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ABSTRACT 

The Ailaoshan Fold Belt represents an important component of the geologically 

complex South China–Indochina suture zone. The fold belt is made up of the Eastern 

Ailaoshan (EAL) High–Grade Metamorphic Belt, the Paleozoic Central Ailaoshan 

(CAL) Mélange, and the Carboniferous–Triassic Western Ailaoshan (WAL) volcanic 

belts. This thesis presents a new, better constrained tectono–magmatic evolution 

model for the Ailaoshan Fold Belt based on a detailed compilation of existing Chinese 

literature, complemented by extensive new sampling, as well as geochronological 

(U–Pb zircon and U–Th/Pb monazite), and whole rock and mineral geochemical data.  

 

Contrasting with most published literature, magmatic rocks within the Paleozoic CAL 

Mélange have been found to record two episodes of continental rifting and/or volcanic 

passive margin development, one Late Devonian–Early Carboniferous, the other Late 

Permian. There is no preserved record of the oceanic crust of the ocean basin which 

opened as a result of the Late Devonian–Early Carboniferous rifting episode, and the 

other magmatic suite recorded in the CAL is the earliest Mid–Triassic syn–collisional 

granitic magmatism. The WAL volcanic belts, in contrast, include fault–bounded 

slices of rocks formed during a Late Carboniferous–earliest Mid–Permian continental 

rift magmatism, a Mid Permian arc/backarc basin magmatism, a Late Permian 

syn–collisional granitic magmatism and an Early Triassic post–collisional magmatism. 

Magmatism/metamorphism in the EAL High–Grade Metamorphic Belt has been 

determined to have occurred during Neoproterozoic, Mid– to Late–Triassic and 

Cenozoic events, with protoliths originating from various magmatic– and sedimentary 

rocks in the Ailaoshan–western South China region.  
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A new regional tectonic model based on the newly compiled data suggests that 

diachronous continental rift magmatism, leading to volcanic passive margin formation 

and break up, occurred in the CAL and WAL during, respectively, Silurian–Late 

Devonian/Early Carboniferous (ca. 430–400 Ma and ca. 370–325 Ma) and Late 

Carboniferous/Early Permian–earliest Mid–Permian (ca. 300–270 Ma), before which 

these terranes were attached to the western South China margin in Eastern Gondwana. 

The volcanic passive margin development and the subsequent seafloor spreading 

opened the Ailaoshan–Song Ma Paleotethys branch, also known as the 

Ailaoshan–Song Ma Ocean. 

 

Ridge push associated with WAL continental rifting may have facilitated the 

west–vergent subduction of the Ailaoshan–Song Ma Ocean beneath eastern Indochina 

since Early Permian (ca. 280 Ma), producing the Truong Son arc magmatism in 

Vietnam. In the WAL, in contrast, Mid Permian (ca. 265 Ma) arc/backarc basin 

magmatism may have only been active for a limited time before the WAL arc collided 

with and was accreted onto eastern Indochina during late Mid–Permian to Late 

Permian. This arc–continent collision has been accompanied by extensive Late 

Permian WAL–Truong Son syn–collisional granitic magmatism (ca. 260–250 Ma) 

and followed by Early Triassic WAL post–collisional magmatism (ca. 250–245 Ma). 

Coevally (ca. 260 Ma), the Emeishan Large Igneous Province located in the western 

South China Block, and may have extended to the CAL–Jinshajiang–Song Da 

regions. 

 

Continued subduction of the Ailaoshan–Song Ma Ocean remnants may have 

eventually led to the South China–Indochina continent–continent collision, 

commenced during Late Permian–Early Triassic in central Vietnam and propagated 
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northward to the CAL–Song Ma (northwestern Vietnam) region during earliest 

Mid–Triassic to Late Triassic (ca. 230–200 Ma). This may have produced the major 

regional unconformity recorded across SE Asia, together with the syn– and 

post–collisional CAL and EAL magmatism/metamorphism. 
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CHAPTER ONE  

INTRODUCTION 

1.1 Purpose and Scope of Study 

The Ailaoshan, meaning mountain of the Ailao tribe in Chinese, Fold Belt strikes 

NW–SE across the central part of southwestern Yunnan (Fig. 1). Around 500 km long, 

with width varying from 20–100 km and an average height around 2000 m a.s.l., the 

mountain range forming this fold belt peaks at Mount Ailao (3166 m), and the high, 

steep and rugged Ailaoshan topography renders the mountain belt one of the most 

inaccessible areas in the region. The geographic remoteness of the Ailaoshan Fold 

Belt not only preserves a high floral and faunal diversity and an extraordinarily rich 

aboriginal tribal culture, but until recently, it has also largely precluded detailed 

geological studies of the mountain belt.  

 

The Ailaoshan Fold Belt represents the suture between the South China Block and the 

Indochina Block, and therefore records different geological episodes of the complex 

tectonic history resulting from interactions between these two crustal blocks. Despite 

its regional geological importance, the tectonic evolution of the Ailaoshan Fold Belt is 

remains inadequately understood. Moreover, on–going controversies exist concerning 

the extent and identification of the southeast end of the Ailaoshan Fold Belt, as well as 

its geological correlations with the South China and Indochina blocks. 

 

Via a detailed examination of the petrology, geochronology and geochemistry of key 

rock packages in the Ailaoshan Fold Belt, this project aims to: First, reconstruct the 

geological and tectonic evolution of the Ailaoshan; second, investigate its SE Asia 
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(Eastern Indochina Block) connection; and third, investigate its tectonic relationships 

with the South China Block.  
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1.2 Objectives 

This project aims to elucidate the tectono–magmatic evolution of the Ailaoshan Fold 

Belt via coupled geochronological and geochemical studies of diverse igneous and 

metamorphics which form complex, discontinuous belts along much of the length of 

the mountain belt. This broader objective is addressed via focused studies of 

important magmatic and metamorphic belts across the region of interest. These are 

listed below as an outline of key objectives for each belt. 

 

1.2.1 Tectonic Evolution of the Ailaoshan Fold Belt 

Silurian–Early Devonian Magmatism and Sedimentary Provenance 

 To constrain the age for the mid–Paleozoic magmatism and (meta)sediments 

in the region. 

 To investigate the provenance of the (meta)sediments and the tectonic setting 

of eruption of the magmatic rocks. 

 

Paleozoic Central Ailaoshan (CAL) Mélange 

 To definitively determine the distribution, extent and nature of the CAL 

Mélange, and clarify some of the existing uncertainty around this key unit. 

 To constrain the formation age(s) for the magmatic rocks in the CAL. 

 To investigate the tectonic setting(s) of the magmatic rocks, and their genetic 

relationships if any with the Late Carboniferous–Triassic Western Ailaoshan 

(WAL) magmatism. 
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Late Carboniferous–Triassic Western Ailaoshan (WAL) Volcanic Belts 

 To systematically redefine the volcanic units of this age on the basis of 

published and new geochronological and geochemical information. 

 To better constrain the formation age of the various volcanic units and their 

associated sediments. 

 To determine the affinities, genetic relationships and tectonic implications of 

the various volcanic units.  

 To determine the age spectra and possible provenance areas of the associated 

Late Paleozoic sediments in the region using detrital zircon populations, and 

implications for tectonic reconstructions. 

 

Eastern Ailaoshan (EAL) High–Grade Metamorphic Belt 

 To determine the age and nature of protoliths of the major metamorphic units. 

 To constrain their timing of formation and metamorphic ages by means of 

U–Pb zircon and U–Th/Pb monazite dating. 

 

1.2.2 SE Asia Connection of the Ailaoshan Fold Belt 

 To compare the Ailaoshan (meta)sediment age(s) and provenance(s) with 

those documented in the literature for key (meta)sedimentary units in SE Asia. 

 To compare the petrology and geochemistry of the key magmatic units of the 

Ailaoshan Fold Belt with those of the magmatic units in nearby SE Asia. 

 

1.2.3 Tectonic Relationships with the western South China Block 

 To compare the Ailaoshan (meta)sediment age(s) and provenance(s) with 
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those documented in the literature for key (meta)sedimentary units in the 

southwestern South China Block. 

 To compare the petrology and geochemistry of the magmatic units of the 

Ailaoshan Fold Belt with those of the magmatic units in nearby South China, 

particularly with the Emeishan Large Igneous Province. 
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1.3 Methodology 

Three field trips were conducted for this study, during April and October 2009, and 

November 2010, to investigate the field geology and to collect samples for the project. 

Traverses were conducted along east–west trending transects which were broadly 

perpendicular to the strike of major lithological units. Two areas, namely the 

Shuanggou–Pingzhang and Mojiang–Banpo areas, were chosen for study in greater 

detail because of the good exposure of, respectively, the Paleozoic CAL Mélange, and 

the Late Carboniferous–Triassic WAL volcanic belts. From these three trips, 300 

representative samples were collected. Time and access constraints ruled that detailed 

geological mapping was not a viable option for this project. Therefore, efforts were 

focused on comprehensive sampling of key units based on mapping by Chinese 

government geological teams (Regional Geological Surveying Party, 1990). 

 

Samples collected in the field were first thin sectioned for petrographic analysis. Key 

samples, selected on the basis of their freshness and regional significance, were 

subjected to further geochronological, geochemical and isotopic examination in the 

laboratories at the University of Tasmania. Geochronological investigation mainly 

involved LA–ICPMS U–Pb zircon and U–Th/Pb monazite analysis. Geochemical 

investigation included whole–rock XRF (for major– and certain trace elements) and 

solution ICPMS (for other trace elements) analyses, together with mineralogical 

(Cr–spinel) electron microprobe analysis. In addition, K–feldspar Pb–isotope analysis 

was carried out. Details of the analytical procedures used are listed in Appendix I. 
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CHAPTER TWO 

REGIONAL AND AILAOSHAN GEOLOGY 

2.1 Introduction  

This chapter presents a comprehensive review of the geology of the Eastern Ailaoshan 

(EAL) Metamorphic Belt and the complex Paleozoic Central Ailaoshan (CAL) 

Mélange and Late Carboniferous(?)–Early Triassic Western Ailaoshan (WAL) 

volcanic belts to the west. Specific attention was paid to published geochemical data 

for magmatic rocks in the region, and as a result of a careful compilation of this data, 

a number of clear geochemical groupings and correlations have emerged which were 

not evident in the literature until this compilation (Tables 1 and 2). 

 

The chapter begins with a brief review of the geological history in SE Asia (Section 

2.2). Following this overview, focus is moved back to the current understanding of the 

geology in the Ailaoshan Fold Belt (Section 2.3).  
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2.2 Regional Geology 

The Ailaoshan Fold Belt represents the suture zone between the South China Block 

and the Indochina Block. The fold belt is bounded by the Red River Fault in its east 

and the Lixianjiang Fault in its west (Fig. 3). In Chinese literature, the Ailaoshan Fold 

Belt is often referred as the Ailaoshan–Jinshajiang Suture Zone, implying probable 

correlation between the two fold belts (e.g., Wang et al., 2000). The southeast 

continuation, however, is more controversial. Various arguments have been made that 

the Ailaoshan Fold Belt may be linked with the Song Ma and/or Song Da region(s) in 

northwestern Vietnam (e.g., Chung et al., 1997; Yumul et al., 2008). In terms of 

geological history, the Ailaoshan Fold Belt has long been suggested to represent a 

branch of the Paleotethys, called the Ailaoshan–Song Ma Paleotethys branch. The 

main Paleotethys has been suggested to be the Jinghong Fold Belt (or the Southern 

Lancanjiang Fold Belt) and/or the Changning–Menglian Fold Belt to the west of the 

Simao Terrane (Fig. 1) (Cao, 2004; Metcalfe, 2006; Metcalfe, 2009; Sone and 

Metcalfe, 2008; Wang et al., 2007b).
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Figure 1. Simplified regional geological map of Southeast Asia region. Modified from Tran et al. 

(1979), Xu et al. (2001), Sone and Metcalfe (2008), Tran et al. (2008), Jian et al. (2009) and Meffre et 

al. (2010). 

 

 

South China 
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From the literature, it is reported that major Phanerozoic magmatism in the region 

started from the Silurian (Fig. 2), during which continental rifted related amphibolite 

xenoliths (443–401 Ma) were found in the Jinshajiang Fold Belt (Jian et al., 2009b). 

Broadly coeval Silurian ages have also been reported from a rhyolite (U–Pb zircon: 

434–428 Ma) in the Loei Fold Belt (Khositanont et al., 2008), and the Silurian 

collisional–related Song Chay–Laojunshan granitoids (ca. 442–418 Ma) are 

well–known from southeastern Yunnan–northern Vietnam (Guo et al., 2009; Roger et 

al., 2000; Yan et al., 2006). Late Devonian–Early Carboniferous magmatism, with 

controversial tectonic setting(s), has been reported along the central Jinshajiang 

(U–Pb zircon: ca. 346–341 Ma) (Jian et al., 2009b; Jian et al., 2008; Jian et al., 

1999)–Ailaoshan (U–Pb zircon: ca. 387–328 Ma (Jian et al., 2009b; Jian et al., 1998)) 

region, as well as in the Loei Fold Belt (whole rock Rb–Sr: 361±11 Ma) (Intasopa and 

Dunn, 1994; Panjasawatwong et al., 2006). 
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Figure 2. Regional geological history of southwestern South China–SE Asia. Reference from e.g., 

Zhong et al. (1998), Roger et al. (2000), Wang et al. (2000), Xu et al. (2001), Zhou et al. (2002a), 

Panjasanwawong et al. (2006), Khositanont et al. (2008), Tran et al. (2008a), Cai and Zhang (2009), 

Jian et al. (2009b), Duan et al. (2010), Meffre et al. (2010), Chen et al. (2011) and Liu et al. (in press).  
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The geological evolution of this part of SE Asia started to vary significantly in 

different parts of the region from Late Carboniferous. With tectonic activity largely 

quiescent along the central Jinshajiang–Ailaoshan region and in much of western 

South China (until Late Permian) (e.g., Cai and Zhang, 2009; Shen et al., 2001; Wang 

et al., 2000), arc magmatism is reported in the western Jinshajiang (e.g., Jian et al., 

2009b; Xie et al., 2005) – Ailaoshan (e.g., Liu et al., in press; Tran et al., 2008a) – 

Truong Son (Song Ca) (e.g., Liu et al., in press; Tran et al., 2008a) regions during 

Early– to Mid–Permian, Mid– to Late–Permian and Late Permian–Early Triassic. In 

western South China, magmatism recommenced during Late Permian (ca. 260 Ma) 

with the eruption of Emeishan Large Igneous Province (e.g., He et al., 2007b; 

Shellnutt et al., 2008). Regional continuations of the Emeishan Large Igneous 

Province are also reported in parts of the Jinshajiang (Xiao et al., 2008) and Song Da 

(Balykin et al., 2010; Polyakov et al., 1991; Polyakov et al., 1998; Tran et al., 2011) 

regions. Indochina–South China continent–continent collision(s), marked by 

widespread unconformity and granitic/rhyolitic magmatism, has/have been suggested 

to have occurred during Silurian–Early Carboniferous (Carter and Clift, 2008; Chen et 

al., 2011; Hung, 2010b; Lepvrier et al., 2004; Lepvrier et al., 2008), Permian–Early 

Triassic and/or Mid– to Late–Triassic (e.g., Jian et al., 2009a; Jian et al., 2009b; Tran 

et al., 2008a; Zhang et al., 2011).  
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2.3 Geology of the Ailaoshan Fold Belt 

2.3.1 Introduction–– Location, Structure and General Stratigraphy 

The Ailaoshan Fold Belt, ca. 500 km long and 20–100 km wide, is bounded by the 

Simao and Indochina blocks to its west along the Lixianjiang Fault (Xiong et al., 

1998). The Red River Fault (or Yuanjiang Fault) forms the northeast margin of the 

Ailaoshan Fold Belt with the South China Block. To the northwest of the Ailaoshan 

Fold Belt is the Jinshajiang Fold Belt. To the south and southeast of Ailaoshan Fold 

Belt are the Loei Fold Belt of Thailand–Laos, and the various northern Vietnam 

subterranes (e.g., Hung, 2010a; Krobicki et al., 2008; Lepvrier et al., 2008; Tran et al., 

2008b; Tran, 1979). Among the latter, the Song Hien– and Song Da rifts (Chung et al., 

1997; Hanski et al., 2004; Tran et al., 2008b) are suggested to have South China 

Block–affinities, whereas the Truong Son Fold Belt (Liu et al., in press; Tran et al., 

2008a) has been suggested to be associated with the Indochina Block (Fig. 1). The 

Song Ma Terrane (Findlay, 1997; Findlay and Phan, 1997; Hutchison, 1975; Le et al., 

1982; Tran, 1979) has been suggested to be a southern extension of the 

Jinshajiang–Ailaoshan suture zone. 

 

The literature referenced in this thesis, whether Chinese or international, is all taken 

from published papers in international or Chinese journals. It is true that much of the 

Chinese literature has rather primitive maps and imprecise sampling locations, due 

mainly to the lack of global positioning system (GPS) and reference points (e.g., cities 

or roads) when most of these literature were published more than 20 years ago. The 

Chinese literature, nevertheless, is supported by detailed field and petrographical 
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descriptions, geochemical and mineralogical data of reasonable quality, as well as 

robust and sound discussions. Based on spot checks on numerous (>100) locations, 

fieldwork carried out for this study, most of the field descriptions in these Chinese 

literature have been found to be accurate, with some other unable to be verified 

because of the changes of land uses (e.g., outcrops to farmland or residential area) in 

the reported sites. 

 

The only Ailaoshan geological maps available are maps published in Chinese 

geological books and papers (e.g., Shen et al., 1998; Fig. 3a), together with the 1: 1 

million scale map published by the Regional Geological Survey Party (1989) (Fig. 3b). 

