gabbroic cumulate, the 
coeval andesite has a more enriched Sr-Nd isotopic composition with a 
(87Sr/86Sr)i value of 0.7050 and a εNd(t) value of + 1.0. In general, they 
are plotted within the mantle array in the Sr-Nd isotopic diagram 
(Fig. 10a). In the Nd-Hf isotopic diagram, they are plotted slightly above 

the MORB-OIB array, except for the basalt sample which falls below the 
array (Fig. 10b). 

5.4. Mineral chemistry 

Representative major element compositions of orthopyroxene, feld-
spar and amphibole from the magmatic rocks in the Tachileik area, 
eastern Myanmar are reported in Supplementary Table S8. The repre-
sentative photos of selected minerals are shown in Fig. S2. 

5.4.1. Orthopyroxene 
Orthopyroxene from the gabbroic cumulates are characterized by 

low MgO (14.63–19.03 wt%) and Mg# (44–55) values, and high TFeO 
(total FeO, 27.87–32.76 wt%) contents. Sample 19MY40 shows slightly 
higher Mg# values than 19MY41 and 19MY42. Collectively, the 
orthopyroxenes are classified as clinoenstatite and clinoferrosilite (Wo1- 

2En49-54Fs44-49 (19MY40), Wo1-2En44-50Fs49-55 (19MY41), Wo1-2En45- 

56Fs53-54 (19MY42)) (Wo, wollastonite; En enstatite; Fs, ferrosillite) 

Fig. 9. Chondrite-normalized REE patterns and primitive mantle-normalized multi-element patterns for samples from (a) and (b) basalt and hornblende gabbro; (c) 
and (d) trondhjemitic dike; (e) and (f) andesite-dacite and gabbroic cumulate. Normalization values and data of N-MORB, E-MORB and OIB are from Sun and 
McDonough (1989). Data of continental arc basalt and island arc basalt are from Kelemen et al. (2003). Data of Troodos oceanic plagiogranite are from Freund et al. 
(2014) and Marien et al. (2019). Data of Oman oceanic plagiogranite are from Rollinson (2009) and Haase et al. (2016). 
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(Fig. 11a). 

5.4.2. Feldspar 
In the gabbroic cumulates, feldspars are all labradorite and 

bytownite (Fig. 11b). Plagioclase from samples 19MY38 and 19MY39 
has high An (anorthite) values (85–89) and plagioclase from sample 
19MY40 has a wide range of An values (52–75). The plagioclases from 

the remaining gabbroic cumulates show consistent ranges of An values 
(73–90) (Fig. 11c). The plagioclases from the hornblende gabbro, 
andesite and dacite are mainly albite (An = 0–11) (Fig. 11b), reflecting 
secondary albitization of these samples. The feldspars in the trondhje-
mitic dikes include sanidine and albite (An = 0–2). 

5.4.3. Amphibole 
Amphibole from the gabbroic cumulate and hornblende gabbro are 

all calcic amphibole based on the classification of Hawthorne et al. 
(2012). Specific names of these calcic amphiboles according to this 
nomenclature show that these amphiboles are magnesiohornblende and 
tschermakite (Fig. 11d). Amphiboles from gabbroic cumulates show 
medium Mg# values (42–60), except for sample 19MY38, which has 
relatively high Mg# values (64–69) (Fig. 11c). The amphiboles from the 
hornblende gabbro also show medium Mg# values of 58–64 (Fig. 11c). 
The plagioclase-amphibole thermobarometer of Holland and Blundy 
(1994) was applied to unaltered plagioclase-amphibole pairs interpreted 
to have formed in equilibrium based on textural relationships. The 
calculated temperatures of gabbroic cumulates range from 781 to 944 ◦C 
(average 853 ◦C ± 38 (std), THB, temperature according to Holland and 
Blundy (1994)), 786 to 890 ◦C (average 817 ◦C ± 21 (std), TR, tem-
perature according to Ridolfi et al. (2010)), and 706 to 863 ◦C (average 
792 ◦C ± 26 (std), TRR, temperature according to Ridolfi and Renzulli 
(2012)), and calculated pressures range from 1.0 to 4.1 kbar (average 
1.7 kbar ± 0.4 (std), PR, pressure according to Ridolfi et al. (2010)) and 
1.1 to 3.9 kbar (average 1.7 kbar ± 0.4 (std), PRR, pressure according to 
Ridolfi and Renzulli (2012)) (Fig. 9e). The calculated SiO2 contents of 
equilibrium melts based on the amphibole from gabbroic cumulates are 
between 66.7 wt% and 78.0 wt% (Fig. 11f). The calculated temperatures 
of hornblende gabbro ranges from 746 to 809 ◦C (average 781 ◦C ± 19 
(std), TR), and 704 to 777 ◦C (average 746 ◦C ± 28 (std), TRR), and 
calculated pressures range from 0.7 to 1.2 kbar (average 1.0 kbar ± 0.2 
(std), PR) and 0.7 to 1.3 kbar (average 1.0 kbar ± 0.3 (std), PRR) 
(Fig. 11e). 

6. Discussion 

6.1. Petrogenesis of magmatic rocks in eastern Myanmar 

6.1.1. Basalt and hornblende gabbro 
Field relationships, whole-rock geochemistry, and isotopic compo-

sitions suggest that the basalt and hornblende gabbro have a close ge-
netic relationship and they may share a common magma source (Figs. 7- 
10). Their low SiO2 contents and depleted isotopic composition of Sr-Nd- 
Hf-O indicate that they must be derived from a mantle source. Compared 
to the basalt, the hornblende gabbro shows an elevated initial 87Sr/86Sr 
and lower Mg#, Eu/Eu* and εNd(t) (Fig. 8f and 10c), indicating that the 
hornblende gabbro experienced assimilation and fractional crystalliza-
tion during magma emplacement. Therefore, the basalt composition 
may be closer to the original composition of the mantle-derived melt. 