As shown in Fig. 3a, the Ailaoshan geological maps published in the Chinese 

literature tend to be large scale, and are largely aimed to show outcrop locations rather 

than representing the detailed local geology. The Regional Geology Survey Party did 

produce a more detailed Ailaoshan 1: 200 thousand scale maps, which is nevertheless, 

classified in China as confidential. I borrowed this map from our Chinese 

collaborators during my field work for sampling purposes but these maps had to be 

returned after the field work. We were soundly advised not to use any details of the 1: 

200 thousand scale maps in this thesis in order to avoid potential ‘political’ 

repercussions for our collaborators. 
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Figure 3a. Simplified Ailaoshan geological map published in Shen et al. (1998). 1: Continent; 2: 

MORB (and “para–MORB”) ophiolite; 3: Arc–volcanics; 4: Continental rift volcanics 
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Figure 3b. Simplified geological map of the Ailaoshan Fold Belt, modified from the Regional 

Geological Surveying Party (1990). 
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Table 1. Summary of major Silurian–Early Carboniferous CAL magmatic suites. Ailaoshan rock data from this study, Wei and Shen, (1995), Shen et al. (1998a), Zhong et al. 

(1998) and Li et al. (1999), Yumul et al. (2008) and Jian et al. (2009a). 

Suite Panjiazhai metabasalt DC1 DC2 

Age Silurian–Early Devonian (?) Late Devonian–Early Carboniferous Early Carboniferous 

Location Panjiazhai Shuanggou Pingzhang, Langitang, Maoheshan, 

Laowangzhai, Jinshanyakou, Shuanggou 

Zr/Nb 5.18 65.34 18.92 

Zr/Y 11.32 2.40 4.13 

Nb/Y 2.19 0.04 0.22 

(La/Sm)n 4.2 0.6 1.2 

(La/Yb)n 16.1 0.6 1.6 

(Gd/Yb)n 2.3 1.1 1.3 

(Th/Yb)n 115.4 0.0 2.3 
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Table 2. Summary of major Late Carboniferous–Early Triassic Ailaoshan magmatic suites. WAL magmatic rock data from this study and Han et al. (1998), Zhong et al. 

(1998), Li et al. (1999), Dong et al. (2000) and Fan et al. (2010). 

Suite Late Permian 

CAL magmatism 

Late Carboniferous–Early 

Permian WAL magmatism 

Earliest Mid–Permian 

WAL magmatism 

Mid Permian WAL 

magmatism 

Early Triassic WAL 

magmatism 

Locations Pingzhang, 

Laomeng, Daping, 

Santaipo 

Wusu, Shuanglong, 

Dengkong, Yaxuanqiao, Baliu 

W Mojiang, Banpo, 

Taichong 

Yaxuanqiao Daheishan, Dalongkai 

Zr/Nb 9.69 23.08 30.44 21.72 29.90 

Zr/Y 6.64 4.21 3.73 2.15 3.91 

Nb/Y 0.72 0.19 0.12 0.10 0.13 

(La/Sm)n 3.4 2.4 2.1 2.1 2.3 

(La/Yb)n 10.6 4.0 3.4 2.7 4.1 

(Gd/Yb)n 2.2 1.3 1.5 1.1 1.5 

(Th/Yb)n 4.2 12.9 8.2 9.1 8.8 
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The structural geology of the Ailaoshan Fold Belt is well–documented in both 

Chinese (e.g., Song, 2008; Wang and Ding, 1996; Zhai, 2008; Zhang et al., 2005; 

Zhong et al., 1990) and international literature (Chung et al., 1997; Leloup et al., 

2001a; Leloup et al., 2007; Liu et al., 2012a; Schärer et al., 1990; Searle, 2006; 

Tapponnier et al., 1990), with all papers focused solely on the structural evolution of 

the belt. Despite this, at the commencement of this thesis there was still no certainty 

about the age of the rocks involved, and the presence or absence of Precambrian rocks. 

On this basis, this study focuses mainly on the geochemistry and geochronology of 

the fold belt. Nevertheless, a summary description of the Ailaoshan structural geology 

is presented here to give a more complete picture of the Ailaoshan geology.  

 

Major faults, from northeast to southwest, include the Red River Fault, the Ailaoshan 

Fault, the Jiujia Fault and the Lixianjiang Fault (Fig. 3b). The Red River Fault, or the 

Yuanjiang Fault, forms the northeast contact of the Ailaoshan Fold Belt with the South 

China Block. This fault trends mainly along the Red River and dips northeastward at 

60–70°. Mylonite zones from hundreds of m to <1–km wide, are developed along the 

fault (e.g., Fan and Zhang, 1993; Song, 2008; Xiong et al., 1998; Yunnan 

(Anonymous), 1990; Zhai, 2008). The Eastern Ailaoshan (EAL) High–Grade 

Metamorphic Belt occurs along the west side of the Red River Fault. 

 

The Ailaoshan Fault marks the contact between the EAL High–Grade Metamorphic 

Belt to the east and the less metamorphosed Paleozoic Central Ailaoshan (CAL) 

Mélange to the west. The Ailaoshan Fault dips mainly northeastward, but southwest 

dips are recorded locally, and dips are always ca. 60–70° regardless of dip direction 

(e.g., Xiong et al., 1998; Yunnan (Anonymous), 1990; Zhai, 2008). The Paleozoic 

CAL Mélange is in many places in faulted contact with Ordovician to Carboniferous 
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(meta)sediments (or Madeng Group), which include slate, phyllite and schist (e.g., 

Fang et al., 2002; Shen et al., 1998a; Shen et al., 1998b; Xiong et al., 1998).  

 

In the southern part of the Ailaoshan Fold Belt, the Ailaoshan Fault appears to branch 

into a number of smaller faults, including the Laomeng Fault and the Santaipo Fault. 

This part of the fold belt is locally known as the Jinping Terrane, and it contains 

magmatic units with ages and origins yet to be well–constrained. Some authors (e.g., 

Li et al., 1999; Shen et al., 1998a; Wang and He, 2004) have included the Jinping 

Terrane as part of the Ailaoshan Fold Belt and the rocks therein as part of the Late 

Devonian–Early Carboniferous CAL magmatism (previously known as the ophiolitic 

mélange). In contrast, other authors (e.g., Cai and Zhang, 2009; Wang and Zhou, 2006; 

Xiao et al., 2003) considered the Jinping Terrane (linked with the Song Da region) as 

part of the South China Block and the magmatic rocks therein were claimed to be a 

continuation of the Late Permian Emeishan Large Igneous Province.   

 

The Jiujia Fault, or Jiujia–Anding Fault or Jiujia–Mojiang Fault, forms the western 

boundary of the Paleozoic CAL Mélange. This fault, which dips northeast at 30–40°, 

thrusts the mélange southwestward over the WAL volcanic belts. Rocks along the 

Jiujia Fault, notably serpentinized ultramafic rocks, are highly schistose and often 

mylonitized, with silicified tectonites common (e.g., Fang et al., 2002; Shen et al., 

1998a; Shen et al., 1998b; Xiong et al., 1998).  

  

The WAL region (or the Mojiang sub–basin (Feng et al., 2005)) contains a collage of 

volcanic units suspected to be of different ages (determined to be Late Carboniferous 

to Triassic in this study) and origins that are bounded by the Jiujia Fault in the east 

and the Lixianjiang Fault in the west. The oldest sedimentary strata in the Mojiang 
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sub–basin are the Late Carboniferous–Permian interbedded fine (quartz) sandstone, 

chert and limestone. These strata are overlain by Late Permian shale–siltstone, 

limestone and chert, and are capped by shale–siltstone and coal seam interbeds (Table 

3) (e.g., Fang et al., 2002; Shen et al., 1998a; Shen et al., 1998b; Xiong et al., 1998).  

 

Lower– to Mid–Triassic strata are generally believed to be absent over the entire 

Ailaoshan Fold Belt. Therefore, lowermost Triassic strata, consisting mainly of coarse 

conglomerate, red slate and quartzose sandstone, unconformably overlie Upper 

Permian strata. The basal Late Triassic strata are overlain by a wide variety of 

interbedded sedimentary rocks, including silty–, carbonaceous– or calcareous shale, 

quartz– or red lithic sandstone, and grey Upper Triassic fossiliferous (bivalves) 

limestone. In many places, the Upper Triassic strata are overlain by Jurassic red beds, 

containing mainly red clastic sediments with occasional intermediate–felsic volcanics. 

The Lixianjiang Fault also separates the Ailaoshan Fold Belt from the Simao Terrane 

to its west (e.g., Fang et al., 2002; Feng et al., 2005; Shen et al., 1998a; Shen et al., 

1998b; Xiong et al., 1998; Yunnan (Anonymous), 1983).  

 

Previous studies have concluded that three major Cenozoic deformation phases have 

occurred in the area, during Oligocene to Early Miocene, Miocene and Pliocene (e.g., 

Searle et al., 2010). Deformation structures prior to these three main phases, e.g., 

during Triassic and Early Cenozoic (e.g., Leloup et al., 2001a) are hard to resolve due 

to the severe overprint by later deformation. The Miocene deformation mainly 

occurred as local, semi–brittle structures formed by low–angle normal–slip shearing, 

whereas the Pliocene deformation mainly occurred as dextral strike–slip faulting 

along the Red River Fault. This reversal from sinistral to dextral shearing is 

interpreted to be the result of counterclockwise rotation within the broad, 
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N–S-striking, left-lateral Xiaojiang fault zone in northeastern Yunnan. The magnitude 

of the shear movement, estimated by the displacement of South China Block 

sedimentary cover, is likely to be around 50km or less (Burchfiel et al., 2008; 

Burchfiel and Wang, 2003). 

 

The Oligocene–Early Miocene deformation was the dominant deformation phase and 

contains structures that were formed by brittle to ductile sinistral shearing, including 

mylonitic foliation, stretching lineations and shear fabrics (Liu et al., 2012b). This 

Oligocene–Miocene sinistral shearing is dated (
40

Ar/
39

Ar) at ca. 33–26 Ma (e.g., 

Leloup and Kienast, 1993; Leloup et al., 2001b) or ca. 27–21 Ma (Liu et al., 2012b; 

Searle et al., 2010), and is considered to be responsible for the large–scale (500–1000 

km) extrusion of the Indochina relative to the South China Block. Controversies exist 

in whether the Oligocene–Miocene shear has penetrated the entire lithosphere and 

was genetically related to the opening of the South China Sea (ca. 35 Ma) (Leloup et 

al., 2001b; Leloup et al., 2007; Zhu et al., 2009), or only penetrated the crust and 

occurred after the South China Sea opened (Searle, 2006; Searle et al., 2007). 
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2.3.2 Eastern Ailaoshan (EAL) High–Grade Metamorphic Belt  

Published reports of the EAL High–Grade Metamorphic Belt existed as early as the 

1960s (Wu, 1960). The belt refers to the area bounded by the Red River Fault to the 

east and the Ailaoshan Fault to the west, with the high–grade metamorphics in the belt 

termed the Ailaoshan Group (Fig. 4). The Ailaoshan Group rocks were noted as being 

strongly metamorphosed to above greenschist facies, and to contain lithologies such 

as gneiss, amphibolites and migmatite (Fan, 1986; Wang and Ding, 1996; Wang et al., 

1996). Lower–grade metamorphics (e.g., quartz–feldspar–two mica schist) occur in 

the western part of the belt near the Ailaoshan Fault and are termed the Dahebian 

Group (Fang et al., 2002; Xiong et al., 1998; Yunnan (Anonymous), 1990; Zhai et al., 

1990).  

 

In both the Chinese and international literature, the metamorphic 

pressure–temperature (P–T) path for the Ailaoshan Fold Belt has been extensively 

reported. As a result, this study mainly focuses on investigating the protolith of the 

metamorphic rocks and the timing of metamorphism by means of U–Pb zircon, 

U–Th–Pb monazite dating and whole rock geochemistry. Metamorphism in the 

Ailaoshan Fold Belt is generally subdivided into two main phases (termed as Phase 1 

and Phase 2 below) (Leloup et al., 2001a; Leloup and Kienast, 1993; Xiong et al., 

1998). In Chinese literature (Wang and Ding, 1996; Xiong et al., 1998), these two 

phases were determined to have occurred, respectively, during Precambrian and 

Indosinian (Triassic). Recent radiometric dating in published literature (e.g., Leloup et 

al., 1995; Searle et al., 2010) and this study suggest much younger metamorphic ages 

also exist in the area (see Chapter Six). 
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A summary of the Ailaoshan P–T path from the published literature is given below to 

provide more insight into the geodynamic history of the region. 

   

Phase 1 Amphibolite facies metamorphism: 

Metamorphic grade for the Phase 1 metamorphism of the Ailaoshan Fold Belt 

increases eastward towards the Red River Fault, with most rocks in the eastern EAL 

above greenschist facies, and those in the western EAL below that. Chinese geologists 

have identified three sub–phases in Phase 1 metamorphism (termed as Phases 1.1, 1.2 

and 1.3 here). Metamorphic Phase 1.1 produced almandine + biotite + muscovite + 

plagioclase + quartz assemblages suggesting a T= ca. 520°C and P<5kbar, and 

uppermost greenschist facies for this metamorphic phase (Wang and Ding, 1996).  

 

Metamorphic Phase 1.2 produced sillimanite + almandine + biotite + quartz 

assemblages, with hornblende + plagioclase thermobarometry suggests a T= ca. 

610°C and P = ca. 5.9kbar (Xiong et al., 1998), or a T= ca. 710±70°C and P= 

4.5±1.5kbar (Leloup and Kienast, 1993). P–T analyses suggest increasing temperature 

and pressure from Phase 1.1 to Phase 1.2. The final Phase 1.3 generated the 

assemblage andalusite + biotite + almandine + plagioclase + quartz. Hornblende + 

plagioclase thermobarometry suggesting a T= ca. 625°C and P= ca. 3.7kbar. This 

suggests an increasing temperature and a decreasing pressure from Phase 1.2 to Phase 

1.3 (Xiong et al., 1998). 

. 

Phase 2 Lower greenschist facies:  

In Phase 2 metamorphic rocks, Phase 1 hornblende is found to be replaced or rimmed 

by actinolite, and diopside replaced by epidote or actinolite. In addition, biotite is 

replaced or rimmed by s chlorite (Xiong et al., 1998).  
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Widespread mylonite in the EAL is also considered to have formed in this 

metamorphic phase. The mylonite is largely made up of quartz, K–feldspar, 

plagioclase, garnet, staurolite, kyanite and andalusite (from protoliths), together with 

recrystallized micro– or cryptocrystalline quartz, albite, biotite, chlorite and sericite 

(Hu et al., 1998; Xiong et al., 1998). Plagioclase–garnet and biotite–garnet 

thermobarometers suggest a lower greenschist facies metamorphism with T= ca. 

500°C and P< 3.8kbar (Leloup and Kienast, 1993). Thermochronologydata suggest 

fast cooling between Phase 1 and Phase 2 (ca. 100°C/Ma), probably indicating 

significant uplift (Leloup et al., 2001a; Leloup and Kienast, 1993). 

 

In the Chinese literature, these metamorphics are long believed to have formed in the 

Early Mesoproterozoic. Ages obtained from Sm–Nd dating fall mainly in the range 

1950–1650 Ma and 1481–1213 Ma, and 
40

Ar–
39

Ar dating provided an average age of 

1710.3±2.4 Ma (Fang et al., 2002; Xiong et al., 1998; Yunnan (Anonymous), 1990; 

Zhai et al., 1990).  

 

On the other hand, starting from the 1990s, researchers such as Leloup et al. (1995) 

suggested that the high–grade metamorphics may have formed during the Cenozoic 

(ca. 33–26 Ma), based on U–Th/Pb monazite dating. There is now growing 

international recognition of the Cenozoic formation age for the High–Grade 

Metamorphic Belt (e.g., Leloup et al., 2001), although this idea still does not enjoy 

strong support in China (e.g., Fan et al., 2010; Fang et al., 2002) until very recently 

(Lin et al., 2012). This problem is investigated as part of this thesis, and reported in 

Chapter Six. 
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Figure 4. Simplified geological map of the Eastern Ailaoshan (EAL) High–Grade Metamorphic Belt, 

modified from the Regional Geological Surveying Party (1990). 
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2.3.3 Early Paleozoic Metasediments and Panjiazhai Metabasalts  

In faulted contact with the EAL High–Grade Metamorphic Belt on its eastern side 

occurs what is locally known as the Madeng Group metasediments (Fig. 5). The 

Madeng Group rocks show evidence of having undergone multiple phases of 

deformation and are usually metamorphosed up to greenschist facies, significantly 

less metamorphosed than rocks in the EAL High–Grade Metamorphic Belt. Madeng 

Group rocks include slate, phyllite, marble, greenschist, quartzite and locally 

interbedded metavolcanic strata. According to the literature, the Madeng Group 

protoliths may have been deposited from the Ordovician to Carboniferous in a passive 

continental margin setting, mainly as mudstone interbedded with mafic volcanics and 

minor carbonates (Xiong et al., 1998). On the Chinese geological map (Fig. 5) 

(Regional Geological Surveying Party, 1990), the Madeng Group is marked as 

Caledonian (Sinian–Silurian) in age, based mainly on paleontological evidence. 

Lower Ordovician–Silurian graptolites and tentaculitid, as well as Carboniferous 

conodonts (Table 3) have been found in limestone lenses, suggesting an Early 

Paleozoic age for at least part of this unit, and indicating that it is likely to comprise a 

number of separate units which are yet to be effectively discriminated by geological 

mapping (e.g., Fang et al., 2002; Tang, 2001; Xiong et al., 1998; Yunnan 

(Anonymous), 1990).  

.  
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Figure 5. Simplified geological map of the Silurian–Early Devonian (meta)sediments and (meta)basalts, 

modified from the Regional Geological Surveying Party (1990). 
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Table 3. General stratigraphy of the Ailaoshan Fold Belt (Wang and Zhang, 2010; Xiong et al., 1998). 

Name (Age) Lithology Fossils Features 

Maichuqing 

 

(Upper 

Triassic) 

Upper:  

Greyish fine–medium lithic quartz sandstone 

Greyish silty shale interbedded with black shale and limestone lenses 

Lower: 

Greyish silty shale and calcareous shale  

Base: 

Greyish white thickly bedded fine quartz sandstone 

Bivalve 

Burmesia lirta 

Yunnanophorus borlei 

Y. garandi 

Unionites griesbach 

Indosinion minutum 

Modiolus cf. frugi 

Trigonodus distortus 

Marine–continental near 

marine lake deposits.  

 

Conformably overlie 

Waluba Formation 

Waluba 

 

(Upper 

Triassic) 

Dark grey shale, silty shale and fine lithic quartz sandstone Bivalve 

Halobia plariradiata 

H.yunnanesis 

H. converxa 

H. superb 

Prolaria sollasi 

Burmesia sinesis 

Shallow marine deposit.  

 

Conformably overlie 

Sanhedong Formation 

Sanhedong 

 

(Upper 

Triassic) 

Grey limestone and cherty muddy limestone Bivalve 

Halobia comtocles 

H. rugosa 

H. superb 

H. yunnanensis 

Conformably overlie 

Waigoucun Formation 
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Waigoucun 

 

(Early 

Upper–Triassic) 

Upper: 

Red fine lithic quartz sandstone–siltstone–shale 

Lower: 

Purplish red conglomerate and lithic sandstone 

Bivalve 

Halobia yandongensis 

Paleocardita cf. singularis 

Modiodus carinatus 

Fluvial deposits  

 

Unconformably overlie 

Palaeozoic sediments  

Yangbazhai 

 

(Upper Permian) 

Upper: 

Greyish black shale, silty shale–siltstone– fine sandstone. Coal seams 

Middle: 

Greyish black shale, muddy siltstone interbedded with lithic sandstone, 

quartz sandstone, volcaniclastics, chert and limestone. 

Lower: 

Pillow lava, andesite, rhyolite and volcaniclastics 

Fusuline 

Codonofusiella sp. 

Brachiopod 

Dictyoclostus margaritatus 

Leptodus tenus 

Plant 

Gigantopteris nicotiane 

Lepidodendron acutangulun 

Shallow marine deposits 

 

Unconformably overlie 

Baliu Formation 

Baliu 

 

(Uppermost 

Permian) 

Upper:  

Quartz sandstone, siltstone, muddy siltstone, chert and volcaniclastics 

Lower: 

Grey limestone, cherty limestone, fine sandstone–siltstone–shale, 

intermediate–felsic volcaniclastics 

Fusuline 

Neoschwagerina sinplex 

N. douvillei 

Yabeina inouyei 

Y. probaseis 

Shallow marine continental 

shelf deposits.  

 

Conformably overlie 

Xianrendong Formation 
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Xianrendong 

 

(Lowermost 

Permian) 

 

Greyish black microcrystalline limestone interbedded with fossiliferous 

limestone 

Fusuline 

Miselina claudiae 

Pseudofusulina corpulenta 

P. kraffi 

Carbonate platform 

deposits 

 

Angular unconformably 

overlie Xiamidi 

Xianrendong 

Xiamidi 

 

(Upper 

Carboniferous) 

Greyish black thin–medium bedded fine quartz sandstone, muddy 

siltstone, carbonaceous shale, shale, marl and coal beds 

Fusuline 

Triticites cf. subashiensis 

Quasifusulina sp. 

Rugosofusulina sp. 

Pseudoschwagerina moelleri 

 

Shallow marine–littoral 

deposits  

Bulonghe 

 

(Lower 

Carboniferous) 

 

Altered pillow lava interbedded with greyish black or greyish white 

tuffaceous chert/shale. Capped by basaltic breccias 

Radiolarian 

Archocyrtium riedei 

Ceratoikiscum? Sp. 

Remnants of oceanic crust 

Cuonajia 

 

(Lower 

Carboniferous) 

 

Greyish black thin–medium bedded Carbonaceous limestone, sandy 

limestone and black shale.  

Conodonts 

Neoprioniodus cf. barbatus 

Hindeodella cf. subtilis 

Pelagic carbonate deposits 
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Nanbianshan 

 

(Upper 

Devonian) 

 

Sequence of sandstone–shale–limestone, sandstone–siltstone–shale and 

silty shale, limestone and chert 

Plants 

Hamatophyton verticillatum 

Leptophloeum rhombicum 

Shallow marine deposits 

Longbie 

 

(Middle 

Devonian) 

 

Upper: 

Black shale and siltstone 

Lower: 

Grey–dark grey shale 

Tentaculid 

Nowakia zlichovensis 

Pelagic deposits 

Dazhongzhai  

 

(Lower 

Devonian) 

Grey medium–thick bedded quartz sandstone, siltstone, black shale 

sequence 

Graptolites 

Monograptus yukonensis 

fangensis 

M. aff. Yukonensis 

Tentaculid 

Nowakia acuaria 

 

Semi–pelagic ocean basin 

turbidites.  

 

Conformably overlie 

Lihong  

Lihong 

 

(Lower 

Devonian) 

Greyish black shale, siltstone Graptolites 

Monograptus hercynicus 

Neomonograptus hercynicus 

Tentaculid 

Paranowakia sp. 

Pelagic deposits 
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Manbo 

 

(Mid–Upper 

Silurian) 

 

Greyish shale, siltstone and fine quartz sandstone interbeds. Limestone 

and marl, interbedded with black shale and chert 

Graptolites 

Monograptus cf. micropoma 

Pristiograptus meneghini 

Monoclimacis vomeriuns 

Shallow marine basin 

deposits 

Shuiqing  

 

(Lower–Mid 

Silurian) 

 

Upper: 

Greyish black shale–siltstone–fine sandstone interbeds 

Lower:  

Greyish sandstone–shale interbeds. 

Graptolites 

Monoclimacis sp. 

Pristiograptus regularis 

Monograptus pridon 

Shallow marine basin 

deposits 
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The metabasalts in the Panjiazhai area were previously regarded to be Permian by 

regional tectonostratigraphic correlation (Cheng and Shen, 1997; Shen et al., 1998b) 

but have been determined to be Silurian in this study (see Chapter Three). Although 

mentioned and discussed by many authors (e.g., Li et al., 1999; Shen et al., 1998b), 

only Cheng and Shen (1997) have carried out a relatively detailed study of the 

Panjiazhai metabasalts. Exposure of the Panjiazhai metabasalts is limited to the area 

around Panjiazhai village, located at the eastern margin of the Paleozoic CAL 

Mélange. The Panjiazhai metabasalts are metamorphosed to greenschist facies, and 

occur interbedded in a mildly metamorphosed flysch sequence including 

metasandstone, phyllite and slate. 

 

The Panjiazhai metabasalts are alkali with strong LREE enrichment and HREE 

depletion, typical of alkaline continental rift basalts (OIB–like). Further investigation 

of the Panjiazhai metabasalts is required to clarify their tectono–magmatic setting and 

significance in the geological evolution of the region. This is further discussed in 

Chapter Three. 
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2.3.4 Paleozoic Central Ailaoshan (CAL) Mélange  

The Paleozoic CAL Mélange represents the core of the Ailaoshan Fold Belt (Fig. 6). 

The region is bounded to the east by the EAL High–Grade Metamorphic Belt along 

the Ailaoshan Fault (e.g., Cao et al., 2011; Leloup et al., 2001; Tapponnier et al., 1990; 

Wu, 1960), and bounded to the west by the various Western Ailaoshan (WAL) 

volcanic belts along the Jiujia Fault (Fig. 3) (e.g., Fan et al., 2010; Han et al., 1998; 

Wei and Shen, 1997a; Wei and Shen, 1997b). The Paleozoic CAL Mélange is in many 

places in faulted contact against Siluro–Devonian (meta)sediments (Fang et al., 2002; 

Xiong et al., 1998).  

 

The Paleozoic CAL Mélange has also been referred to as the 

Devonian–Carboniferous Ailaoshan ophiolitic mélange in the literature (e.g., Tian and 

Yang, 1991; Wang and He, 2004), yet this study suggests that many rock units in the 

mélange are neither Devonian–Carboniferous, nor ophiolitic (See Chapter Four and 

(Lai et al., 2011)). The Paleozoic CAL Mélange is composed largely of blocks and 

lenses of serpentinized peridotite, gabbros and dolerites, plagiogranite, (rare) basalt, 

chert and limestone in a muddy matrix (this study and (e.g., Lai et al., 2011; Shen et 

al., 1998a; Yumul et al., 2008)). Magmatic rocks in the mélange are well exposed 

around the towns/villages of Shuanggou, Bainadu, Laowangzhai, and Pingzhang 

(Yunnan (Anonymous), 1990). Plagiogranites from Shuanggou have been dated as 

Late Devonian (U–Pb zircon: ca. 383–376 Ma, excluding analytical uncertainties) 

(Jian et al., 2009b) and although less precisely, Carboniferous (U–Pb zircon: 328±16 

Ma) (Jian et al., 1998) in age. 

  

Controversies exist over the tectonic setting(s) of magmatic units in the Paleozoic 
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CAL Mélange, with major hypotheses for their tectonic setting of formation including 

mid–ocean ridge (MOR) (Shen et al., 1998a; Wei and Shen, 1995), forearc (Liu et al., 

2010), backarc basin (Wang et al., 2000), small ocean basin (Yumul et al., 2008; 

Zhang et al., 1995), and ‘non–volcanic segment of a rifted continental margin’ (Jian et 

al., 2009a). This problem is discussed is Chapter Four.  

 

Granitoids are widely exposed in CAL along/close to the Ailaoshan Fault. These 

granitoids have been suggested to be Late Triassic, based on regional stratigraphic 

correlation (Wei and Shen, 1997b; Xiong et al., 1998) but very little data is available 

on which to evaluate the tectonic implications of these rocks. New U–Pb zircon ages 

for these granitoids are presented in Chapter Four. 
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Figure 6. Simplified geological map of the Paleozoic CAL Mélange, modified from the Regional 

Geological Surveying Party (1990). 
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2.3.5 Late Carboniferous–Triassic Western Ailaoshan (WAL) Volcanic Belts 

The WAL volcanic belts are bounded by the Jiujia Fault in the east and by the 

Lixianjiang Fault in the west. Many of the WAL volcanic belts are fault–bounded, 

disrupted and poorly defined (Fig. 7). Names given to these volcanic belts include the 

Wusu (or Dengkong–Wusu) (e.g., Fan et al., 2010; Han et al., 1998; Zhou and Zhou, 

1992), Yaxuanqiao (e.g., Fan et al., 2010; Han et al., 1998; Zhou and Zhou, 1992), 

Taichong–Lixianjiang (Wei and Shen, 1997a; Wei and Shen, 1997b), 

Luchun–Gaoshanzhai (Wei and Shen, 1997b), Luchun–Pinghe (Wei and Shen, 1997b) 

and Mojiang (Dong et al., 2000) belts. Geographic boundaries of these volcanic belts 

are often poorly defined and often overlapped (see Chapter Five). Systematic 

examination, comparative studies and correlations between volcanic belts are rare, 

apart from some very recent research (e.g., Fan et al., 2010; Jian et al., 2009a). 

Whether and how these volcanic belts are related is still unclear. Moreover, the 

regional extensions of the various WAL magmatic units to the northwest and southeast 

remain largely unconstrained and poorly understood. These issues are discussed in 

Chapter Five. 

 

In addition to the main volcanic belts, a number of fault–bounded ultramafic–mafic 

bodies (e.g., Dalongkai intrusion) have been reported by Zhong et al. (1998) and Jian 

et al. (2009b). The Dalongkai intrusion has very recently been U–Pb zircon dated to 

be Mid Triassic (U–Pb zircon: 247–244 Ma), and has been suggested to be related to 

intraplate magmatism (Jian et al., 2009a; Jian et al., 2009b). In the southern part of the 

Ailaoshan Fold Belt (e.g., Pinghe area), granites reportedly intrude Early Paleozoic 

sediments (Shen et al., 1998b; Xiong et al., 1998). These granitoids have been 

suggested to be Late Triassic in age based on regional stratigraphic correlation, and 
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produced by the South China–Indochina syn– or post–collisional magmatism (Fang et 

al., 2002; Xiong et al., 1998). Nevertheless, no radiometric dating has been attempted 

on these granites to confirm their ages.  
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Figure 7. Simplified geological map of the Western Ailaoshan (WAL) volcanic belts, modified from the 

Regional Geological Surveying Party (1990). 
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2.3.6 Current Tectonic Models  

According to the Chinese literature (Li et al., 1999; Zhong et al., 1998), the oldest 

rocks exposed in the Ailaoshan Fold Belt are the EAL high–grade metamorphics. 

However, the protoliths of the metamorphics and thus their formation environment are 

yet to be elucidated, due to successive phases of metamorphism and deformation. 

Therefore, the earliest tectonic history of the Ailaoshan Fold Belt is to be found from 

the less metamorphosed rocks of the Madeng Group.  

  

It has been suggested that broadly between Ordovician to Middle Devonian, the 

Ailaoshan Fold Belt may have been situated in a passive continental margin setting, 

with discrete local occurrences of mafic volcanism in a sediment–dominated package, 

forming the Madeng Group protoliths (Fang et al., 2002). This mafic volcanism 

became more intense during Late Devonian–Early Carboniferous and marked the 

beginning of seafloor spreading in the region. The cause of the seafloor spreading, if it 

did actually occur at that time, is still not well explained in Chinese literature. Wang et 

al. (2000) have suggested that the spreading event occurred in a backarc basin setting 

associated with eastward subduction of the Changning–Menglian oceanic crust 

beneath the Simao Terrane. If this is so, the associated arc associated with this 

claimed subduction episode remains to be identified. The seafloor spreading was 

followed by the Late Carboniferous–Early Permian bimodal WAL magmatism, which 

was suggested to occur either in an continental rift (Han et al., 1998) or an arc/backarc 

basin setting (Fan et al., 2010). 

  

The Ailaoshan Ocean is generally believed to have begun to contract via subduction, 

starting in Late Carboniferous or Early Permian (e.g. Fang et al., 2002; Xiong et al., 
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1998). Controversies still exist as to whether the Ailaoshan oceanic crust was 

subducted eastward beneath the South China Block or westward beneath the 

Indochina Block. Geologists who favor the east–verging subduction model claim to 

have found a paired metamorphic belt in the Ailaoshan Fold Belt (Duan and Zhao, 

1981; Wang, 1993) represented by a high–medium temperature (T), low–medium 

pressure (P) metamorphic rocks in the EAL High–Grade Metamorphic Belt, and a 

low–medium T, medium–high P belt (blueschist) among the volcanic–sedimentary 

package in the Panjiazhai area (Duan and Zhao, 1981). By analogy with modern 

settings, as the high–medium T, low–medium P metamorphic belt lies northeast of its 

low–medium T, medium–high P counterpart, subduction polarity was deduced to dip 

northeast (Duan and Zhao, 1981). 

 

In contrast, geologists who favor the west–vergent subduction model have argued that 

“glaucophane” recovered from the suspected blueschist in the Panjiazhai volcanics is, 

in fact, winchite, an Fe–Na–Ca amphiboles, and that the rocks are not blueschists 

(Shen et al., 1998b; Zhang, 1992). Geologists who favor the westward subduction 

model further point out that since many WAL volcanic belts with apparent arc 

affinities are now exposed to the west of the Late Devonian–Carboniferous CAL 

magmatic rocks, then the subduction direction must have been westward rather than 

eastward (Shen et al., 1998b). Nevertheless, neither of these two hypotheses has taken 

the neighboring geological terranes into account during the tectonic reconstruction, 

this subduction polarity issue is addressed in Chapter Seven.  

 

Extensive submarine volcanism is thought to have recommenced in Late Permian and 

produced the WAL volcanics via continued subduction of the Ailaoshan oceanic crust 
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and the gradual closure of the Ailaoshan Ocean (e.g., Fang et al., 2002; Li et al., 1999; 

Mo et al., 1998). South China–Indochina continent–continent collision and the 

subsequent emplacement of the Late Devonian–Early Carboniferous CAL 

“ophiolites”, is vaguely defined to be pre–Late Triassic (Fang et al., 2002; Shen et al., 

1998a; Zhang et al., 1992). The actual timing of this collision is discussed in Chapter 

Seven. 
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CHAPTER THREE 

SILURIAN–EARLY DEVONIAN AILAOSHAN 

MAGMATISM AND SEDIMENTARY PROVENANCE 

3.1 Introduction, Aims and Methodology 

3.1.1 Introduction 

Silurian–Early Devonian rocks occur in many places in the Ailaoshan region in 

faulted contact with the Paleozoic CAL Mélange, as well as with the Late 

Carboniferous–Triassic WAL volcanic belts (Fig. 3) (Yunnan (Anonymous), 1990). 