According to the Sr-Nd isotope composition, the basalt was derived 
from a depleted mantle source (Fig. 10a). The trace-element pattern of 
the basalt shows similarity to arc basalts with enrichment of LREE and 
depletion of Nb-Ta (Fig. 9a and b), indicating that the mantle source was 
metasomatized by subduction-related processes. Traditional models 
suggested that the mantle wedge can be metasomatized by slab-derived 
fluids or slab-derived melts (Turner and Langmuir, 2015; Wu et al., 
2020a). Recently, a mélange diapir model was proposed in which sub-
ducted sediments, altered oceanic crust, and hydrated mantle physically 
mixed to form mélange rocks and that mixture involved in the partial 
melt to form an arc magma (Marschall and Schumacher, 2012; Nielsen 
and Marschall, 2017). Therefore, there are three potential enrichment 
end members including slab-derived fluids, slab-derived melts (sedi-
ment melts and mafic oceanic crust melts), and slab-derived mélange. 
The enriched Sr-Nd-Hf isotopic composition of the Tachileik basalt is not 
consistent with pure slab-derived fluids (Fig. 10a and b). The basalt 

Fig. 10. Sr-Nd-Hf isotopic features of magmatic rocks from the Tachileik area. 
(a) εNd(t) versus initial 87Sr/86Sr diagram. (b) εHf(t) versus εNd(t) diagram. (c) 
εNd(t) versus Eu/Eu* diagram. Data of DM (depleted mantle) is from Salters and 
Stracke (2004). Data of MORB are based on Zindler and Hart (1986) and 
Chauvel et al. (2009). Data of oceanic sediments, Fe-Mn crust, and continental 
sediments are from Chauvel et al. (2008, 2014). MORB-OIB array and island-arc 
array are after Chauvel et al. (2009). Modeling parameters are listed in Sup-
plementary Table S7. 
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exhibits decoupled Hf-Nd isotope ratios that are plotting below the 
MORB-OIB array (Fig. 10b), indicating that excess zircon is incorporated 
into the mantle wedge (Chauvel et al., 2014). Subducted sediments, 
especially terrigenous sediments which are enriched in Zr contents may 
be responsible for this enrichment. 

To discriminate between potential enrichment sources (oceanic 

sediments, terrigenous sediments, sediment melts), we used isotopic 
mixing modeling to show different trajectories of enrichment by 
different sources (Fig. 10a and b). Oceanic sediments usually are plotted 
on or above the MORB-OIB array (Fig. 10b). Therefore, mixing between 
oceanic sediments and depleted mantle will be also plotted above the 
MORB-OIB array, which is contrary to the isotopic composition of the 

Fig. 11. Mineral composition of magmatic rocks from the Tachileik area. (a) Orthopyroxenes from the gabbroic cumulate plotted on the enstati-
te–ferrosilite–diopside–hedenbergite quadrilateral of Morimoto (1988). (b) Ab–Or–An diagram for feldspar. Or, potassium feldspar; San, Sanidine; Anor, anortho-
clase; Ab, albite; Olig, oligoclase; And, andesine; Lab, labradorite; By, bytownite; An, anorthite. (c) Mg# or An % of orthopyroxene, hornblende, and plagioclase from 
hornblende gabbro and gabbroic cumulate. (d) Classification of amphibole according to the nomenclature of Hawthorne et al. (2012). (e) Calculated pressure and 
temperature based on hornblende and plagioclase from hornblende gabbro and gabbroic cumulate (Holland and Blundy, 1994; Ridolfi et al., 2010; Ridolfi and 
Renzulli, 2012). (f) Calculated SiO2 of equilibrium melt based on hornblende from gabbroic cumulate (Ridolfi and Renzulli, 2012). The calculated results are listed in 
Supplementary Table S9. 
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Tachileik basalt (Fig. 10b). More enriched Hf isotopic composition than 
Nd isotopic composition of a mantle-derived melt could be achieved by 
the addition of terrigenous sediments or sediment-derived melts. In 
addition, distinct trends of these two different end-members could be 
observed in both Hf-Nd and Sr-Nd isotope diagrams (Fig. 10a and b). 
Collectively, our isotopic modeling results show that the addition of 
1–2% terrigenous sediment could lead to the enrichment of the Sr-Nd-Hf 
isotopic composition of the depleted mantle. This small amount of 
sediment will not change the O isotope composition significantly 
(Fig. 7b). Furthermore, such a process indicates that sediment, rather 
than sediment-derived melt, is mixed with the mantle peridotite, which 
is consistent with the mélange diapir model (Marschall and Schumacher, 
2012; Nielsen and Marschall, 2017). Except for the isotopic composi-
tions, this model could also explain the trace element enrichments. 
According to our trace element modeling (Fig. 12a), the addition of 2% 
subducted sediments to the mantle wedge could increase the Th/Yb and 
the Nb/Yb ratios, resulting in a mixed source plotted above the mantle 
array in the Th/Yb vs. Nb/Yb diagram. Ten percent partial melting of 
spinel-garnet lherzolite could generate melt with similar compositions 
to the basalt in both Th/Yb vs. Nb/Yb and Sm/Yb vs. Sm diagrams 
(Fig. 12b). Therefore, we propose that the basalt in eastern Myanmar 
was formed by partial melting of mélange diapirs, and that the horn-
blende gabbro was formed by assimilation and fractional crystallization 
of the basaltic magma. 

6.1.2. Trondhjemitic dike 
Four petrogenetic mechanisms to explain the origin of trondhjemite 

have been proposed, which are (1) partial melting or fractional crys-
tallization of MORB in the mid-oceanic ridge or fore-arc (Freund et al., 
2014; Rollinson, 2009); (2) water-fluxed melting of metapelite or met-
agreywacke (Fiannacca et al., 2020); (3) high-pressure dehydration 
melting of basaltic rocks (Martin et al., 2005; Sun et al., 2020); and (4) 
low-pressure fractional crystallization of basaltic arc rocks (Dan et al., 
2019). 

A major subgroup of trondhjemite is oceanic plagiogranite, formed 
by partial melting or fractional crystallization of MORB in the mid- 
oceanic ridge or fore-arc, which can be found in the ophiolitic 
mélanges (Freund et al., 2014; Rollinson, 2009). However, our trondh-
jemitic dikes show geochemical features inconsistent with those of 
oceanic plagiogranite (Fig. 9c and d). The Tachileik trondhjemitic dikes 
display higher K2O contents, and larger Nb/Y and Th/La ratios 
compared to oceanic plagiogranite (Fig. 8d and 12c-d), indicating that 
they have a different petrogenesis. In addition, zircon trace element 
compositions from the trondhjemitic dikes are plotted in the area of the 
continental arc-type zircon (Fig. 12e and f; Grimes et al., 2015). 
Therefore, the trondhjemitic dikes in eastern Myanmar are not part of an 
ophiolitic mélange. 