The Silurian–Early Devonian rocks are dominated by (meta)sediments with rare 

intercalated Panjiazhai metabasalts (whose ages were previously suggested to be 

Permian (Cheng and Shen, 1997) but have been determined as Silurian–Early 

Devonian in this study, to be discussed later in the chapter). Published ages for the 

(meta)sediments have been only very broadly constrained to be 

Ordovician–Carboniferous on the basis of paleontology and regional stratigraphic 

correlations (Xiong et al., 1998), and their depositional environment(s) and 

provenance(s) remain poorly constrained, as do regional correlation for these rocks. 
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3.1.2 Aims and Methodology 

Better Age Constraints 

The most important objective of this chapter is to place better constraints on the 

depositional age for the supposed Early Paleozoic (meta)sediments and intercalated 

metabasalts. Depositional ages of the (meta)sediments are constrained by means of 

U–Pb detrital zircon dating (youngest detrital zircons give the oldest possible 

deposition age), and cross–referencing with published paleontological information. As 

no Panjiazhai metabasalt was found at the reported outcrop site (e.g., Cheng and Shen, 

1997), the age of the associated metasediments is taken as the approximate magmatic 

age. Detailed U–Pb zircon methodology is described in Appendix I.  

 

Tectonic Setting 

Tectonic setting of the Silurian–Early Devonian rocks is another key problem to be 

addressed. Tectonic setting for the metabasalts is determined herein from published 

geochemical data (Cheng and Shen, 1997), whereas for the sediments, it is determined 

from petrographical and detrital analysis, as well as a whole rock XRF geochemical 

study. Detailed whole rock XRF methodology is described in Appendix I. 

 

Regional Correlation 

Silurian–Early Devonian magmatism is reported in the Jinshajiang Fold Belt (Jian et 

al., 2009b), whereas coeval sedimentary rocks are reported from the western edge of 

South China Block (Duan et al., 2010; Zheng et al., 1997) and in the Truong Son Fold 

Belt in eastern Laos (Ekins, 2005; Morris, 1998). Regional correlation of the 

Silurian–Early Devonian Ailaoshan (meta)sediments and metabasalts with their 

counterparts in northwestern Vietnam and the Jinshajiang Fold Belt may shed more 
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light onto the Silurian–Early Devonian tectonic history of the entire SE Asia region.  

 

Magmatic rock correlation is mainly done on the basis of comparative geochemistry 

with suites from well characterized tectonic settings. Sedimentary rock correlation is 

based on correlations using the detrital mineralogy, together with detrital zircon age 

population data.   
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3.2 Field Geology and Petrography 

In the Chinese literature (e.g., Xiong et al., 1998; Yunnan (Anonymous), 1990), Early 

Paleozoic (meta)sediments are often referred to as the Madeng Group. As noted in 

Chapter Two, the Madeng Group is actually referring to the Ailaoshan Fold Belt rocks 

that have undergone multiple phases of deformation (Fig. 9). The Madeng Group 

rocks are commonly found close to major faults, for instance in the area around 

Yangdoujie and eastern Pingzhang (Fig. 8), and are often strongly brecciated. Away 

from these faults, metasediments are structurally better preserved and the protoliths of 

the Madeng Group rocks may be more confidently identified.  

 

Contrasting with claims in the literature, and information on available geological 

maps (e.g., Xiong et al., 1998; Yunnan (Anonymous), 1990), siliciclastic rocks 

assigned to the Madeng Group have been found in this study to be not exclusively 

Lower Paleozoic (or even Paleozoic). In fact, two discrete sequences of 

metasediments form the Madeng Group. The first sequence is dominated by 

thick–bedded, white or pale yellow, coarse sandstone with thin grey siltstone ± black 

shale interbeds, whereas the second sequence is dominated by turbidites. As is 

discussed in more detail later in this chapter, this geochronological study has 

demonstrated that the former sequence was deposited in the Silurian–Early Devonian, 

but the turbiditic units are actually Late Permian–Triassic in age. As the Late 

Permian–Triassic turbidites are likely to be associated with the coeval Late 

Carboniferous–Triassic WAL magmatism, they are described in Chapter Five. 
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Figure 8. Simplified geological map of the Silurian–Early Devonian (meta)sediments and (meta)basalts 

with the key sampling sites shown, modified from the Regional Geological Surveying Party (1990). 

Structurally well–preserved Silurian–Lower Devonian coarse white sandstone, grey 

siltstone ± black shale interbeds are exposed around Mojiang and Luchun (Fig. 11). 

These sedimentary strata strike broadly N–S, and show steep dips. The white, coarse 

sandstone is thickly bedded (up to 3m), quartz–rich and well sorted. The grey siltstone 

(and black shale if present) is finely bedded/laminated (thickness up to 5cm). Unlike 

the Late Permian–Triassic turbidites, the coarse, white sandstone and interbedded 

grey siltstone ± black shale lack soft–sediment deformation features. 

Key sampling sites 

Panjiazhai metasandstone 

(K10-73) 

Pingzhang metasandstone 

(K09-19, K09-21 & K09-24) 

Mojiang metasandstone 

(SM09-130 & SM09-135) 

Qimaba metasandstone 

(K09-76) 

Pinghe metasandstone 

(K10-25) 

Luchun metasandstone (K09-61) 
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Figure 9. Intensely deformed Silurian–Early Devonian metasandstone and metasiltstone. Sampling 

Location: K09–18. 

 

 

Figure 10. Mylonitic Silurian–Early Devonian quartz–lithic metasandstone: crossed polars. Sampling 

Location: K09–18. 
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Figure 11. Silurian–Early Devonian thickly bedded white sandstone–siltstone interbeds, Yangdoujie. 

Sampling Location: SM09–135. 

 

Figure 12. Undeformed coarse quartz lithic sandstone: crossed polars. Sampling Location: SM09–135. 

(Left) Fig. 3.2.4. Silurian–Lower 

Devonian thickly bedded white 

sandstone–siltstone interbeds, 

Yangdoujie. Sampling Location: 

SM09–135. 
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Under the microscope, structurally well–preserved Silurian–Early Devonian quartz 

sandstones (Fig. 12) are well–moderately sorted and clast supported. They are mainly 

made up of rounded–subrounded fine– to medium–grained quartz (80%), lithic clasts 

(10%, including mainly chert and (minor) volcanics), feldspar (0–5%) and matrix 

(10%). The amount of secondary minerals, including hematite and muscovite, 

increases with the degree of deformation, and these tend to occur mainly in the shear 

fabrics. In many cases, the rocks are highly deformed to mylonitic, with pronounced 

shear fabrics (Fig. 10).  

 

Figure 13. Phyllitic coarse quartz–lithic metasandstone, Panjiazhai. Sampling Location: K10–73. 
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Figure 14. Phyllitic coarse quartz–lithic sandstone showing two phases of deformation (D1 and D2): 

crossed polars. Sampling Location: K10–73. 

Occurrences of the Panjiazhai metabasalts and their interbedded metasediments were 

reported to be restricted to a small area around the western part of Panjiazhai village 

(Fig. 8), and no undoubted basalts were found here. The metasediments are steeply 

(50–90°) east– or west–dipping, purplish–red phyllitic siltstones and greenish–blue 

phyllitic quartz–lithic sandstones. These Panjiazhai metasediments were sampled for 

U–Pb detrital zircon dating (Fig. 13).  

  

D2 

D1 
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3.3 Geochronology 

U–Pb zircon dating was performed in order to better constrain the age of Panjiazhai 

metabasalts and the various Madeng metasandstones, which were previously 

constrained to have been erupted in the Permian and deposited in the 

Ordovician–Carboniferous (respectively) by means of regional stratigraphic 

correlation (e.g., Xiong et al., 1998).  

 

As mentioned in Chapter Two, no Panjiazhai metabasalt was found at the outcrop site 

reported by Cheng and Shen (1997). As the age of the Panjiazhai metabasalts was 

previously determined by stratigraphic correlation of interbedded metasediments 

(Cheng and Shen, 1997), one metasandstone from the Panjiazhai metabasalt reported 

outcrop site was dated to provide age constraints on the metabasalt. In addition, 

detrital zircons from eight Madeng metasandstones from various transects along the 

Ailaoshan Fold Belt were separated and analyzed (Fig. 8).  

 

The youngest zircons from the metasandstone (K10–73) collected from close to the 

Panjiazhai metabasalt reported outcrop site yielded an Early Silurian age (430.2±7.7 

Ma, n=3), and with older zircon populations similar to those of other Silurian 

metasandstones in the Ailaoshan Fold Belt (Appendix II). 
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Figure 15. Probability plot of a metasandstone (K10–73) outcropping near the reported Panjiazhai 

metabasalt outcrop site. The age of the youngest population is Early Silurian (weighted average: 

430.2±7.7 Ma, MSWD=0.16, n=28). 
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Table 4. Summary of the paleontological and U–Pb detrital zircon age constraints on the Silurian–Early Devonian magmatism and the associated sediments. Fossil data from 

e.g., Zhang and Lenz (1998), Xiong et al. (1998) and Wang and Zhang (2010). 

Suites Period Paleontological Constraints Sandstone U–Pb Detrital Zircon Constraints 

Literature This Study 

General 

Stratigraphy 

Lower Devonian Neomonograptus hercynicus (Graptolite) 

Monograptus hercynicus (Graptolite) 

Nowakia acuaria (Tentaculid) 

NA (Youngest Zircons Weighted Avg.)  

407.8±6.5 Ma (K09–61) 

440.6±4.8 Ma (K09–19) 

Upper Silurian Lohogratus progenitor (Graptolite) 

Lohogratus scanicus Graptolite 

418.4±4.3 Ma (K09–76) 

Mid Silurian Colonograptus praedeubeh (Graptolite) 

Colonograptus ludensis (Graptolite)  

NA 

Lower Silurian Monograptus pridon (Graptolite) 

Pristiograptus regularis (Graptolite) 

432.0±6.7 Ma (SM09–130) 

432.7±4.1 Ma (SM09–135) 

434.5±5.8 Ma (K09–21)   

434.7±9.1 Ma (K09–24)  

438.5±5.8 Ma (K10–25) 

Panjiazhai 

Metabasalt 

Lower Silurian NA NA 

 

Interbedded Metasandstone 

430.2±7.7 Ma (K10–73) 
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The weighted average ages of the youngest detrital zircons in eight Madeng 

metasandstones can be divided into two groups: Early Silurian (ca. 440–430 Ma) and 

Late Silurian–Early Devonian (ca. 410–400 Ma) (Table 4). However, the older zircon 

populations in both groups are quite similar, with detrital zircon age peaks at ca. 

430–450, ca. 500–600, ca. 700–850, ca. 900–1200 and ca. 1600–2000 Ma (Fig. 16). 

 

 

Figure 16. Probability plot of detrital zircon ages of Lower Silurian sandstone (blue line, n=520) and 

Late Silurian–Early Devonian sandstone (red line, n=216). Zircon CL image showing overgrowth over 

dark, high–U core. 
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3.4 Geochemistry 

3.4.1 Panjiazhai Metabasalt 

As mentioned in Chapter Two, Panjiazhai metabasalt outcrops were not located 

during this study, and only three geochemical analyses of this metabasalt are 

published. These data (e.g., Cheng and Shen, 1997; Li et al., 1999) suggest that the 

basalts are alkaline (Nb/Y>0.7) (Fig. 18) with high TiO2 (>2.5 wt%), Zr (>260 ppm) 

and Nb (>50 ppm) (Fig. 17), with continental rift basalt affinities. 

 

In the chondrite–normalized REE plot, the metabasalts are strongly LREE–enriched 

(avg. (La/Yb)n = 16.1) resembling typical intraplate (OIB–like) basalts (Sun and 

McDonough, 1989). Other chemical features of the metabasalts consistent with 

within–plate magmatism are their low Zr/Nb (avg. 5.18), and their strong 

LILE–enrichment in the MORB–normalized multi–element plot. The Panjiazhai 

metabasalt only differs compositionally from typical OIB in displaying a small 

negative Nb anomaly (MORB–normalized) (Fig. 19). This feature, obviously absent 

in intraplate basalts erupted in oceanic settings (i.e., typical OIB), may arise by a 

small amount of crustal contamination of an initial OIB–like magma. 
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Figure 17. Major and trace element plots against MgO (as fractionation index) for the Panjiazhai 

metabasalt (e.g., Cheng and Shen, 1997; Li et al., 1999). 
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Figure 18. Zr/Y vs Zr/Nb (above) and Nb/Y vs Zr/Nb (below) plots for the Panjiazhai metabasalt (e.g., 

Cheng and Shen, 1997; Li et al., 1999), showing strong continental rift (OIB–like) (Sun and 

McDonough, 1989) affinities. 
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Figure 19. REE/Chondrite (above) and Rock/N–MORB (below) plots (Sun and McDonough, 1989) 

showing that the Panjiazhai metabasalts (e.g., Cheng and Shen, 1997; Li et al., 1999) geochemically 

resemble the East Greenland early continental rift alkali basalt (green) (e.g., Peate et al., 2003). 
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3.4.2 Silurian–Lower Devonian Metasediments 

Seven (out of eight) metasandstones which were analyzed for detrital U–Pb zircon 

dating were also analyzed using whole rock XRF analysis to better characterize their 

source. The sandstones range widely in major and trace element compositions, with 

TiO2, Al2O3, FeO* and MgO negatively correlated with SiO2 (Fig. 20), and clearly 

controlled by a mixing line between quartz and an intermediate–mafic composition 

component. On the MORB–normalized multi–element diagram, the Silurian–Early 

Devonian Ailaoshan sandstone compositions are generally comparable to the average 

upper continental crust (UCC) (McLennan, 2001; Taylor and McLennan, 1985) (Fig. 

21) but with more pronounced negative Ba– and Sr–anomalies and subtle positive 

Th–anomaly. There is no significant geochemical difference between the Lower 

Silurian– and Upper Silurian–Lower Devonian Ailaoshan sandstones. 
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Figure 20. Harker–type diagrams of Early Silurian– (red) and Late Silurian–Early Devonian (green) 

metasandstones with SiO2 as the fractionation index. The linear trends on many of these plots reflect 

mixing between quartz, and a component with an intermediate–mafic composition. 
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Figure 21. Rock/N–MORB plot showing that Early Silurian– (red) and Late Silurian–Early Devonian 

(green) Ailaoshan metasandstone composition are generally comparable to the average upper 

continental crust (UCC), but more enriched than both average bulk crust (BC) and lower crust (LC) 

(McLennan, 2001; Taylor and McLennan, 1985). 
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3.5 Discussion: Ages, Tectonic Settings and Regional Correlations 

3.5.1 Panjiazhai Metabasalt 

If the Panjiazhai metabasalts are intercalated with the same sandstone as those 

sampled in this study, it is likely that the basalts are no older than the Early Silurian 

(430.2±7.7 Ma). Their continental rift alkaline nature (high Nb/Y), the low Zr/Nb, 

together with the elevated LREE– and LILE– enrichment (MORB–normalized) 

suggest two possible tectonic settings, namely intraplate ocean island, or early 

continental rift settings. Ocean island basalts can be incorporated into continental 

crust in the near–trench regions along subduction zones when seamounts are scraped 

off from oceanic crust. However, if the Panjiazhai metabasalts were emplaced in this 

way then, limestone or marble that should likely have once capped the seamounts 

should be present around the Panjiazhai area, but are not found in this study nor 

reported in the literature (e.g., Cheng and Shen, 1997; Li et al., 1999; Zhong et al., 

1998). Instead, (meta)quartz sandstone/wacke is dominant in the area, with 

provenance probably largely from a craton interior based on their petrography (Fig. 

22). Similar compositions to the Panjiazhai metabasalts have also been reported from 

alkaline continental rift basalts erupted in early extension pre–continental break–up 

settings, such as those in East Greenland (e.g., Peate et al., 2003) (Fig. 19). The small 

Nb anomaly in the published Panjiazhai basalts is consistent with this setting.  

 

Regionally, the Panjiazhai basalts may be correlated with the largely coeval Early 

Silurian amphibolites (U–Pb zircon: 439.3±3.5 Ma) in the Jinshajiang Fold Belt ca. 

200 km to the northwest of Ailaoshan (Jian et al., 2009b). This amphibolite is 

geochemically different from the alkaline Panjiazhai metabasalts, having a tholeiitic, 
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transitional E–MORB composition interpreted by Jian et al. (2009b) to reflect a 

continental rift–generated low–Ti tholeiitic basalt. However it must be taken into 

account that this amphibolite U–Pb zircon age may not reflect a magmatic age, as 

basalts rarely carry zircons, and zircon grows during amphibolite facies 

metamorphism of basalts, usually from Zr released from basaltic glass (e.g., Li et al., 

2011). 
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3.5.2 Silurian–Early Devonian Ailaoshan Sediments 

 

The Early Silurian (or Shuiqing Formation, see Table 3) and Late Silurian–Early 

Devonian (or Manbo Formation, see Table 3) maximum depositional ages from this 

study are in accord with those determined from graptolites (Wang and Zhang, 2010; 

Xiong et al., 1998; Zhang and Lenz, 1998; Zhang and Lenz, 1999), suggesting that 

age of the youngest zircons are likely to be within a few million years of the age of 

deposition. The lack of Mid Silurian detrital zircon age data (sandstone) probably 

relates to the deposition of fine–grained black shale (too fine–grained for separation 

of zircons) during the Mid Silurian (e.g., Xiong et al., 1998). 

  

As noted earlier, much of the field information about the structure of the sedimentary 

protolith was destroyed by the strong deformation (Fig. 9). From the few 

well–preserved outcrops located during this study, it was noted that the Early Silurian 

metasediments are largely composed of thickly bedded quartz sandstone interbedded 

with finely laminated siltstone. This rock assemblage broadly points to a shallow 

marine, probably littoral continental shelf setting. The Mid Silurian Ailaoshan 

metasediments are dominated by black shale with pelagic graptolites, probably 

reflecting a deepening depositional setting (via transgression or continental rifting, or 

both) (Xiong et al., 1998). 