Although some zircons from the trondhjemitic dikes show elevated 
δ18OVSMOW and enriched Hf isotopic features, most of the zircons display 
positive εHf(t) values and mantle-like δ18OVSMOW values (Fig. 7; Valley, 
2003), indicating that their primary source is not metapelites/meta-
greywackes. This is also supported by their whole-rock Sr-Nd isotopic 
compositions, which are similar to the coeval hornblende gabbro 
(Fig. 10). The zircons with enriched δ18OVSMOW isotopic composition 
may be formed by assimilation of the supracrustal materials or low- 
temperature alteration (Valley, 2003). Partial melting of basaltic rocks 
at high pressure could produce trondhjemite, e.g., Archean trondhjemite 
(Martin et al., 2005). The most significant characteristic of this high- 
pressure trondhjemite is their high La/Yb and Sr/Y ratios, suggesting 
that their source region contains restitic garnet (Martin et al., 2005; Sun 
et al., 2020). Such characteristics were not observed in the trondhjemitic 
dikes in this study, and they show very low La/Yb and Sr/Y ratios with 
strongly negative Eu anomalies (Fig. 9c). Low La/Yb and Sr/Y ratios and 
negative Eu anomalies may be caused by partial melting and fractional 
crystallization at low-pressure conditions, where plagioclase is stable. 
This model has been proposed for the Longmuco-Shuanghu 

trondhjemite (Dan et al., 2019), which has a similar geochemical feature 
to our samples. The Tachileik trondhjemitic dike sample with higher 
CaO content shows lower Rb and LREE contents and higher Sr content, 
which is consistent with the fractional crystallization model. Therefore, 
we suggest that these trondhjemitic dikes were formed by fractional 
crystallization of melts derived from partial melting of basaltic rocks at a 
low-pressure condition. 

There are two main reasons why we believe that the source of these 
trondhjemitic dikes is the coeval basaltic rocks. First, as discussed above, 
the isotopic compositions of the trondhjemitic dikes are similar to the 
coeval hornblende gabbro and the two igneous units have a close spatial 
distribution and similar formation ages. Second, these trondhjemitic 
dikes intruded into the hornblende gabbros and there is no coeval in-
termediate magma, suggesting that the trondhjemitic dikes are most 
likely formed by partial melting of the basaltic rocks, but not by frac-
tionation of the basaltic melts. In conclusion, we suggest that these 
trondhjemitic dikes were formed by partial melting of hornblende 
gabbro and experienced fractional crystallization at a low-pressure 
condition. 

6.1.3. Andesite, dacite and gabbroic cumulate 
The formation ages of the Tachileik andesite and dacite and gabbroic 

cumulates are identical within error and may have a genetic relation-
ship. The whole-rock geochemical compositions of the volcanic rocks 
and the gabbroic cumulates are comparable to volcanic arc rocks- 
cumulate rock pairs from arc settings and match experimental liquid 
lines of descent for arc rocks (Fig. 8; Cooper et al., 2016, 2019; Mele-
khova et al., 2015). The highest zircon εHf(t) value of these volcanic 
rocks is similar to that of the gabbroic cumulates (Fig. 7a), implying that 
their original sources could also be similar. The volcanic rocks are 
interpreted to be the melts after magma fractionation and the gabbroic 
cumulates are formed as the crystallized phase. The volcanic rocks show 
lower whole-rock εNd(t), MgO, Al2O3; TFeO, and TiO2 contents, and Eu/ 
Eu* ratios (Fig. 8f-i and 10c), compared to the gabbroic cumulates, 
indicating that these volcanic rocks may have formed by magma 
assimilation and fractional crystallization (AFC). The zircon Hf isotope 
generally could keep a record of such assimilation process showing a 
wide range of εHf(t) values instead of being unified like whole-rock Sr- 
Nd isotope (Amelin et al., 2000). The wide range of zircon εHf(t) values 
(Fig. 7a) indicates that these volcanic rocks could be formed by AFC of 
mantle-derived melts or magma mixing between the mantle-derived and 
crustal-derived melts. However, the low Mg#, and Cr, Co, and Ni con-
tents of these volcanic rocks show no evidence of magma mixing. In 
addition, the old zircon ages found in these volcanic rocks proved that 
they have captured old crustal materials during the magma ascent. The 
wide range of zircon εHf(t) values of these volcanic rocks and their more 
enriched Sr-Nd isotopic features than that of the gabbroic cumulate were 
more likely caused by magma assimilation (Fig. 7a and 10c). Therefore, 
we suggest that the volcanic rocks are products of assimilation and 
fractional crystallization during magma ascent. 

The gabbroic cumulates have the most depleted isotopic composition 
with Eu/Eu* ratios > 1, reflecting an accumulation process (Fig. 8). The 
mineral assemblage of the gabbroic cumulates (plagioclase, amphibole, 
orthopyroxene, and magnetite) is quite similar to shallow depth cumu-
lates in volcanic arc systems (Cooper et al., 2016; Melekhova et al., 
2015), indicating that these cumulates could be late crystallized phases. 
This is also supported by mineral chemistry. The gabbroic cumulates 
have low Mg# (<70) orthopyroxene and amphibole and low An content 
plagioclase (<90) (Fig. 11c). Based on the chemical composition of 
amphiboles from gabbroic cumulates, we calculated P-T conditions and 
SiO2 contents of the equilibrated melt. The results show that they 
crystallized at a shallow depth in the crust (5–6 km), and that they 
equilibrated with a felsic magma which has similar SiO2 contents to the 
volcanic rocks (Fig. 11e and f). These lines of evidence suggest that these 
cumulates formed in the late stages of magma fractionation. Therefore, 
we suggest that these gabbroic cumulates are products of the late 
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Fig. 12. Petrogenetic discrimination diagrams for magmatic rocks from the Tachileik area. (a) Th/Yb versus Nb/Yb diagram (after Pearce, 2008). (b) Sm/Yb versus 
Sm diagram. (c) An-Ab-Or diagram (Barker, 1979). Data of oceanic plagiogranite are from Rollinson (2009), Freund et al. (2014), Haase et al. (2016) and Marien 
et al. (2019). (d) Th/La versus Nb/Y diagram. Data of N-MORB and E-MORB are from Sun and McDonough (1989). Data of LCC (lower continental crust) and UCC 
(upper continental crust) are from Rudnick and Gao (2003). (e-f) U/Yb versus Gd/Yb diagram and U/Yb versus Sc/Yb diagram of zircon from trondhjemitic dike 
(after Grimes et al., 2015). Cont. Arc-type, continental arc zircon. MOR-type, mid-ocean ridge zircon; Ol-type, ocean island zircon. The modeling parameters are 
listed in Supplementary Table S10. 
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crystallized phase during magma ascent and the volcanic rocks are co- 
magmatic rocks that experienced magma assimilation and fractional 
crystallization. 

The primary magma for these volcanic rocks and gabbroic cumulates 
could be derived from partial melting of the mantle source or from the 
melting of crustal rocks. In comparison with the Tachileik granite 
(Gardiner et al., 2016) and our previously discussed basaltic rocks, these 
rocks have more depleted isotopic features (Fig. 7a). This suggests that 
the primary magma is not derived from the continental crust of the 
Sukhothai arc. The Sr-Nd-Hf isotopic compositions of the gabbroic cu-
mulates are plotted slightly above the mantle array (Fig. 10a and b), 
which we interpret to reflect enrichment by subducted oceanic sedi-
ments (Vervoort et al., 2011). We suggest that the more enriched iso-
topic compositions of volcanic rocks are related to the subsequent 
intracrustal assimilation and fractional crystallization (Fig. 7a and 10c). 
In conclusion, we suggest that these volcanic rocks and gabbroic cu-
mulates have the same source – depleted mantle modified by subducted 
oceanic sediments. 

6.2. Geochronological framework of magmatic rocks in eastern Myanmar 
and adjacent areas 

Previous studies have reported Late Permian-Early Triassic and Late 
Triassic igneous rocks in eastern Myanmar (Cong et al., 2021; Gardiner 
et al., 2016). However, our new geochronological data suggest that there 
are three stages of magmatism in eastern Myanmar, including Early 
Carboniferous (Stage I), Late Permian-Early Triassic (Stage II), and Late 
Triassic (Stage III). To better understand the significance of the mag-
matism in eastern Myanmar, we compared magmatic ages with those in 

the adjacent areas, including the SW Yunnan (southwest China), 
Qiangtang terrane (west China/Central Tibet), Thailand/Laos/ 
Cambodia, and Malaysia/Singapore (Fig. 13). 

In the northern extension of the Sukhothai arc in the SW Yunnan, 
continental arc-related magmatism started at ~ 260 Ma and transitioned 
into collisional-related magmatism during the Late Triassic (Fig. 13; 
Cong et al., 2020; Deng et al., 2018; Wang et al., 2018). Although 
detrital zircon ages indicated that a Late Devonian arc-related magma-
tism in the SW Yunnan area (Nie et al., 2016), the magmatic rocks have 
not been found yet. The 315–280 Ma back-arc magmatism is reported in 
the SW Yunnan (Hennig et al., 2009; Jian et al., 2009; Li et al., 2012; 
Zhai et al., 2019) and could be connected to the ultramafic–mafic rocks 
in the Luang Prabang-Nan-Sa Kaeo areas (Hara et al., 2020; Ueno and 
Hisada, 2001; Wang et al., 2020b). 

In the Qiangtang terrane, the Late Devonian-Early Carboniferous 
igneous rocks were proposed to form in an intra-oceanic arc or 
continental-arc setting (Dan et al., 2019; Jiang et al., 2015; Liu et al., 
2018; Wang et al., 2017). A magmatic lull is observed during the 
Carboniferous, which is similar to those in the SW Yunnan (Fig. 13). The 
magmatism during the Early Permian to Triassic was suggested to be 
related to continued subduction of Paleo-Tethys and subsequent conti-
nental collision (Liu et al., 2018; Wang et al., 2017; Zhai et al., 2018). 

In Malaysia/Singapore, continental arc-related magmatism, known 
as Eastern Granite Province, is located east of the Bentong-Raub suture 
zone and ranges in age from 300 Ma to 250 Ma. Collisional-related 
magmatism, namely Main Range Granite Province, is located at the 
west of the suture zone and ranges in age from 230 Ma to 200 Ma 
(Fig. 13; Wai-Pan Ng et al., 2015a, b; Oliver et al., 2014). The Kyaing 
Tong granite in eastern Myanmar and some granite plutons in western 

Fig. 13. Probability density plots of the crystallization ages of magmatic rocks from different regions along the Eastern Paleo-Tethys belt. Detailed data sources are 
listed in Supplementary Table S1. 
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Thailand also belonging to the Main Range Granite Province were 
formed during 230–200 Ma (Gardiner et al., 2016; Wang et al., 2016b). 

In western Thailand of the Sukhothai terrane, magmatism mainly 
occurred during 240–210 Ma (Khin Zaw et al., 2014; Wang et al., 2016b, 
2018; Khin Zaw and Meffre, 2007; Khositanont and Khin Zaw, 2012), 
which is a shorter duration than the magmatism in the Qiangtang 
terrane, SW Yunnan, and in Malaysia/Singapore. Their formation time is 
slightly later than those in eastern Myanmar (266–246 Ma). In combi-
nation with our data, the magmatic rocks in the Sukhothai terrane were 
mainly formed during the Late Permian to Late Triassic and a magmatic 
lull during the Carboniferous to Late Permian (Fig. 13). However, 
detrital zircon ages from the Sukhothai terrane documented magmatic 
events during the Late Carboniferous to Triassic (Hara et al., 2017). 

In Thailand/Laos/Cambodia of the Indochina Block, previous studies 
recognized a back-arc basin with basaltic rocks and ophiolites formed at 
320–260 Ma (Fig. 13; Hara et al., 2020; Metcalfe, 2013; Qian et al., 
2016; Y. Wang et al., 2020b), which connects to the SW Yunnan area. It 
is noteworthy that the 450–400 Ma, 350–300 Ma and 260–240 Ma 
magmatic rocks located to the east of this back-arc basin is distributed in 
the Loei Fold Belt of the Indochina Block (Fig. 13; Kamvong et al., 2014; 
Khin Zaw et al., 2014; Qian et al., 2015; Salam et al., 2014). The Late 
Ordovician to Early Devonian magmatism in the Loei Fold Belt was 
thought to be related to the subduction of the Proto-Tethys (Shi et al., 
2021). The Carboniferous and Late Permian to Middle Triassic igneous 
rocks were proposed to form in a continental arc-related setting (Fig. 13; 
Kamvong et al., 2014; Qian et al., 2015, 2016; Salam et al., 2014; Shi 
et al., 2021), which are comparable to the magmatic rocks in the 
Sukhothai arc. 