 

The Late Silurian–Early Devonian Ailaoshan quartz sandstones contain minor chert 

and (recrystallized) mudstone clasts, suggesting the emerging of a deeper marine 

source in the region. The pelagic limestone–marl–black shale–chert sediment 

assemblage (or Manbo Formation, see Table 3) reaffirms the further deepening of the 
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rift basin.  

 

Based on the detrital grain population, the Qm–F–Lt ternary diagram (Dickinson, 

1985) suggests that the Silurian–Early Devonian Ailaoshan sandstones are similar to 

sandstones derived from craton interiors (Fig. 22). 

 

Figure 22. Qm–F–Lt ternary diagram for the Silurian–Early Devonian Ailaoshan sandstone after 

Dickinson (1985), showing that these metasediments plot in the craton interior and quartzose recycled 

fields. 

 

The continental–derived nature of the semi–mature to mature metasediments is 

reaffirmed by the sandstone trace element geochemistry, which resembles the average 

UCC.  

 

There are four main possible detrital provenance regions for the zircons of the 

Silurian–Early Devonian Ailaoshan metasandstones. The first is within Ailaoshan 

itself, i.e. the alkaline Panjiazhai metabasalt, but alkali basalts rarely crystallize 
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enough zircons, and so this possibly is excluded. The second possible provenance is 

the Song Chay–Laojunshan granitoids of SE Yunnan–NW Vietnam, which were 

recently SHRIMP zircon U–Pb dated at ca. 440–400 Ma (Guo et al., 2009; Roger et 

al., 2000). The third possible source is the diorite bodies near the Dien Bien Phu–Lai 

Chau Fault, dated at ca. 430–415 Ma (Tran and Nguyen, 2006). But these are 

relatively small volume and any zircons sourced from these small bodies would likely 

be overwhelmed by zircons from other surrounding rocks in the region. The last 

possibility, given the petrographic similarity with sediments from cratonic interiors, is 

that these zircons may have been far travelled and derived from distal sources such as 

Silurian rocks in Gondwana (e.g., the Lachlan Fold Belt (Fergusson, 2003), to be 

discussed below). 

 

From detrital zircon age population, it is seen that both of the studied Silurian–Early 

Devonian Ailaoshan sandstones have major peaks at ca. 430–450 Ma, ca. 700–850 

Ma and ca. 900–1200 Ma, together with minor peaks at ca. 500–600 Ma and ca. 

1600–2000 Ma. Comparing with the Late Ordovician Lachlan Fold Belt sandstones 

(Fergusson and Fanning, 2002; Fergusson et al., 2007), similar peaks have been found 

at ca. 445–600 Ma, ca. 1000–1300 Ma, and ca. 1800–1895 Ma. Thus, it is highly 

likely that the sandstone from the Ailaoshan and Lachlan fold belts may share similar 

detrital source. Globally, the ca. 500–600 Ma, ca. 900–1200 Ma and ca. 1600–2000 

Ma peaks coincide with spikes in global zircon formation which have been correlated 

with the global supercontinent assemblies of, respectively, Gondwana, Rodinia and 

Nuna (e.g., Campbell and Allen, 2008; Goodge et al., 2004; Pell et al., 1997). 
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Northwestern South China Block 

Early Devonian sedimentary rocks with ages confirmed by marine fossil faunas 

(Zheng et al., 1997) have been reported form the northwestern South China Block in 

the Guixi area (Sichuan Province) in China (Duan et al., 2010; Sichuan (Anonymous), 

1980). These rocks consist mainly of quartz arenite, greywacke, siltstone, mudstone 

and shale, and have been interpreted to have been deposited in a coastal setting based 

on the paleontological (brachiopod) evidence (Chen, 2007; Zheng et al., 1997). 

 

Even though the Guixi sedimentary assemblage is similar to that of the Ailaoshan 

Fold Belt, the provenance (suggested by detrital zircon age population studies) of the 

two sandstones appears to be quite different. Compared with the Guixi sandstone 

(Duan et al., 2010) (Fig. 23), the Silurian–Early Devonian Ailaoshan sandstones 

contain distinctive ca. 400–500 Ma (or ca. 430–500 Ma in the case of Early Silurian 

sandstones) peaks that are absent in the Guixi sandstones. In contrast, peaks related to 

supercontinent assembly (e.g., ca. 500–650 Ma for Gondwana and ca. 950–1150 Ma 

for Rodinia (e.g., Campbell and Allen, 2008; Goodge et al., 2004; Pell et al., 1997)) 

are more distinct in the Guixi rocks than in the Silurian–Early Devonian Ailaoshan 

sandstones. Although ages are paleontologically constrained to Early Devonian, the 

youngest detrital zircons found for the Guixi sandstones are ca. 500 Ma (L. Duan, 

pers. comm., 2011) and therefore lack the syn–sedimentary sources of the Ailaoshan 

sandstones. The paucity of the Silurian–Early Devonian detrital zircons in the Early 

Devonian Guixi sandstones suggests that Silurian–Early Devonian magmatism was 

scarce in the northwestern South China Block. This agrees with the conclusion in the 

foregoing section, which Silurian magmatism mainly occurred to the southeast 

(modern orientation) of the Ailaoshan Fold Belt, for instance in the southwestern 

South China Block Margin (i.e., the Song Chay–Laojunshan granitoids) or other 



71 
 

places distal from the interior of the South China Block. 

 

Eastern Truong Son Fold Belt 

Late Ordovician–Late Devonian sediments have been reported from the Sepon region 

in eastern Laos, along the eastern Truong Son Fold Belt (Ekins, 2005). Compared 

with the Silurian–Early Devonian Ailaoshan sandstones, the Late Ordovician–Late 

Devonian Sepon sandstones clearly display weaker ca. 400–500 Ma peaks (absent in 

the Early Devonian Guixi sandstone), and distinct ca. 500–650 Ma Gondwanan peaks 

(absent in the Silurian–Early Devonian Ailaoshan sandstones). Thus, it appears that 

the Late Ordovician–Late Devonian Sepon sandstones have detrital zircon age 

population pattern intermediate between those of the broadly coeval Silurian–Early 

Devonian Ailaoshan sandstones and Early Devonian Guixi sandstones (Figs. 24–25). 

The presence of the ca. 400–500 Ma zircon population in the Silurian–Late Devonian 

sandstones in Ailaoshan–Truong Son (Sepon) region suggests that the region has 

already been separated from western South China since at least the Devonian. 
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Figure 23. Probability plot of detrital zircon ages of the Silurian–Early Devonian Ailaoshan sandstone 

(red line, n=736) and the Devonian Guixi sandstone (green line, n=83) in northwestern South China 

Block (Duan et al., 2010), showing an absence of 400–500 Ma peaks for the Guixi sandstone. The 

U–Pb zircon ages correlating to the assemblies of Gondwana and Rodinia (e.g., Campbell and Allen, 

2008; Goodge et al., 2004; Pell et al., 1997) are shown for reference. 
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Figure 24. Probability plot of detrital zircon ages of the Silurian–Early Devonian Ailaoshan sandstone 

(red line, n=736) and the Upper Ordovician–Upper Devonian Sepon sandstone (black line, n=103) 

(Ekins, 2005) in the Truong Son Fold Belt, showing less distinct 500–650 Ma Gondwanan peaks (e.g., 

Campbell and Allen, 2008; Goodge et al., 2004; Pell et al., 1997) in the Ailaoshan rocks. 
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Figure 25. Probability plot of detrital zircon ages of the Devonian Guixi sandstone (green line, n=83) in 

northwestern South China Block (Duan et al., 2010) and the Upper Ordovician–Upper Devonian Sepon 

sandstone (black line, n=103) (Ekins, 2005) in the Truong Son Fold Belt, showing an absence of 

400–500 Ma peaks for the Guixi sandstone. The U–Pb zircon ages correlating to the assemblies of 

Gondwana and Rodinia (e.g., Campbell and Allen, 2008; Goodge et al., 2004; Pell et al., 1997) are 

shown for reference.  
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3.6 Summary 

Combining published data with new information from this study covering field 

geology, petrography, detrital zircon geochronology and whole rock geochemistry, it 

is suggested here that during Early Silurian, the rocks in the Ailaoshan region were 

deposited in a littoral continental shelf setting. The alkaline early continental rift 

Panjiazhai metabasalt and possibly amphibolites in the Jinshajiang Fold Belt (Jian et 

al., 2009a; Jian et al., 2009b) suggest that regional continental rifting may have started 

in the Early Silurian, and Late Silurian–Early Devonian semi–pelagic to pelagic 

sandstone–shale–limestone–chert sedimentary assemblage implies that the oceanic 

rift–basin may have continued to deepen. Differences between the Ailaoshan and 

western South China sedimentary provenances further suggest that the two terranes 

may have started to separate in the Silurian–Early Devonian rifting episode.  
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CHAPTER FOUR 

PALEOZOIC CENTRAL AILAOSHAN MELANGE 

4.1 Introduction, Aims and Methodology 

4.1.1 Introduction 

The Paleozoic Central Ailaoshan (CAL) Mélange has been previously termed the 

“Devonian–Carboniferous Ailaoshan Ophiolitic Mélange” (e.g., Tian and Yang, 1991; 

Wang and He, 2004). It occurs in faulted contacts with Silurian–Early Devonian 

(meta)sediments. Apart from the type–“ophiolite” section in the Shuanggou area 

(Zhang et al., 1988; Zhang et al., 1995), the formation ages of the magmatic units in 

other areas are poorly constrained. Furthermore, the geochemistry of the magmatic 

rocks varies considerably in different outcrop slices of the “ophiolite” (Wei et al., 

1999). This gives rise to two main questions about the validity of previous ophiolite 

terminology, i.e. whether all the magmatic rocks in the Paleozoic CAL Mélange are 

Late Devonian–Early Carboniferous, and whether they are all ophiolitic.   

  



77 
 

4.1.2 Aims and Methodology 

Age and Nature of the Magmatic Rocks in the Paleozoic CAL Mélange 

Determining whether all the magmatic rocks in the Paleozoic CAL Mélange are first: 

Late Devonian–Early Carboniferous in age, and second: ophiolitic, are the main aims 

of research presented in this chapter. The LA ICP–MS U–Pb zircon dating of the 

“ophiolitic” magmatic rocks sampled away from the type–“ophiolite” (i.e., 

Shuanggou) area. Because all the rocks are mafic and thus contain very few and small 

zircons, the in–situ LA ICPMS zircon dating method (locating zircon in–situ in a slice 

of rock using the SEM) is applied. Details of this procedure are given in Appendix I.  

 

Sensu stricto, the term ‘ophiolite’ refers to rocks formed at a spreading centre in an 

oceanic setting (MOR, forearc or backarc basin) (e.g., Anonymous, 1972; Dilek et al., 

2001). In the literature, it has been suggested that the magmatic rocks in the so–called 

Ailaoshan Ophiolitic Mélange, may have formed in a MOR setting (Shen et al., 1998a; 

Wei and Shen, 1995), a forearc setting (Liu et al., 2010), or a backarc basin setting 

(Wang et al., 2000; Yumul et al., 2008), or within a ‘non–volcanic segment of a rifted 

continental margin’ (Jian et al., 2009a). Comparative geochemistry of magmatic rocks 

in the Paleozoic CAL Mélange with rocks from appropriate modern settings provides 

a useful tectonic discrimination of these rocks, using published and newly obtained 

(whole rock XRF and ICPMS) data from this study. Electron microprobe–measured 

Cr–spinel compositions, which are strongly controlled by the parent magma 

composition and not susceptible to hydrothermal alteration or weathering, are also 

incorporated into the tectonic setting discrimination exercise as supporting evidence. 

Detailed methodologies for whole rock XRF and ICPMS analyses, together with 

Cr–spinel electron microprobe analysis, are described in Appendix I. 
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Regional Correlation 

Regional correlation is crucial in this chapter, because of the many different 

hypotheses published regarding the regional continuity of the “Ailaoshan Ophiolitic 

Mélange”. To the southwest, one hypothesis suggests that the “Ailaoshan Ophiolitic 

Mélange” can be linked to the Song Ma region (e.g., Chung et al., 1997; Yumul et al., 

2008; Zhang et al., 1994). In contrast, another hypothesis suggests that the Song Da 

region is the true southeast continuation of the “Ailaoshan Ophiolitic Mélange” (Jian 

et al., 1998; Zhong et al., 1998). However, neither of these two hypotheses has 

demonstrated clearly the geochronological and geochemical correlation between the 

“Ailaoshan Ophiolitic Mélange” and the proposed correlate fold belt (i.e., Song Ma or 

Song Da), let alone identifying which magmatic unit(s) in the complex “Ailaoshan 

Ophiolitic Mélange” are to be correlated with the proposed correlate fold belt.  

 

To the northwest of Ailaoshan, although it is generally accepted that certain magmatic 

units in the “Ailaoshan Ophiolitic Mélange” are coeval with and thus closely related 

to the Devonian–Carboniferous Jinshajiang Ophiolitic Mélange (Jian et al., 2009b; 

Wang et al., 2000), systematic geochemical correlation is still poorly developed and 

inadequate.  

 

In this study, regional correlation of the magmatic rocks in the Paleozoic CAL 

Mélange is achieved by geochronological (U–Pb zircon) and geochemical correlation 

(whole rock XRF and ICPMS, as well as electron microprobe Cr–spinel 

geochemistry). 
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4.2 Field Geology and Petrography 

4.2.1 Introduction 

The Paleozoic CAL Mélange is bounded by the Ailaoshan Fault to the east and the 

Jiujia Fault on the west. Sampling had been conducted beyond the type “ophiolitic” 

Shuanggou area, around the towns/villages of Bainadu, Pingzhang, Lanitang and 

Heping (Fig. 26). Samples were largely collected from boulders/blocks (2m–<10km 

in dimension) in the mélange, and included ultramafics, gabbros, dolerite, basalt, and 

plagiogranite. Two granites (intruding the mélange) were collected near the Ailaoshan 

Fault around the Pingzhang–Heping areas. 
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Figure 26. Simplified geological map of the Paleozoic CAL Mélange with the key sampling sites 

shown, modified from the Regional Geological Surveying Party (1990). 

 

 

  

Pingzhang gabbro (K09-22) 

& granite (K09-28) 

Key sampling sites 

Heping granite (K09-29) 

Shuanggou plagiogranite/ 

dolerite (K09-16A-C) 



81 
 

Rocks in the mélange occur as blocks or lenses meters to km across, with no 

consistent field relationship observed among different lithologies (Fig. 27), which are 

dominated by serpentinized ultramafic rocks in a muddy matrix. Subordinate amounts 

of gabbros, dolerites, basalts, plagiogranite, limestone, chert and sandstone also occur, 

but are present mainly as boulders or cobbles.  

 

Figure 27. Paleozoic CAL Mélange in Pingzhang, showing magmatic rock cobbles in a mud matrix. 

Sampling Location: K09–10. 
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4.2.2 Ultramafic Rocks 

Ultramafic rocks are mainly serpentinized harzburgite and lherzolite. Major outcrops 

have been reported from Heping, Jinchang, Shuanggou and Yangdoujie, where they 

occur mainly as NW–SE–trending lenses some hundreds of meters to a few 

kilometers in length and tens to hundreds of meters in width. Most outcrops, 

especially those near the Ailaoshan and Jiujia faults, are highly serpentinized and 

sheared (Fig. 29). In this study, serpentinized ultramafic samples were from the 

western Yuanjiang, Shuanggou, Bainadou, Pingzhang, Heping and Jinshanyakou areas 

(Fig. 26). Fresher samples were usually collected away from major faults.  

  

 

Figure 28. Serpentinized ultramafic rocks in a quarry, Yangdoujie. Sampling Location: SM09–125. 
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Figure 29. Sheared and serpentinized ultramafic rocks along the Jiujia Fault, Shuanggou. Sampling 

Location: K09–03. 

 

Figure 30. Serpentinized lherzolite with fresh augite: crossed polars. Sampling Location: SM09–128. 
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Ultramafic rocks are mainly highly serpentinized harzburgite and lherzolite, with 

rarely enough textural preservation to determine whether these rocks were originally 

cumulates, or mantle tectonites. The rocks contain mainly coarse (to 5mm in length) 

serpentine pseudomorphs after olivine (70–90%) and minor pyroxene (opx and cpx 

10–20% each). Fresh olivine is scarce (<5%). Accessory minerals (<5%) include 

Cr–spinel and rare sulfides (Fig. 30).  
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4.2.3 Gabbro, Dolerite, Plagiogranite, Basalt and Granites 

Occurrences of gabbro, dolerite, plagiogranite and basalt are relatively rare in the 

mélange and these rock types are present mainly as blocks, boulders or cobbles (Fig. 

27); Gabbros and dolerites that were confirmed by zircon geochronology to be truly 

Late Devonian–Early Carboniferous (via new U–Pb zircon age data discussed later in 

this chapter) have only a very restricted occurrence around Shuanggou, whereas those 

of Late Permian age were found around Pingzhang (Figure 31). 

 

Gabbros and dolerites are mostly metamorphosed to greenschist facies assemblages. 

Most gabbros show cumulate textures, and dolerites show ophitic textures. These 

rocks are largely made up of euhedral to subhedral pyroxenes (40–60%, cpx: 30–60%, 

opx: 0–10%), plagioclase (30–50%) and occasional serpentinized olivine (<5%). 

Pyroxenes are mostly altered to chlorite and/or actinolite and plagioclase to 

microcrystalline epidote, and in some cases, clay (Fig. 32). 

  

Plagiogranite is mainly equigranular and contains fine– to medium–grained euhedral 

albitic plagioclase (60–70%), quartz (5–30%), hornblende (0–10%) and rare altered 

clinopyroxene (0–5%) (Fig. 33). The very few well preserved basalts are mainly 

relatively coarse–grained plagioclase–phyric–metabasalt with intergranular to 

intersertal and occasional subophitic textures. They show mainly greenschist facies 

assemblages dominated by fine– to medium–grained euhedral plagioclase (60–70%), 

fresh and actinolite–altered clinopyroxene (0–5%), with minor chlorite, epidote and 

carbonate (Fig. 34).  

 

The granites intruding the mélange range from medium– to very coarse–grained, and 
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contain mainly quartz (30–40%), K–feldspar and plagioclase (30–40%), hornblende 

(5–10%), biotite (5–10%) and muscovite (0–5%) with accessory include zircons and 

Fe–Ti oxides. Granophyric textures are present in some K–feldspar. 

 

Figure 31. Gabbroic mega–block in normal faulted contact with Silurian–Devonian metasediments, 

Pingzhang. Sampling Location: K09–25. 
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Figure 32. Metadolerite with altered clinopyroxene and plagioclase: crossed polars. Sampling Location: 

K09–16. 

 

Figure 33. Texturally well–preserved plagiogranite: crossed polars. Sampling Location: K09–16. 
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Figure 34. Coarse metabasalt with altered augite and microcrystalline epidote replacing plagioclase, 

and chlorite after interstitial glassy mesostasis: crossed polars. Sampling Location: K09–16. 
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4.3 Geochronology 

U–Pb zircon dating was performed in order to better constrain the ages of various 

magmatic phases in the CAL. Zircons from four samples collected from the 

‘Ailaoshan Ophiolitic Mélange’ were studied, among which two dolerites and one 

plagiogranite were from the Shuanggou area and one gabbro was sampled near 

Pingzhang. In addition, two granites from the Pingzhang–Heping area were also 

studied (Fig. 26). 

 

The three Shuanggou samples include one plagiogranite (K09–16B) and two dolerites 

(K09–16A and K09–16C). Dolerite K09–16A yielded a mid–Early Carboniferous age 

of 334.4±6.1 Ma (Fig. 35). The plagiogranite (K09–16B) yielded a Late Devonian age 

of 364.5±6.5 Ma (Fig. 36), with no significant difference found in the ages determined 

by the in situ versus mineral separation approaches (Appendix II). The plagiogranite 

also contained four older zircons that together yielded an Early Devonian age of 

405.0±6.6 Ma. Dolerite K09–16C yielded a similar, although less precise, earliest 

Early Carboniferous age of 351±11 Ma (Fig. 37). Overall, the Shuanggou samples 

yielded a wide range of ages from Late Devonian to Early Carboniferous (ca. 

364–334 Ma, excluding analytical uncertainties). 

 

The gabbro (K09–22) sampled from Pingzhang yielded two clusters of ages, one 

Early Permian (282.3±5.8 Ma) and the other Late Permian (258.3±6.3 Ma) (Fig. 38). 

The granite (K09–28) from Pingzhang yielded an earliest Mid–Triassic age 

(244.3±1.8 Ma) (Fig. 39), whereas another granite (K09–29) collected in the nearby 

Heping area yielded an Early Oligocene (32.69±0.54 Ma) age with significant earliest 
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Mid–Triassic (244.4±3.1 Ma) inheritance (Fig. 40). The cathodoluminescence images 

show that the Oligocene rims overgrow the complex, partially resorbed Triassic cores. 

  

  



91 
 

 

 

Figure 35. U–Pb inverse concordia diagram showing zircons from the Early Carboniferous Shuanggou 

dolerite (K09–16A) (n=12). Zircon CL image showing overgrowth over dark, high–U core. 

 

Figure 36. U–Pb inverse concordia diagram showing zircons from the Late Devonian Shuanggou 

dolerite (K09–16B) (red dots, n=14) with Early Devonian inheritance (green dots, n=4). 
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Figure 37. U–Pb inverse concordia diagram showing zircons from the Early Carboniferous Shuanggou 

dolerite (K09–16C) (n=13). 

 

Figure 38. U–Pb inverse concordia diagram showing zircons from the Late Permian Pingzhang gabbro 

(K09–22) showing two clusters of ages, Early Permian (red dots, n=8) and Late Permian (green dots, 

n=9). 
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Figure 39. U–Pb inverse concordia diagram showing zircons from the Mid Triassic Pingzhang granite 

(K09–28) (n=7). Zircon CL image showing single or oscillatory overgrowth zoning. 

 

Figure 40. U–Pb inverse concordia diagram showing zircons from the Early Oligocene Heping granite 

(K09–29) (red dots, n=5) with Late Eocene and Mid Triassic inheritance (green dots, n=3). Zircon CL 

image showing the Oligocene overgrowth on complex Triassic cores. 
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Table 5. Summary of the paleontological and U–Pb zircon age constraints on the CAL magmatism and the associated sediments. Fossil data from e.g., Wei and Shen (1995), 

Shen et al. (1998a) and Xiong et al. (1998). 

Suites Period Paleontological Constraints U–Pb Zircon Constraints 

Literature This Study 

General 

Stratigraphy 

Mid–Late 

Devonian 

Leptophloeum rhombicum (Leptophloeum) 

Hamatophyton verticillatum (Hamatophyton) 

NA NA 

Early 

Carboniferous 

Hindeodella cf. subtilis (Conodont) 

Neoprioniodus cf. barbatus (Conodont) 

Archocyrtium riedei (Radiolarian) 

DC1 Mid–Late 

Devonian 

Entactinos phaera (Radiolarian) 

Entactinosphaera assidera (Radiolarian) 

Entactinia cometes (Radiolarian) 

Jian et al. (2009):  

382.9±3.9 Ma (Dolerite) 

375.9±1.7 Ma (Plagiogranite) 

 

364.5±6.5 Ma (K09–16B) 

Early 

Carboniferous 

Albaillella paradoxa deflandre (Radiolarian) Jian et al. (1998): 

328±16 Ma (Gabbro)  

351±11 Ma (K09–16C) 

334.4±6.1 Ma (K09–16A) 

DC2 Early 

Carboniferous  

Albaillella paradoxa deflandre (Radiolarian) 

 

NA NA 

Late Permian magmatism NA NA 258.3±6.3 Ma (K09–22) 

Early Triassic granitoids NA NA 244.3±1.8 Ma (K09–28) 

244.4±3.1 Ma  

(K09–28 inherited zircons) 
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4.4 Geochemistry 

4.4.1 Whole Rock Geochemistry 

Whole rock geochemistry was performed to elucidate the tectonic settings of the key 

magmatic suites in the CAL region.  

 

Late Devonian–Early Carboniferous Magmatism (Suites DC1 & DC2) 

The Late Devonian–Early Carboniferous CAL basalts/dolerites/gabbros (e.g., those 

from the Shuanggou area) can be geochemically divided into two groups based on 

fractionation invariant Zr/Nb values (Fig. 41), namely suites DC1 and DC2. Because 

of the paucity of well preserved basaltic lavas, geochemical data for Suite DC1 in this 

study and in the literature (Jian et al., 2009a; Yumul et al., 2008) are largely derived 

from dolerites and microgabbros. These rocks show a tholeiitic fractionation trend 

with FeO* increasing with fractionation (i.e. increasing FeO*/MgO) (Figs. 42–43). 

DC1 rocks are LREE–depleted (avg. (La/Sm)n = 0.6) with flat chondrite–normalized 

HREE patterns (avg. (Gd/Yb)n = 1.1) (Fig. 44). In a MORB–normalized 

multi–element diagram (Sun and McDonough, 1989), the DC1 rocks have trace 

element concentrations generally similar to N–MORB, apart from the slightly 

negative Nb, Zr and Ti anomalies (Fig. 44). 

 

Although displaying higher Nb/Y values than Suite DC1 rocks, magmatic rocks of 

Suite DC2 are, nevertheless, still clearly subalkaline (Fig. 41), with a tholeiitic 

Fe–enrichment fractionation trend (Figs. 42–43). DC2 rocks show slightly 

chondrite–normalized LREE–enriched patterns (avg. (La/Yb)n = 1.6), with positive 
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Eu anomalies in several samples reflecting plagioclase accumulation in several 

microgabbros. In a MORB–normalized multi–element plot, the DC2 rocks have trace 

element patterns resembling E–MORB to continental rift (OIB–like) basalts (Sun and 

McDonough, 1989). However, their relatively elevated Th contents indicate a 

significant crustal component (Fig. 45). The marked negative Nb, Zr and Ti anomalies 

shown by Suite DC1 rocks are either much less significant, or even absent in Suite 

DC2 rocks. 

 

Late Permian Mafic Magmatism 

Late Permian CAL mafic magmatism is represented by alkaline or transitional 

alkaline (avg. Nb/Y = 0.74) basalt, dolerite and gabbro (e.g., those from the 

Pingzhang area) (Fig. 41). These mafic rocks are characterized by moderate to strong 

LREE enrichment (avg. (La/Yb)n = 9.6: Fig. 46), between that of E–MORB and 

continental rift (OIB–like) magmatism, whereas HREE depletion is more pronounced 

than in either E–MORB or OIB. In a MORB–normalized multi–element plot, the Late 

Permian rocks are LREE– and LILE–enriched and HREE– and HSFE–depleted. 

Negative Nb and Zr anomalies are common in these rocks (Fig. 46). 

 

Earliest Mid–Triassic Granitoids 

In the published literature (Xiong et al., 1998) and in this study, all the earliest 

Mid–Triassic CAL granites are high–K, and have an Aluminum Saturation Index 

(A.S.I.) (Al2O3/(K2O+N2O+CaO)) > 1, and are thus classified as peraluminous (Fig. 

47). When chondrite– or MORB–normalized, the CAL granites geochemically 

resemble the average UCC, but with even higher K, U, HFSE (e.g., Zr and Hf) and 

HREE than the latter (Fig. 49). In addition, the CAL granites show strong negative 

Ba–, Sr–, Eu– and Ti anomalies. The granites are classified as S–type in Rb vs (Nb+Y) 



97 
 

and Nb vs Y diagrams (Pearce et al., 1984) (Fig. 54).  

 

4.4.2 Mineral geochemistry 

Compositions of peridotitic Cr–spinels were studied to gain more insight on the 

tectonic setting(s) of the Late Devonian–Early Carboniferous CAL magmatism. Key 

compositional features of the studied Cr–spinels (Mg–number, Cr–number = Cr/[Cr + 

Al], TiO2, and Fe
2+

/Fe3
+
) are given in Appendix III. The CAL peridotitic Cr–spinels 

are characterized by medium–high Cr2O3 (26.07–47.84 wt%) and Al2O3 (19.54–44.74 

wt%), low–high FeO (2.76–27.65 wt%), medium MgO (8.97–23.70 wt%), and 

low–medium TiO2 (0.12–0.82 wt%) contents (Fig. 50). Average Mg# (i.e. 

Mg/(Mg+Fe
2+

)) and Cr# (i.e. Cr/Cr+Al)) values are, respectively, 0.33 and 0.67. 
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Figure 41. Zr/Y vs Zr/Nb (top) and Nb/Y vs Zr/Nb (bottom) plots showing that 1. The DC1 mafic rocks 

(green dots) geochemically resemble the SE Greenland Margin (Upper Suite) continental rift basalts 

(yellow) (e.g., Larsen et al., 1998); 2. The DC2 mafic rocks (blue dots) geochemically resemble the 

British Cenozoic Flood Basalts (pink) (e.g., Geldmacher et al., 1998; Kent and Fitton, 2000), and 3. 

Late Permian CAL mafic rocks (red dots) geochemically resemble the Paleogene Princen af Wales 

Bjerge continental rift basalts in East Greenland (grey) (Hansen et al., 2002; Peate et al., 2003), and the 

Permian Xiaru–Tuoding basalts from the Jinshajiang Fold Belt (bright green) (Ma et al., 2007; Xiao et 

al., 2008).  

Average N–MORB and E–MORB compositions are shown for reference (Sun and McDonough, 1989). 

CAL rock data from this study, Wei and Shen, (1995), Shen et al. (1998a), Zhong et al. (1998), Li et al. 

(1999), Dong et al. (2000), Wang et al. (2004), Yumul et al. (2008) and Jian et al. (2009a). 
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Figure 42. FeO* vs FeO*/MgO diagram, showing tholeiitic fractionation trend of the Late 

Devonian–Early Carboniferous DC1 (green dots) and DC2 (blue dots), and Late Permian (P3) (red dots) 

CAL mafic rocks. MORB from the Galapagos island (grey) (Harpp et al., 2003), East Pacific Rise 

(EPR) (brown) (Sinton et al., 1991) and SE Greenland Margin (Upper Series) (yellow) (Fitton et al., 

1998) are shown for reference. CAL rock data from this study, Wei and Shen, (1995), Shen et al. 

(1998a), Zhong et al. (1998), Li et al. (1999), Dong et al. (2000), Wang et al. (2004), Yumul et al. (2008) 

and Jian et al. (2009a). 
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Figure 43. Major and trace element plots against MgO (as fractionation index) for the Late 

Devonian–Early Carboniferous (DC1: green dots; DC2: blue dots) and Late Permian (P3) (red dots) 

CAL mafic rocks. CAL rock data from this study, Wei and Shen, (1995), Shen et al. (1998a), Zhong et 

al. (1998), Li et al. (1999), Dong et al. (2000), Wang et al. (2004), Yumul et al. (2008) and Jian et al. 

(2009a). 
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Figure 44. REE/Chondrite (top) and Rock/N–MORB (bottom) plots (Sun and McDonough, 1989) 

showing that Suite DC1 mafic rocks geochemically resemble the Cenozoic SE Greenland Margin 

(Upper Suite) continental rift basalts (yellow) (Fitton et al., 1998). DC1 data from this study, Yumul et 

al. (2008) and Jian et al. (2009a). 
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Figure 45. REE/Chondrite (top) and Rock/N–MORB (bottom) plots (Sun and McDonough, 1989) 

showing that Suite DC2 rocks geochemically resemble the volcanic passive margin–generated British 

Cenozoic Flood Basalt (e.g., Geldmacher et al., 1998; Kent and Fitton, 2000). DC2 data from Wei and 

Shen, (1995), Shen et al. (1998a), Zhong et al. (1998) and Li et al. (1999). 
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Figure 46. REE/Chondrite (top) and Rock/N–MORB (bottom) plots (Sun and McDonough, 1989) 

showing that the Late Permian (P3) CAL basalts/dolerites/gabbros (red lines) geochemically closely 

resemble the Paleogene Princen af Wales Bjerge continental rift basalts in East Greenland (grey) 

(Hansen et al., 2002; Peate et al., 2003) as well as the broadly coeval Permian Xiaru–Tuoding 

continental rift basalts in the Jinshajiang Fold Belt (bright green) (Ma et al., 2007; Xiao et al., 2008). 

Late Permian CAL mafic magmatism data from this study and Wang et al. (2004). 
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Figure 47. Chemical composition of the earliest Mid–Triassic (T1–2) CAL (purple dots) syn–collisional 

granite in terms of alumina saturation, showing that this granite is peraluminous. Late Permian (P3) 

WAL (blue dots) granites are also shown for reference. Ailaoshan granite data from this study and 

Xiong et al. (1998). 
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Figure 48. Harker–type diagrams for earliest Mid–Triassic (T1–2) CAL (purple dots) syn–collisional 

granites with SiO2 as the fractionation index. Late Permian (P3) WAL (blue dots) granites are also 

shown for reference. Ailaoshan granite data from this study and Xiong et al. (1998). 
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Figure 49. REE/Chondrite (top) and Rock/N–MORB (bottom) plots showing that the earliest 

Mid–Triassic (T1–2) CAL peraluminous granite geochemically resembles the Early– to Mid–Triassic 

(T1–2) Song Ma post–collisional granites in northwestern Vietnam (Hung, 2010b; RIGMR and DGMV, 

2007; Tran et al., 2008a; Tran, 1979). Compositions of average upper continental crust (UCC) and bulk 

crust (BC) are shown for reference (McLennan, 2001; Taylor and McLennan, 1985). 
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Figure 50. TiO2 vs Al2O3 plot for the Late Devonian–Early Carboniferous CAL peridotitic Cr–spinel 

(red dots) showing data points mainly lie around/within the field of more fertile (i.e., Ti–rich) MOR 

peridotites, with depleted members geochemically similar to the Song Ma (Honvang) periodotitic 

Cr–spinel (green) (Trung et al., 2006). Diagram follows Kamenetsky et al. (2001); Ailaoshan Cr–spinel 

data from this study and Wei and Shen (1995). 
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4.5 Discussion: Ages, Tectonic Settings and Regional Correlations 

4.5.1 Late Devonian–Early Carboniferous Volcanic Passive Margin Magmatism 

The Suite DC1 two dated dolerites and one plagiogranite yielded Late Devonian to 

Early Carboniferous (ca. 364–334 Ma, excluding analytical uncertainties) ages, with 

these ages being between the Late Devonian plagiogranite and dolerite (U–Pb zircon: 

ca. 383–376 Ma) ages obtained by Jian et al. (2009b) and the less precise Early 

Carboniferous plagiogranite (U–Pb zircon: 328±16 Ma) age obtained by Jian et al. 

(1998). This suggests that Suite DC1 magmatism may have occurred throughout the 

Late Devonian–Early Carboniferous. Since no DC2 sample was collected for this 

study (i.e., the group is defined herein on the basis of published data), the age of this 

suite is paleontologically (radiolarian) constrained to be Early Carboniferous (or 

Bulonghe Formation, see Tables 3 and 5) (Wei and Shen, 1995). 

 

Plagiogranite sample K09–16B yielded two clusters of ages, one Early Devonian, the 

other Late Devonian. The Early Devonian zircons found in this study are unlikely to 

be introduced by laboratory contamination, because a Silurian–Early Devonian zircon 

(424.2±14.9 Ma) was also reported from Jian et al. (2009b) from these Late Devonian 

rocks. Therefore, the Early Devonian zircons may reflect crustal contamination. 