As summarized above, eastern Myanmar has a similar magmatic 
history to the areas adjacent to the Longmuco-Shuanghu-Changning- 
Menglian-Chiang Mai-Chiang Rai-Bentong Raub suture zone (Fig. 13). 
Stage I magmatism in eastern Myanmar is coeval to the arc magmatism 
in the Qiangtang terrane and is slightly earlier than continental arc 
magmatism in the western Indochina Block. Stage II and III magmatism 
in eastern Myanmar is within the range of continental arc and 
collisional-related magmatism, respectively, in the Qiangtang terrane, 
and the SW Yunnan, Thailand/Laos/Cambodia and Malaysia/Singapore. 
It should be noted that there are three branches of the Paleo-Tethys 
Ocean, including the northern branch (A’nyemaqen-Mianlue suture), 
central branch (Jinshajiang-Ailaoshan-Song Ma suture), and southern 
branch (Longmuco-Shuanghu-Changning-Menglian-Chiang Mai-Chiang 
Rai-Bentong-Raub suture) (Metcalfe, 2021; Wu et al., 2020b). The 
southern branch sutures are generally accepted to represent the main 
ocean basin (Gardiner et al., 2016; Metcalfe, 2013, 2021; Wang et al., 
2018; Wu et al., 2020b; Zhai et al., 2016). As discussed above, the 
magmatic histories along the southern branch sutures are similar 
(Fig. 13). Combined with evidence from paleogeographic and paleo-
magnetic studies (Ma et al., 2019; Metcalfe, 2021; Wang et al., 2018; 
Yan et al., 2019; Zhao et al., 2020), we suggest that the geodynamic 
evolution of the eastern Paleo-Tethys should be considered as a single 
continuous continental arc system along the ~ 4000 km long belt since 
the Early Carboniferous. 

6.3. Implications for the evolution of the eastern Paleo-Tethys 

6.3.1. Early Carboniferous to Middle Permian 
The tectonic evolution of the eastern Paleo-Tethys has been exten-

sively debated. The geological and paleomagnetic evidence support that 
the eastern Paleo-Tethys Ocean have been opened since the Middle 
Devonian in southeast Asia or even earlier (Cambrian) in the Qiangtang 
terrane (Feng et al., 2005; Ma et al., 2019; Metcalfe, 2013; Metcalfe 
et al., 2017; Ueno et al., 2010; Zhai et al., 2016). However, the time of 
initiation of oceanic subduction has not been well constrained. 

The whole-rock geochemical characteristics of ~ 360 Ma mafic rocks 
show arc-related features with depletion in Nb-Ta and high Th/Yb 
(>0.8) and low (Nb/La)N (<0.5) ratios. These geochemical features are 

distinct from the back-arc basin basalt, which has a low Th/Yb (<0.3) 
ratio and a high (Nb/La)N (>0.6) ratio (Pearce et al., 2005), indicating 
that they are not produced in a back-arc region. Slab break-off or slab 
tearing during the oceanic subduction will induce upwelling of the deep 
asthenosphere and produce alkaline magma with OIB features (Ji et al., 
2016; Rosenbaum et al., 2018), which is also different with our samples. 
However, their similar trace-element patterns and REE patterns (Fig. 9a 
and b) to those Silurian ophiolites from the Changning-Menglian suture 
zone (Wang et al., 2013) and some of Carboniferous ophiolites in the 
Longmuco-Shuanghu suture zone (Zhai et al., 2013), suggest that they 
could be ophiolites of the Paleo-Tethys Oceanic crust. In addition, their 
outcrop location is near the border between the Sukhothai arc and the 
southern extension of the Changning-Menglian suture zone. However, 
compared to the Silurian ophiolites, our samples show more enriched Rb 
and Th contents, and they are distinct in the Th/Yb vs. Nb/Yb diagram 
(Fig. 12a). Our samples also show similarities to those Carboniferous 
and Permian SSZ-type (supra-subduction zone) ophiolites in the Th/Yb 
vs. Nb/Yb diagram (Fig. 12a). The enrichment of Th is best explained by 
subduction-related processes (Pearce, 2008). According to Grimes et al. 
(2015), zircon geochemistry could help discriminate SSZ-type ophiolites 
and volcanic arc-type ophiolites. Our samples are all plotted into the arc- 
related setting (Fig. 12e and f); therefore, they are not SSZ-type ophio-
lites. In any case, our samples indicate that the subduction of the Paleo- 
Tethys had occurred. On the basis of the captured zircons from the 
coeval trondhjemitic dikes, we prefer a continental arc setting. There-
fore, we suggest that the subduction of the eastern Paleo-Tethys began 
by ~ 360 Ma in eastern Myanmar along a continental margin (Fig. 14a 
and d). 

According to studies in the Qiangtang terrane, researchers have 
proposed that the subduction of eastern Paleo-Tethys lasted from the 
Late Devonian to the Triassic (Dan et al., 2019; Liu et al., 2018; Wang 
et al., 2017; Zhai et al., 2016, 2018). Data from the SW Yunnan and 
Southeast Asia indicates that subduction of the Paleo-Tethys began at 
least since ~ 300 Ma (Deng et al., 2018; Gardiner et al., 2016; Metcalfe, 
2013; Wang et al., 2018). Detrital zircon ages in SW Yunnan docu-
mented arc-related magmatism during the Late Devonian (Nie et al., 
2016). Combining the above evidence with our new findings, we pro-
pose that subduction of the eastern Paleo-Tethys would have started 
along the Longmuco-Shuanghu-Changning-Menglian-Chiang Mai- 
Chiang Rai-Bentong Raub sutures since Early Carboniferous (Fig. 14a 
and d). We consider that extensive arc-related magmatic rocks formed 
during the Early Carboniferous to Early Carboniferous extending ~ 
4000 km belt. 

In the Loei Fold Belt, there is also magmatic rocks formed during the 
Carboniferous, showing arc-related geochemical characteristics (Kam-
vong et al., 2014; Qian et al., 2015, 2016; Shi et al., 2021). During this 
period, the back-arc basin between the Sukhothai arc and Indochina 
Block had not opened (Metcalfe, 2021; Qian et al., 2015, 2016; Shi et al., 
2021). Moreover, there is a “magmatic lull” in the Sukhothai arc during 
the Late Carboniferous (Fig. 13). According to the above observations, 
we suggest that the eastwardly migrating magmatism from the Sukho-
thai arc to the Loei Fold Belt may be related to a low-angle to flat sub-
duction of the Paleo-Tethys during 360–320 Ma. Numerical studies 
revealed that a young and thin oceanic slab will lead to steep subduction 
(Hu and Gurnis, 2020; Huangfu et al., 2016). Flat subduction could be 
achieved by increasing slab thickness and slab age, although many other 
factors may also influence the slab dip (Hu and Gurnis, 2020; Huangfu 
et al., 2016; Lallemand et al., 2005). During 320–280 Ma, magmatism 
migrated westward, and the back-arc basin began to open during this 
stage (Fig. 13), which reflects a slab roll-back process. The timespan of 
magmatism in the back-arc basin is also coeval to the magmatic gap in 
the Indochina block (Fig. 12). This could be explained by high angle 
subduction (Fig. 14b and e). 

6.3.2. Late Permian to Late Triassic 
The Late Permian volcanic rocks in this study with depleted isotopic 
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composition showed similar geochemical features to the widespread 
Late Permian volcanic rocks from the Qiangtang terrane to Malaysia/ 
Singapore (Wang et al., 2017, 2018), indicating that subduction 
continued during the Late Permian (Fig. 13). Previous studies mainly 
accepted that the collision between the Indochina and Sibumasu Blocks 
occurred during the Middle Triassic (e.g., Sone and Metcalfe, 2008; 
Wang et al., 2018). This is mainly evidenced by the deep-water sedi-
mentation, oceanic/pelagic sedimentary records up till the Ladinian, 
and the earliest igneous rock (~237 Ma) in the Main Range Granite 
Province (e.g., Sone and Metcalfe, 2008; Wang et al., 2018). In addition, 
the Early-Middle Triassic volcanic rocks of the Sukhothai arc in Thailand 
showed subduction-related geochemical features and were believed to 
have generated during the subduction-collision transition (Wang et al., 
2018). However, deep-water sedimentation could exist after the initial 
collision, as suggested by Hu et al. (2016). The magmatism in the Main 
Range Granite Province on the passive margin indicated that the colli-
sion should have occurred before the ~ 237 Ma. The Lancang Group, 

which is composed of fore-arc sediments, and continental rocks under-
went 238–234 Ma high-pressure metamorphism, indicating that the 
initial collision have started before ~ 238–234 Ma (Wang et al., 2020a, 
2021). According to the study by Metcalfe et al. (2017) on the Inthanon 
Zone, the initial collision may have happened during the Late Permian. 
The missing of uppermost Permian strata along the Changning-Menglian 
zone (Nakazawa et al., 2009; Wang et al., 2018) indicates that the initial 
tectonic uplift during the Late Permian. A recent paleomagnetic study 
further showed that the collision between the Indochina and Sibumasu 
Blocks occurred during the Late Permian to Early Triassic (Zhao et al., 
2020). In addition, a recent study on isotope and trace elements of 
detrital zircons suggested that the collision between the Indochina and 
Sibumasu Blocks was at ~ 255 Ma in Thailand, ~20 Myr earlier than in 
Malaysia (Liu et al., 2022). Therefore, we suggest that the initial colli-
sion could have happened during the Early Triassic. The Early-Middle 
Triassic volcanic rocks in Thailand with subduction-related geochem-
ical features reflect the oceanic slab may be not fully detached before the 

Fig. 14. Schematic diagram of the tectonic evolution model from Early Carboniferous to Late Triassic in eastern Myanmar and adjacent area (not to scale). (a-c) The 
paleogeographic map of the blocks related to the Eastern Paleo-Tethys during the Early Carboniferous, the Late Carboniferous, and the Late Triassic. The paleo-
geographic map is modified from Huang et al. (2018) and Zhao et al. (2018, 2020). Abbreviations: T, Tarim Craton; A-CQ-Q, Alax-Central Qilian-Qaidam terrane; NC, 
North China Craton; SC, South China Craton; NQ, North Qiangtang terrane; IC, Indochina terrane; S, Sibumasu terrane; L, Lhasa terrane; SQ, South Qiangtang 
terrane; Su, Sukhothai arc terrane; Kaz, Kazhakstan. (d) The subduction of the Paleo-Tethys has started during the Early Carboniferous. (e) The continued subduction 
during the Late Carboniferous to Middle Permian and related back-arc extension. (f) Tectonic transition from subduction to collision during the Late Permian to 
Middle Triassic. (g) The post-collisional extension during the Late Triassic. 
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Middle Triassic. 
The close spatial relationship and simultaneous magmatism in the 

Sukhothai terrane and Loei Fold Belt (Cong et al., 2021; Khin Zaw et al., 
2014) indicate that they were most likely to have formed in the same 
subduction-related setting. Although recent studies proposed an east-
ward subduction of the Nan back-arc oceanic slab (Jiang et al., 2021; Shi 
et al., 2021), the lack of oceanic eclogite questioned the existence of this 
subduction zone. The collapse of the back-arc basin and possible arc- 
continent collision during the Late Permian-Early Triassic could have 
been caused by the eastward advancing subduction of the Paleo-Tethys. 
Therefore, we suggested that the Late Permian to Middle Triassic mag-
matism along the entire belt were formed in a tectonic transition of the 
Paleo-Tethys from subduction to continental collision (Fig. 14c and g). 
This scheme is similar to the proposed closure process of the Paleo- 
Tethys based on the Jinshajiang segment (Zi et al., 2013). The Late 
Triassic granites in the Main Range Granite Province is a typical product 
of post-collisional magmatism (Oliver et al., 2014; Wai-Pan Ng et al., 
2015b), which is distributed in the passive margin (Fig. 14c and g). 
Therefore, the continental collision between the Indochina and Sibu-
masu may have occurred during 250–240 Ma. 

7. Conclusions 

(1) Integrating our new data with previous studies, magmatic ac-
tivity in eastern Myanmar could be divided into three stages, that is 
Early Carboniferous (360–355 Ma), Late Permian to Early Triassic 
(266–247 Ma), and Late Triassic (220–210 Ma). 

(2) The 360–357 Ma basaltic rocks were derived from partial melting 
of mélange diapir mixed with peridotite and experienced assimilation 
and fractional crystallization during magma ascent. The 357–355 Ma 
trondhjemitic dikes were derived from partial melting of the basaltic 
rocks and experienced fractional crystallization at low-pressure condi-
tions. The 257–255 Ma volcanic rocks underwent magma assimilation 
and fractional crystallization and were formed by partial melting of the 
depleted mantle wedge, which was modified by oceanic sediments. The 
gabbroic cumulates are products of late-phase fractional crystallization 
during magma ascent. 

(3) The three stages of magmatism described for eastern Myanmar 
could correspond to magmatism in the Central Tibet, SW Yunnan, and 
Southeast Asia. Together, these magmatic records suggest that the 
entire ~ 4000 km long eastern Paleo-Tethys belt shares a common 
evolutionary history. 

(4) Early Carboniferous magmatism in eastern Myanmar is related to 
the subduction of the Paleo-Tethys along the western continental margin 
of the Indochina Block. The continued subduction may have caused the 
back-arc opening during the Late Carboniferous and subsequently 
resulted in extensive magmatism along the entire eastern Paleo-Tethys 
belt since the Permian. Subduction continued during the Late Permian 
and the final amalgamation between the Sibumasu and Indochina 
occurred during the Early Triassic. 