Crustal contamination is unlikely in rocks of broadly MORB affinity except for those 

generated during the final stages of crustal attenuation and rifting immediately before 

breakup (including seaward–dipping reflector sequences). This questions whether the 

Late Devonian–Early Carboniferous CAL magmatism is truly ophiolitic as previously 

assumed (to be discussed below). 
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The presence of negative Nb and Ti anomalies in these rocks, and their whole rock 

compositions are notably similar to the Upper Series basalts from the late breakup SE 

Greenland Margin (Larsen et al., 1998). Similar Zr/Y values between the CAL Suite 

DC1 and the SE Greenland Margin (Upper Series) basalts suggests that the lower 

Zr/Nb and Nb/Y in some DC1 rocks reflect lower Nb contents (<1.0ppm) in the DC1 

suite rocks, probably attributable to the cumulus nature of some of these gabbros and 

dolerites, with plagioclase accumulation indicated by the positive Eu anomalies in 

many DC1 rocks. In summary, the DC1 rocks compositionally well match near 

breakup stage tholeiitic rift magmatism from the volcanic passive margin of SE 

Greenland (Fitton et al., 1998; Fitton et al., 1995; Peate et al., 2008). 

 

An alternative hypothesis for the origin for the DCz1 rocks, which they formed in 

backarc basin, has several short–comings. First, the crustal inheritance indicated by 

the older zircons would not be expected in backarc basin crust. Second, a fundamental 

problem is that the requisite associated arc has not been located, since 

Devonian–Carboniferous arc–related magmatism has not yet been reported in the 

region. Recently, Liu et al. (2010) claimed boninitic high–Mg andesites were evident 

in the data reported by Mo et al. (1998) from the Maoheshan area, and suggested that 

this may support a forearc hypothesis. However, the so–called high–Mg andesite 

reported by Mo et al. (1998) contains distinctly higher TiO2 (>1.1wt%) and lower 

Mg# (i.e., Mg/(Mg+Fe))<0.53 than typical boninite lavas, in which TiO2 is typically 

<0.5wt% and Mg#= 0.55–0.83 (Crawford et al., 1989). 

 

The geochemistry of DC2 rocks is distinctively different from that of Suite DC1, 

particularly in terms of the absence of distinct negative Nb anomalies, and the 
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presence of strongly elevated Th abundances. Suite DC2 is geochemically similar to 

the British Cenozoic Flood Basalts (Fig. 41) (Bell et al., 1994; Kent and Fitton, 2000), 

with similar E–MORB–type REE patterns and HFSE enrichment, but also the 

distinctive, high–Th contents absent in typical E–MORB (Fig. 45). The British 

Cenozoic Flood Basalt is part of the North Atlantic Igneous Province (Saunders et al., 

1997), and formed early in the development of the North Atlantic Igneous Province as 

part of a volcanic passive margin, before the increased crustal extension which led to 

N–MORB–type magmas approaching breakup (Bell et al., 1994; Geoffroy, 2005; 

Kent and Fitton, 2000). 

 

The Carboniferous sediments structurally interleaved with the ophiolitic slices are 

relatively well preserved in some less deformed areas in the southern Ailaoshan Fold 

Belt (Xiong et al., 1998). These Early Carboniferous sediments (or Cuonajia 

Formation, see Table 3) are dominated by pelagic black shale–sandy 

limestone–limestone sequence, which indicates an ocean basin environment continued 

after the breakup. A gradual increase in water depth and change towards an even 

lower energy depositional environment, following breakup may be indicated by the 

progression from early pelagic limestones, to abyssal cherts (or Bulonghe Formation, 

see Table 3) (Xiong et al., 1998). 

 

To the northwest of the Ailaoshan Fold Belt, Early Carboniferous (ca. 346–341 Ma) 

magmatism in the Jinshajiang Fold Belt (Jian et al., 2009b) is broadly coeval with the 

Late Devonian–Early Carboniferous (ca. 371–328 Ma) CAL magmatism. Among all 

Carboniferous Jinshajiang magmatic rocks reported in literature (Jian et al., 2009a; Li 

et al., 1999; Xiao et al., 2008; Xie, 2002; Xie et al., 2005), very few geochemically 

resemble the CAL Suite DC1. In fact, the majority of the Carboniferous Jinshajiang 
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magmatic rocks (e.g., around the Benzilan and Shigou areas (Jian et al., 2009a; Li et 

al., 1999; Xiao et al., 2008; Xie, 2002; Xie et al., 2005)) are alkaline to transitional 

alkaline (Nb/Y: ca. 0.5–1.0) (Fig. 41), and contain even more LREE–enriched and 

have even higher Th than the CAL Suite DC2 rocks (Fig. 51). We argue, in 

accordance with the suggestion of Jian et al. (2009a), that the decreasing degree of 

crustal inheritance from Carboniferous Jinshajiang magmatism to CAL Suite DC2 

magmatism and eventually to CAL Suite DC1 magmatism may reflect progressive 

thinning of crust during volcanic passive margin development, and that all these suites 

formed during an extended breakup event which eventually formed a volcanic passive 

margin, and presumably, an ocean basin. The more alkaline Jinshajiang rocks 

represent samples of the earlier, more continental intraplate magmatism erupted in the 

early stages of rifting largely through continental crust, with the DC2, then DC1 suites 

erupted as the crust extended more and approached breakup. 

 

To the southwest of Ailaoshan, considerably younger ages obtained from the Song Da 

basalts (Ar–Ar dating: ca. 290–230 Ma) (Hanski et al., 2004; Polyakov et al., 1996) 

and from the Nui Nua metabasalts in the Song Ma region (U–Pb dating: ca. 270–240 

Ma) (Pham et al., 2008) suggest these rocks are unlikely to be related to the Late 

Devonian–Early Carboniferous CAL magmatism. This, however, does not totally 

preclude a possible correlation between the CAL and Song Ma region. Gabbros in the 

Honvang area occur in a mélange with serpentinite bodies, broadly similar to the 

Paleozoic CAL Mélange. Unfortunately, apart from the work of Trung et al. (2006), 

little international published Song Ma mafic rock data are available for geochemical 

comparison with those from CAL. The five samples reported by Trung et al. (2006) 

can be geochemically divided into two groups: three samples (Group A: Samples HV. 

42, HV. 84 and HV. 91) show relatively flat REE patterns (avg. (La/Yb)n = ca. 1) and 
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an elevated Th contents, and the other two (Group B: Samples HV. 209 and HV. 209 

7/1) are highly LREE–enriched, approaching continental rift basalt (broadly OIB) 

compositions. Compared to CAL mafic magmatic rocks, Group A Honvang gabbros 

are geochemically similar to the Suite DC2 (Fig. 52), whereas Group B Honvang 

gabbros geochemically mimic the Late Permian CAL dolerite–gabbros (Fig. 53, to be 

discussed later). In addition, high Al2O3 and low TiO2 contents for the Honvang 

peridotitic Cr–spinels resemble the depleted (low TiO2) members in the CAL. 

Although many Song Ma mafic magmatic rocks have been radiometrically dated to be 

Permian (U–Pb zircon: 262–254 Ma) (Hung, 2010a; Pham et al., 2008), no 

radiometric dating has been attempted on the Honvang gabbros. 

 

This study has shown that dolerites/gabbros with different compositions in the 

Paleozoic CAL Mélange have yielded two very different ages, Devono–Carboniferous, 

or Late Permian. A similar scenario may also occur for possible counterparts in the 

Honvang gabbros, and more geochronological studies are required to solve this 

problem.  
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4.5.2 Late Permian Continental Rift Mafic Magmatism 

Previously, all magmatic rocks in the Paleozoic CAL Mélange were considered to be 

Devonian–Carboniferous. In this study, magmatic rocks geochemically very different 

from the “type” Devonian–Carboniferous magmatic rocks are demonstrated to be Late 

Permian (258.3±6.3 Ma) in age. Field geology provides no clues about the tectonic 

setting, because the Late Permian CAL mafic magmatic rocks only occur as faulted 

slices and blocks, as noted in previous literature (Dong et al., 2000; Wang and He, 

2004) and in this study. 

 

As a result, whole rock geochemistry provides useful information on the possible 

tectonic setting for the Late Permian CAL mafic magmatism. Fractionation–invariant 

elements ratio and REE plots based on immobile elements (Figs. 41 and 46) show that 

the Late Permian magmatism closely resembles the Paleogene Princen af Wales 

Bjerge continental rift basalt in East Greenland (Hansen et al., 2002; Peate et al., 

2003). 

 

Further supporting evidence for the continental rift nature of the Late Permian CAL 

magmatic rocks comes from U–Pb zircon dating. In this study, apart from the Late 

Permian (258.3±6.3 Ma, n=9) date, an Early Permian (282.3±5.8 Ma, n=8) age was 

also obtained for the Pingzhang gabbro (K09–22). There are two possibilities; either 

the Late Permian age is a metamorphic age, or the Early Permian age reflects crustal 

inheritance. The latter scenario is preferred here, because even though the dolerite is 

metamorphosed, greenschist facies (<450°C) (Bucher, 2005) temperatures are 

considered incapable of recrystallising zircon or resetting zircon ages (>750°C) 

(Harley et al., 2007; Harrison et al., 2007). 
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In the northwest of Ailaoshan, the Permian Xiaruo–Tuoding mafic magmatism in the 

central Jinshajiang region was suggested to have taken place from ca. 280–260 Ma 

based on fossil evidence (Ge et al., 2000; Xiao et al., 2008). As noted above, the early 

continental rift–related Late Permian CAL mafic rocks are characterized by alkaline 

to transitional alkaline affinities, with distinct crustal contamination characteristics 

(elevated Th, LREE– and LILE–enrichment, negative Nb anomaly). These 

characteristics are all present in the Permian Jinshajiang (Xiaru–Tuoding) basalts (Fig. 

53) (Ma et al., 2007; Xiao et al., 2008). 

 

The Late Permian CAL continental rift mafic magmatism (258.3±6.3 Ma) is largely 

coeval with magmatism in the Song Da region (Rb–Sr: 257±24 Ma) (Polyakov et al., 

1998) and some Permian magmatic rocks in the Song Ma region (ca. 262–254 Ma) 

(Pham et al., 2008). As noted above, two of the five (i.e., Group B) reported Honvang 

gabbros (Trung et al., 2006) from the Song Ma region have elevated Th, LREE– and 

LILE–enrichments, together with negative Nb anomalies, which make them 

compositionally very similar to the Late Permian CAL magmatic rocks. These 

geochemical characteristics are also found in many lower–Ti basalts in the Song Da 

region (Wang et al., 2007a) (Fig. 53) .  

 

The Late Permian CAL continental rift magmatism is also broadly coeval with the 

eruption of the Emeishan Large Igneous Province (ELIP) at ca. 260 Ma (e.g., He et al., 

2007a; Shellnutt and Zhou, 2007; Zhou et al., 2002a). Geochemically the Late 

Permian CAL continental rift mafic rocks are very similar to the lower–Ti members of 

the ELIP (Fig. 53) (He et al., 2010; Wang et al., 2007a; Xiao et al., 2004). It is thus 

probable that the Late Permian CAL continental rift magmatism represents an ELIP 

extension in the CAL area.  



115 
 

4.5.3 Earliest Mid–Triassic Syn–collisional Granitoids 

Although the pre–Jurassic peraluminous CAL granitoids have been suggested to be 

largely Late Triassic based on regional stratigraphic relationships (e.g. Shen et al., 

1998b; Xiong et al., 1998), U–Pb zircon dating in this study has shown that these 

granitoids are mainly earliest Mid–Triassic (ca. 244 Ma) with/without Early 

Oligocene metamorphism (ca. 32 Ma). The peraluminous granites are S–type, and fall 

in the syn–collisional field in the Rb vs (Y+Nb) and Nb vs Y binary plots (Fig. 54) 

(Pearce et al., 1984). These earliest Mid–Triassic CAL syn–collisional granitoids are 

broadly coeval with or slightly predate the Early– to Mid–Triassic post–collisional 

granitoids in the Song Ma (whole rock Rb–Sr: 232±11 Ma) (Nguyen et al., 2007; 

RIGMR and DGMV, 2007),Truong Son (U–Pb zircon: ca. 229–202 Ma) (Liu et al., in 

press), and Jinshajiang (U–Pb zircon: ca. 235–230 Ma) (Zhu et al., 2011) terranes. 

The syn– or post–collisional granitoids in the CAL and northwestern Vietnam (e.g., 

Song Ma complex) regions are also geochemically very similar (Fig. 49) (Hung, 

2010b; RIGMR and DGMV, 2007; Tran et al., 2008a; Tran, 1979). 
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Figure 51. REE/Chondrite (top) and Rock/N–MORB (bottom) plots (Sun and McDonough, 1989) 

showing that the Late Devonian–Early Carboniferous CAL Suite DC2 rocks geochemically resemble 

the majority of the Carboniferous Jinshajiang magmatism (Jian et al., 2009a; Li et al., 1999; Xie, 2002). 

DC1 data from this study, Yumul et al. (2008) and Jian et al. (2009a). DC2 data from Wei and Shen, 

(1995), Shen et al. (1998a), Zhong et al. (1998) and Li et al. (1999). 
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Figure 52. REE/Chondrite (top) and Rock/N–MORB (bottom) plots (Sun and McDonough, 1989) 

showing that the Late Devonian–Early Carboniferous CAL Suite DC2 rocks geochemically resembles 

the Honvang gabbros (Group A) in the Song Ma region (Trung et al., 2006). DC1 data from this study, 

Yumul et al. (2008) and Jian et al. (2009a). DC2 data from Wei and Shen, (1995), Shen et al. (1998a), 

Zhong et al. (1998) and Li et al. (1999). 
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Figure 53. REE/Chondrite (top) and Rock/N–MORB (bottom) plots (Sun and McDonough, 1989) 

showing that the Late Permian (P3) CAL mafic rocks (red) geochemically highly resemble the Song Ma 

(Honvang) gabbros (Group B) (yellow lines) (Trung et al., 2006), as well as the lower–Ti Song Da– 

(grey) (Wang et al., 2007a) and ELIP (green) (Xiao et al., 2004) continental rift basalt. Late Permian 

CAL rock data from this study and Wang et al. (2004). 
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Figure 54. Rb/(Y+Nb) (top) and Nb/Y (bottom) binary plots (Pearce et al., 1984) showing that the 

earliest Mid–Triassic peraluminous CAL granite largely fall into the Syn–COLG (S–type) realms. ORG: 

Ocean ridge granitoids; Syn–COLG: Syn–collision granitoids; VAG: Volcanic arc granitoids; WPG: 

Within–plate (intraplate) granitoids.  
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4.6 Summary 

In this study, the long believed Devonian–Carboniferous CAL “Ophiolitic” Mélange 

has been found to contain two geochemically distinct magmatic phases occurred 

during Late Devonian–Early Carboniferous and Late Permian. The Late 

Devonian–Early Carboniferous magmatism has been better constrained to be ca. 

371–328 Ma. Geochemical study suggests that the magmatism can be divided into 

two suites, DC1 and DC2. Combining geological evidence and modern tectonic 

comparison (i.e., the North Atlantic Igneous Province), Suite DC1 may have formed 

in the final near–break–up stage of volcanic passive margin setting development, 

whereas Suite DC2 may have formed in a similar setting during an earlier stage of 

crustal extension and rifting. This casts doubt to the previous “Ailaoshan Ophiolites” 

terminology, as the term ‘ophiolite’ usually relates to rocks formed in MOR, forearc 

or backarc basin setting. 

 

Regional correlation suggests that the Late Devonian–Early Carboniferous CAL 

magmatism can be traced northwestward to the coeval Jinshajiang magmatism, with 

the majority of the magmatic rocks there reflecting an even earlier stage (than that of 

CAL Suite DC2 magmatism) of volcanic passive margin development. Magmatic 

rocks geochemically similar to the CAL Suite DC2 magmatism have been reported 

from parts of the Song Ma region. Nevertheless, further geological correlation 

between the Late Devonian–Early Carboniferous CAL and Song Ma regions is 

difficult due to the paucity of age and geochemical information in the Song Ma 

region. 
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Late Permian CAL mafic magmatism has been better constrained to be ca. 258 Ma in 

this study. Geochemical analysis and comparison with modern tectonic analogues 

suggest that the magmatism may have formed in an early continental rift setting, and 

may be correlated with other early stage continental rift magmatism in the central 

Jinshajiang–, Song Ma–, and Song Da terranes, as well as with the ELIP magmatism. 