CRediT authorship contribution statement 

Fangyang Hu: Writing – original draft, Visualization, Methodology, 
Conceptualization, Funding acquisition. Fu-Yuan Wu: Supervision, 
Investigation, Conceptualization, Funding acquisition. Jian-Gang 
Wang: Investigation. Mihai N. Ducea: Writing – review & editing, 
Funding acquisition. James B. Chapman: Writing – review & editing. 
Khin Zaw: Writing – review & editing. Wei Lin: Investigation. Kyaing 
Sein: Investigation. Sebastien Meffre: Writing – review & editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

We are highly indebted to journal reviewers (Jian-Wei Zi and an 
anonymous reviewer) and editors for their insightful comments and 
suggestions to improve the manuscript. We also want to thank Lihui Jia 
for assistance during mineral electron microprobe analyses, Shitou Wu 
for LA-ICP-MS zircon U-Th-Pb isotopic analyses, Chao Huang for MC-LA- 
ICP-MS zircon Hf isotopic analyses, Xiaoxiao Ling and Guoqiang Tang 
for assistance with SIMS zircon U–Pb–O isotopic analyses at the Institute 
of Geology and Geophysics, Chinese Academy of Science in Beijing. F.Y. 
H. and F.Y.W. acknowledges support from the National Natural Science 
Foundation of China [91755000, 41888101, 41902055], and China 
Postdoctoral Science Foundation [2018M640177]. M.N.D. acknowl-
edges support from US National Science Foundation [EAR 1725002] and 
the Romanian Executive Agency for Higher Education, Research, 
Development and Innovation Funding (UEFISCDI) project [PN-III-P4-ID- 
PCCF-2016-0014]. 

Appendix A. Supplementary material 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jseaes.2022.105093. 

References 

Amelin, Y., Lee, D.-C., Halliday, A.N., 2000. Early-middle archaean crustal evolution 
deduced from Lu-Hf and U-Pb isotopic studies of single zircon grains. Geochim. 
Cosmochim. Acta 64 (24), 4205–4225. https://doi.org/10.1016/S0016-7037(00) 
00493-2. 

Arboit, F., Collins, A.S., Morley, C.K., King, R., Amrouch, K., 2016. Detrital zircon 
analysis of the southwest Indochina terrane, central Thailand: Unravelling the 
Indosinian orogeny. GSA Bulletin 128 (5-6), 1024–1043. https://doi.org/10.1130/ 
B31411.110.1130/2016044. 

Barker, F., 1979. Chapter 1 - Trondhjemite: Definition, Environment and Hypotheses of 
Origin. In: Barker, F. (Ed.), Developments in Petrology, Trondhjemites, Dacites, and 
Related Rocks. Elsevier, pp. 1–12. https://doi.org/10.1016/B978-0-444-41765- 
7.50006-X. 

Bas, M.J.L., Maitre, R.W.L., Streckeisen, A., Zanettin, B., IUGS Subcommission on the 
Systematics of Igneous Rocks, 1986. A Chemical Classification of Volcanic Rocks 
Based on the Total Alkali-Silica Diagram. Journal of Petrology 27, 745–750. https:// 
doi.org/10.1093/petrology/27.3.745. 
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Supplement. Birkhäuser, Basel, pp. 133–139. https://doi.org/10.1007/978-3-7643- 
8344-2_10. 

Wu, F., Turner, S., Schaefer, B.F., 2020a. Mélange versus fluid and melt enrichment of 
subarc mantle: A novel test using barium isotopes in the Tonga-Kermadec arc. 
Geology 48 (11), 1053–1057. https://doi.org/10.1130/G47549.1. 

Wu, F.-Y., Wan, B., Zhao, L., Xiao, W., Zhu, R., 2020b. Tethyan geodynamics. Acta 
Petrologica Sinica 36, 1627–1674 in Chinese with English abstract.  

Yan, Y., Zhao, Q., Zhang, Y., Huang, B., Zheng, W., Zhang, P., 2019. Direct 
Paleomagnetic Constraint on the Closure of Paleo-Tethys and Its Implications for 
Linking the Tibetan and Southeast Asian Blocks. Geophys. Res. Lett. 46 (24), 
14368–14376. https://doi.org/10.1029/2019GL085473. 

Yang, W.-B., Niu, H.-C., Shan, Q., Sun, W.-D., Zhang, H., Li, N.-B., Jiang, Y.-H., Yu, X.-Y., 
2014. Geochemistry of magmatic and hydrothermal zircon from the highly evolved 
Baerzhe alkaline granite: implications for Zr–REE–Nb mineralization. Miner 
Deposita 49 (4), 451–470. https://doi.org/10.1007/s00126-013-0504-1. 

Zaw Myo Htet, 2021. Geology and mineral occurrences of Tachileik-Tar Lay Area, 
Tachileik and Tar Lay Townships, Shan State (East), Myanmar. Virtual GEOSEA XVI 
and GeoCon Conference, Abstract Volume, 6-8 December 2021, Philippines, p. 320. 

Zhai, Q., Chung, S.-L., Tang, Y., Hu, P.-Y., Jin, X.-C., Wang, J., Wang, H.-T., Wang, K.-L., 
Lee, H.-Y., 2019. Late Carboniferous ophiolites from the southern Lancangjiang belt, 
SW China: Implication for the arc–back-arc system in the eastern Paleo-Tethys. 
Lithos 344–345, 134–146. https://doi.org/10.1016/j.lithos.2019.06.020. 

Zhai, Q.-G., Jahn, B.-M., Wang, J., Hu, P.-Y., Chung, S.-L., Lee, H.-Y., Tang, S.-H., 
Tang, Y., 2016. Oldest Paleo-Tethyan ophiolitic mélange in the Tibetan Plateau. GSA 
Bulletin 128 (3-4), 355–373. https://doi.org/10.1130/B31296.110.1130/2015324. 

Zhai, Q., Jahn, B., Wang, J., Su, L., Mo, X.-X., Wang, K., Tang, S., Lee, H., 2013. The 
Carboniferous ophiolite in the middle of the Qiangtang terrane, Northern Tibet: 
SHRIMP U-Pb dating, geochemical and Sr–Nd–Hf isotopic characteristics. Lithos 
168–169, 186–199. https://doi.org/10.1016/j.lithos.2013.02.005. 

Zhai, Q., Wang, J., Hu, P., Lee, H., Tang, Y., Wang, H., Tang, S., Chung, S., 2018. Late 
Paleozoic granitoids from central Qiangtang, northern Tibetan plateau: A record of 
Paleo-Tethys Ocean subduction. Journal of Asian Earth Sciences, Asian Orogeny and 
Continental Tectonics from Geochemical Perspectives. A Special Issue in Memory of 
Professor Bor-ming Jahn for His Scientific Contributions and Service (Part II) 167, 
139–151. https://doi.org/10.1016/j.jseaes.2017.07.030. 

Zhang, X., Chung, S.-L., Lai, Y.-M., Ghani, A.A., Murtadha, S., Lee, H.-Y., Hsu, C.-C., 
2018. Detrital Zircons Dismember Sibumasu in East Gondwana. J. Geophys. Res. 
Solid Earth 123 (7), 6098–6110. https://doi.org/10.1029/2018JB015780. 

Zhao, G., Wang, Y., Huang, B., Dong, Y., Li, S., Zhang, G., Yu, S., 2018. Geological 
reconstructions of the East Asian blocks: From the breakup of Rodinia to the 
assembly of Pangea. Earth-Science Reviews, Reconstruction of East Asian 
Continental Blocks in Pangea 186, 262–286. https://doi.org/10.1016/j. 
earscirev.2018.10.003. 

Zhao, J., Huang, B., Yan, Y., Bai, Q., Dong, Y., Win, Z., Aung, H.H., Yang, X., Li, S., 2020. 
A palaeomagnetic study of the Middle Permian and Middle Triassic limestones from 
Shan State, Myanmar: Implications for collision of the Sibumasu Terrane and 
Indochina Terrane. Geol. J. 55 (2), 1179–1194. https://doi.org/10.1002/gj.3482. 

Zi, J.-W., Cawood, P.A., Fan, W.-M., Wang, Y.-J., Tohver, E., 2012. Contrasting rift and 
subduction-related plagiogranites in the Jinshajiang ophiolitic mélange, southwest 
China, and implications for the Paleo-Tethys. Tectonics 31 (2), n/a–n/a. https://doi. 
org/10.1029/2011TC002937. 

Zi, J.-W., Cawood, P.A., Fan, W.-M., Tohver, E., Wang, Y.-J., McCuaig, T.C., Peng, T.-P., 
2013. Late Permian-Triassic magmatic evolution in the Jinshajiang orogenic belt, 
SW China and implications for orogenic processes following closure of the Paleo- 
Tethys. Am. J. Sci. 313 (2), 81–112. https://doi.org/10.2475/02.2013.02. 

Zindler, A., Hart, S., 1986. Chemical Geodynamics. Annu. Rev. Earth Planet. Sci. 14 (1), 
493–571. https://doi.org/10.1146/annurev.ea.14.050186.002425. 

F. Hu et al.                                                                                                                                                                                                                                       

https://doi.org/10.1016/j.gr.2015.09.007
https://doi.org/10.1016/j.gr.2015.09.007
http://refhub.elsevier.com/S1367-9120(22)00016-5/h0560
http://refhub.elsevier.com/S1367-9120(22)00016-5/h0560
http://refhub.elsevier.com/S1367-9120(22)00016-5/h0560
https://doi.org/10.1016/j.jseaes.2015.05.001
https://doi.org/10.1016/j.jseaes.2015.05.001
http://refhub.elsevier.com/S1367-9120(22)00016-5/h0570
http://refhub.elsevier.com/S1367-9120(22)00016-5/h0570
http://refhub.elsevier.com/S1367-9120(22)00016-5/h0570
http://refhub.elsevier.com/S1367-9120(22)00016-5/h0570
https://doi.org/10.1016/j.gr.2020.01.001
https://doi.org/10.1016/j.gr.2020.01.001
https://doi.org/10.1016/j.lithos.2021.106215
https://doi.org/10.1016/j.gr.2015.11.011
https://doi.org/10.1016/j.gr.2015.11.011
https://doi.org/10.1016/j.lithos.2016.09.012
https://doi.org/10.1016/j.lithos.2016.09.012
https://doi.org/10.1016/j.earscirev.2017.09.013
https://doi.org/10.1016/j.jseaes.2020.104333
https://doi.org/10.1016/j.gr.2021.08.009
https://doi.org/10.1007/978-3-7643-8344-2_10
https://doi.org/10.1007/978-3-7643-8344-2_10
https://doi.org/10.1130/G47549.1
http://refhub.elsevier.com/S1367-9120(22)00016-5/h0620
http://refhub.elsevier.com/S1367-9120(22)00016-5/h0620
https://doi.org/10.1029/2019GL085473
https://doi.org/10.1007/s00126-013-0504-1
https://doi.org/10.1016/j.lithos.2019.06.020
https://doi.org/10.1130/B31296.110.1130/2015324
https://doi.org/10.1016/j.lithos.2013.02.005
https://doi.org/10.1016/j.jseaes.2017.07.030
https://doi.org/10.1029/2018JB015780
https://doi.org/10.1016/j.earscirev.2018.10.003
https://doi.org/10.1016/j.earscirev.2018.10.003
https://doi.org/10.1002/gj.3482
https://doi.org/10.1029/2011TC002937
https://doi.org/10.1029/2011TC002937
https://doi.org/10.2475/02.2013.02
https://doi.org/10.1146/annurev.ea.14.050186.002425

	Newly discovered Early Carboniferous and Late Permian magmatic rocks in eastern Myanmar: Implications for the tectonic evol ...
	1 Introduction
	2 Geological background
	3 Field occurrence and sampling
	4 Methods
	5 Results
	5.1 Zircon U-Pb ages, and Hf-O isotopes
	5.2 Whole-rock geochemistry
	5.2.1 Basalt and hornblende gabbro
	5.2.2 Trondhjemitic dike
	5.2.3 Andesite and dacite
	5.2.4 Gabbroic cumulate

	5.3 Whole-rock Sr-Nd isotopes
	5.4 Mineral chemistry
	5.4.1 Orthopyroxene
	5.4.2 Feldspar
	5.4.3 Amphibole


	6 Discussion
	6.1 Petrogenesis of magmatic rocks in eastern Myanmar
	6.1.1 Basalt and hornblende gabbro
	6.1.2 Trondhjemitic dike
	6.1.3 Andesite, dacite and gabbroic cumulate

	6.2 Geochronological framework of magmatic rocks in eastern Myanmar and adjacent areas
	6.3 Implications for the evolution of the eastern Paleo-Tethys
	6.3.1 Early Carboniferous to Middle Permian
	6.3.2 Late Permian to Late Triassic


	7 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary material
	References