 

The CAL granitoids have been newly determined herein to be earliest Mid–Triassic in 

age, and new geochemical data indicate that they are S–type and syn–collisional, and 

may be related to the Early– to Mid–Triassic post–collisional granitoids in 

northwestern Vietnam, e.g., the Song Ma complex.  
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CHAPTER FIVE 

LATE CARBONIFEROUS–EARLY TRAISSIC WESTERN 

AILAOSHAN VOLCANIC BELTS 

5.1 Introduction, Aims and Methodology 

5.1.1 Introduction 

The Late Carboniferous(?)–Mid Triassic WAL volcanic belts are bounded by the 

Jiujia Fault in the east and by the Lixianjiang Fault in the west. Terminology of these 

disrupted, geographically poorly defined and overlapped volcanic belts varies in 

different papers, with names include the Wusu (or Dengkong–Wusu) (e.g., Fan et al., 

2010; Han et al., 1998; Zhou and Zhou, 1992), Yaxuanqiao (e.g., Fan et al., 2010; Han 

et al., 1998; Zhou and Zhou, 1992), Taichong–Lixianjiang (Wei and Shen, 1997a; Wei 

and Shen, 1997b), Luchun–Gaoshanzhai (Wei and Shen, 1997b), Luchun–Pinghe 

(Wei and Shen, 1997b) and Mojiang (Dong et al., 2000) belts. Systematic examination, 

comparative studies and correlations between volcanic belts are rare, apart from some 

very recent researches (e.g., Fan et al., 2010; Jian et al., 2009a). Hence, the prime 

objective of the research reported in this chapter is to reclassify the WAL volcanic 

belts systematically, as well as to determine their respective ages and tectonic settings.  
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5.1.2 Aims and Methodology 

Age and Tectonic Setting of WAL Volcanic Belts 

The first aim of work reported in this chapter has been to better constrain the ages of 

the various Late Carboniferous(?)–Earliest Triassic WAL magmatic units. This has 

been achieved by LA–ICPMS U–Pb zircon dating. Because all the rocks are mafic 

and thus contain very few and small zircons, the in–situ method (finding zircon 

in–situ in a polished block using the SEM) is applied, with details being described in 

Appendix I. Tectonic settings of the various Late Carboniferous(?)–Triassic WAL 

magmatic units can be determined using geochemical tectonic discrimination and 

comparisons with modern tectonic–geochemical analogues of the published and 

newly obtained (whole rock XRF and ICPMS) data from this study. Detailed whole 

rock XRF and ICPMS methodologies are described in Appendix I. 

 

Age, Tectonic Setting of Deposition, and Provenance of Sedimentary Units 

In the past, the Late Paleozoic sedimentary units were only geochronologically 

constrained to be broadly ‘Permian’ and ‘Late Triassic’. The South China–Indochina 

continent–continent collision and orogenesis is thought to have preceded 

sedimentation in the Early– and Mid–Triassic. As a result, better age constraints on 

the Late Paleozoic sedimentary units are essential for constraining the time of the 

South China–Indochina continent–continent collision and orogeny.  

 

Deposition age of the (meta)sediments is constrained by means of U–Pb detrital 

zircon dating (youngest detrital zircons give the oldest possible deposition age), and 

cross–referencing with the published paleontological information. The detailed U–Pb 

zircon methodology is described in Appendix I. Depositional tectonic setting for the 
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sediments is determined from petrographical and detrital mineral analysis, as well as 

via whole rock XRF geochemical study. 
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5.2 Field Geology 

In this study, sampling was mainly conducted along and within the previously 

identified Wusu–, Yaxuanqiao–, Taichong–Lixianjiang–, Luchun–Pinghe– and 

Mojiang volcanic belts. In addition, field work was also extended to the previously 

less studied remote areas, for example, around the Baliu, Daheishan and Banpo 

towns/villages (Fig. 55). As discussed later in the chapter, in this study the WAL 

volcanic belts are geochronologically and geochemically reclassified into five 

magmatic phases, namely in Late Carboniferous(?)–Early Permian, earliest 

Mid–Permian, Mid Permian, Late Permian and Early Triassic. 

 

5.2.1 Late Carboniferous(?)–Earliest Mid–Permian WAL Magmatism 

Mafic rocks from the Late Carboniferous(?)–Early Permian and earliest Mid–Permian 

two magmatic phases appear similar in the field (as to be discussed later, these two 

magmatic phases are considered to be formed in similar tectonic settings due to their 

closely related age and geochemical signatures). The Late Carboniferous(?)–Early 

Permian WAL magmatic units (or Wusu volcanic belt (e.g., Han et al., 1998)) occur in 

the areas of Dengkong, Bulong, Dalongkai, Wusu, Baliu and eastern Banpo, whereas 

the earliest Mid–Permian magmatic units (or Mojiang (Dong et al., 2000) and part of 

the Taichong–Lixianjiang volcanic belts (Shen et al., 1998b; Wei and Shen, 1997a)) 

encompassing the Taichong, Heping, Shuanglong, Yayi and Banpo areas (Fig. 55). 

These magmatic rocks generally show a bimodal compositional distribution. Basaltic 

pillows and basaltic andesite lavas outcrop around Dengkong, Bulong, and Wusu, 

whereas rhyolitic ignimbrites and lava are present in the Baliu and eastern Banpo 

areas. The volcanics mainly occur as faulted contact with limestone and interbedded 
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within turbidites, with volcanic packages including pillow basalt, sheet flow basalt 

and volcaniclastic breccia/sandstone, with bed thicknesses from 0.5–5m (Fig. 56).  

 

 

Figure 55. Simplified geological map of the Western Ailaoshan (WAL) volcanic belts with the key 

sampling sites shown: modified from the Regional Geological Surveying Party (1990). 

 

 

Key magmatics sampling sites 

Key sediments sampling sites 
SM09-124 & K09-81 

SM09-161 

W. Pingzhang gabbro 

(K09-25)  

Pinghe granites 

(K10–25 & K10–29) 

Luchun rhyolites 

(K09–83 & K09–87) 

K09-60 & K09-62 

K09-64& K09-67 

K09-53 

Baliu rhyolitc ignimbrite (K10-56) 

Daheishan dolerite (K09-80) 
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Figure 56. Intensely deformed pillow basalt, Wusu. Sampling Location: K10–63. 

Faulted contacts between limestone and volcanics have been observed at Taichong 

and Shuanglong (Fig. 57). Greyish–black (fossiliferous) limestone is the dominant 

sedimentary rock in such outcrops, and has been metamorphosed to marble, or 

silicified along/near faults. In some places, for instance in southern Shuanglong and 

southern Baliu, the limestone is associated with coal seams (e.g., Xianrendong 

Formation, see Table 3), implying a shallow coastal marine setting for these rocks. 

Pillow basalts are highly brecciated and altered along/near faults. It is unclear whether 

the two lithologies have been juxtaposed by faults, or whether the faults have focused 

preferentially along mechanically weak original depositional volcanics–limestone 

contacts.   
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Figure 57. Overturned pillow basalt (altered)–limestone sequence in reversed faulted contact, Taichong. 

Sampling Location: K10–85. 

There are two main basalt varieties in the Late Carboniferous(?)–Early Permian WAL 

magmatism. The first type, augite–phyric basalts, are ophitic (and either porphyritic or 

equigranular) in texture, and are very often foliated (Fig. 58). These rocks contain 

mainly euhedral medium– to coarse clinopyroxene (55–65%), euhedral elongate laths 

of fine– to medium–plagioclase (30–45%), chlorite (5–10%), together with Fe–Ti 

oxides and sulfides (0–5%). Augite is usually altered to actinolite and/or chlorite, but 

occasionally fresh cores are preserved. Plagioclase is altered to microcrystalline 

epidote or clay. Chlorite occurs either as interstitial material after glassy mesostasis, 

or as occasional elongate to equant pseudomorphs possibly after former olivine 

phenocrysts. 

 

Limestone 

Basalt 
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Figure 578. Coarse basaltic dyke with augite plates subophitically including plagioclase laths: crossed 

polars. Sampling Location: K10–63. 

The second type, vesicular, plagioclase–phyric basalts, are ophitic and equigranular in 

texture (Fig. 59). The rocks contain fine, acicular plagioclase (45–50%) and 

clinopyroxene microlites (5–15%) in a devitrified glassy groundmass (20–40%). 

Vesicles (0–15%) are filled with calcite, epidote and/or sericite, and the latter mineral 

also occurs as narrow veinlets along fractures. Clinopyroxene is often altered to 

chlorite or actinolite, and plagioclase is altered to clay. No primitive olivine–rich 

(picritic) or olivine+clinopyroxene–phyric (ankaramitic) lavas, nor boninitic–type 

lavas, have been found. 
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Figure 58. Vesicular basalt with vesicles filled with epidote: crossed polars. Sampling Location: 

K09–35. 

A well exposed Late Carboniferous(?)–Early Permian WAL felsic sequence occurs at 

Baliu (Fig. 60), where the volcanic–sedimentary sequence (or Baliu Formation, see 

Table 3) commences with flat–lying, uniform bedded (0.5–1m thick) turbiditic 

sandstone–siltstone–black shale sequences. The first signs of volcanism are indicated 

by volcaniclastic sandstone layers, overlain by interbedded siltstone and rhyolitic 

ignimbrites (each 0.5–1m thick) (Fig. 61). Increasingly intense volcanism is indicated 

by interbedded sheet flow–rhyolites, rhyolitic ignimbrites and volcaniclastic 

sandstone–siltstone. Thicknesses of these beds are not uniform, ranging from tens of 

centimeters to 2m. The volcanics are capped by interbedded turbiditic 

sandstone–siltstone–black shale which often shows soft–sediment deformation, and 

the whole volcanic–volcaniclastic sequence is underlain by fossiliferous limestone (or 

Xianrendong Formation, see Table 3) (Fig. 62).  
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Rhyolitic ignimbrites and associated lava breccias are porphyritic, with euhedral, 

small quartz phenocrysts (15–20%), and stretched pumice fragment fiamme (15–20%) 

in a matrix of devitrified glass (with glass shard shapes often well preserved). 

 

Figure 60. Sequence of well–exposed Baliu interbedded rhyolite–turbiditic sandstone; younging up 

direction towards the top left: detail of area marked in black square is given in Fig. 60. Sampling 

Location: K10–56. 
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Figure 59. Volcaniclastic lithic sandstone overlain by siltstone and fiamme–bearing rhyolitic ignimbrite, 

Baliu. Sampling Location: K10–56. 

 

Figure 60. Fossiliferous limestone, Baliu. Sampling Location: K10–56. 
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5.2.2 Mid Permian WAL Mafic Magmatism 

The Mid Permian magmatic units (or Yaxuanqiao volcanic belt (Fan et al., 2010)) 

occur around the Nanqueqiao, Yaxuanqiao and Yayi areas. In a stratigraphic sense, the 

magmatic strata can be divided into a lower and an upper sequence (Zhou and Zhou, 

1992). The lower volcanic sequence (ca. 900m thick) is composed mainly of lavas 

(basaltic–rhyolitic), whereas the upper volcanic sequence (ca. 400m thick) contains 

largely volcaniclastic sediments. The two sequences are separated by an ca. 

600m–thick laminated argillaceous shale (Zhou and Zhou, 1992). Volcanic lithologies 

range across the compositional spectrum from augite–phyric basalt to 

hornblende–phyric andesite. Rhyolite has also been reported locally interbedded with 

basalt (Zhong et al., 1998; Zhou and Zhou, 1992). The Mid Permian magmatic units 

outcrop mainly as sheet flows and pillow lavas (interbedded with sediments), with 

pillow size ranging from ca. 20cm to ca. 1m in diameter, and thickness up to 20m per 

lava sequence (Fig. 63). Lava tubes of around 1m in diameter occur among the pillow 

piles in many places (Fig. 64). Two types of contact relationships between the Mid 

Permian WAL volcanics and adjacent sediments have been noted, namely: 

volcanics–volcaniclastics depositional contacts, and intercalated volcanics–turbidites.   
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Figure 61. Well–preserved pillow basalt, Shuanglong. Sampling Location: SM09–156. 

  

Figure 62. Lava tube among basaltic pillows, Shuanglong. Sampling Location: SM09–156. 

Lava Tube 
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Volcanics–volcaniclastics depositional contacts occur at Nanqueqiao and northern 

Yayi (Fig. 65). At Nanqueqiao, pillow basalt (augite–phyric basalt) grades upwards 

(over a few meters) into basaltic autobreccias, which are cemented by greenish yellow 

volcaniclastic sediments (Fig. 66). The volcanic breccias, in turn, are conformably 

overlain by volcaniclastic red sandstone. Similar volcaniclastic red sandstones (beds 

up to 3m thick) are common in outcrops around Nanqueqiao and nearby Mojiang, and 

occur as interbeds with thickly bedded (up to 3m thick) yellowish–grey limestone and 

marl (Fig. 67). In northern Yayi, volcanics are interbedded with Late 

Carboniferous(?)–Mid Triassic volcaniclastic sandstone and conglomerate (up to 5m 

thick) with millimeter–size volcanic–, red sandstone and black shale clasts. 

 
Figure 63. Volcaniclastic red sandstone conformably overlying pillow lava, Nanqueqiao. Sampling 

Location: SM09–162. 

Sandstone 

Basalt 
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Figure 64. Pillow lava grading upward to basalt autobreccia and then volcaniclastic red sandstone, 

Nanqueqiao. Sampling Location: SM09–162. 

  

Figure 65. Thick volcaniclastic red sandstone and limestone/marl interbeds, Mojiang. Sampling 
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Location: SM09–161. 

Volcaniclastic red sandstone is poorly sorted and matrix–supported (Fig. 68). 

Grain–size varies from fine– to medium and the rock contains subangular to angular 

felsic volcanic and plutonic quartz (20–40%), and lithic fragments (10–20%, 

including chert, limestone, volcanics, and vein quartz) in a hematitic matrix 

(30–50%).  

 
Figure 66. Ferruginous quartz–lithic sandstone: crossed polars. Sampling Location: SM09–161. 

Under the microscope, the volcaniclastic conglomerate (Fig. 69) and sandstone (Fig. 

70) are poorly sorted and clast–supported, and they contain subangular to subrounded 

volcanic quartz (10–30%), feldspar (10–15%), actinolite and chlorite (10–20%, 

probably from altered clinopyroxene), and lithic fragments (35–65%). Compared with 

their turbiditic counterparts, bedding is not obvious in these volcaniclastic 

conglomerates and sandstones, and the rocks lack soft–sediment deformation features. 

Also contrasting with the turbiditic conglomerate and sandstone, lithic clasts are 

dominantly mafic to intermediate igneous lithologies (e.g., gabbros, dolerites, basalts 
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and andesite), although sedimentary clasts such as chert and sandstone also occur 

locally. 

 

Figure 69. Volcaniclastic conglomerate with clasts of gabbro (upper left), quenched basalt (middle left) 

and sandstone (lower left hand corner): crossed polars. Sampling Location: K09–22. 

Basalt  

Gabbro 

Chert  

Sandstone  
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Figure 67. Volcaniclastic sandstone with altered feldspar and augite and clasts of basalts: crossed polars. 

Sampling Location: K10–67. 

Interbedded volcanics within the turbidite package are common in the southeastern 

WAL region, with outcrops showing these relationships extending from Banpo in the 

south through Daheishan to Yayi in the north. In southern Daheishan, andesitic lava is 

interbedded within a turbidite sequence (Fig. 71).  

 

Andesitic lavas are porphyritic and occasionally foliated, and made up of euhedral 

medium– to coarse–grained plagioclase feldspar (10–35%) and clinopyroxene (0–5%, 

altered to actinolite) phenocrysts set in a groundmass either dominated by devitrified 

glass (70–90%) or by fine, felted plagioclase (60–90%) laths and Fe–Ti oxides 

(5–10%) (Fig. 72). 

 

Basalt  

Basalt  

Basalt  

Basalt  
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Figure 68. Andesitic lava interbedded with turbiditic sandstone strata. Sampling Location: K10–52. 

  

Figure 69. Andesitic lava with plagioclase phenocrysts: crossed polars. Sampling Location: K10–52. 

Turbidites are widespread across WAL (or Yangbazhai Formation, see Table 3). Those 

Andesite layer 
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outcrops in the southwestern WAL, including at Banpo and Daheishan, are 

structurally well–preserved. A typical turbidite sequence (e.g., in Banpo), from bottom 

to top, begins with fine conglomerate (up to 5m thick) above an eroded base (Fig. 73). 

The conglomerate contains a wide variety of lithic clasts, including fragments of 

volcanic rocks, red sandstone, black shale, limestone and chert, and is overlain by 

cross–bedded coarse sandstone (up to 1.5m thick) which, in turn, is overlain by finely 

bedded/laminated fine sandstone and siltstone (up to 1.5m thick). The turbidite 

sequence is capped by black shale, which is often eroded, with shale rip–up clasts 

incorporated into the fine conglomerate layer above. Soft sediment deformation is 

widespread throughout the sequence (Fig. 75). 

 

Figure 70. Fine conglomerate at the base of a turbidite sequence, Qimaba. Sampling Location: K10–38. 
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Figure 71. Turbiditic granule conglomerate with quartz and fragments of limestone, fossiliferous 

limestone and quenched basalt: crossed polars. Sampling Location: K10–38. 

Under the microscope, turbiditic conglomerate (Fig. 74) and quartz–lithic–sandstone 

(Fig. 76) are moderately to poorly sorted, clast–supported and moderately– to well 

bedded (in the case of sandstone). The rocks contain subangular to subrounded grains 

of quartz (30–40%), feldspar (5–15%) and lithic clasts (35–65%). The latter 

encompass a large variety of lithologies including volcanic rocks, vein quartz, chert, 

fossiliferous limestone, sandstone and schist, although sedimentary clasts are usually 

more abundant than magmatic clasts. Sandstones collected adjacent to major faults is 

highly sheared, and were referred to as the “Madeng Group” in the literature (Xiong 

et al., 1998).  
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Fossiliferous 

Limestone 

Limestone 
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Figure 72. Interbedded sandstone–siltstone, Banpo. Sampling Location: K10–47. 

 

Figure 73. Turbiditic coarse quartz–lithic–sandstone with volcanic quartz and fragments of granite 

(with granophyric texture), chert, limestone and volcanic rocks: crossed polars. Sampling Location: 

K10–47. 
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5.2.3 Late Permian WAL Granitoids  

In the southern part of the WAL region (e.g., Luchun–Pinghe area), granitoids intrude 

Siluro–Devonian (meta)sediments overlain in turn by intercalated rhyolite–turbidite 

packages (Fig. 77). In many places, the granitoids themselves were intruded by later 

aplite dykes (up to 0.5m in thickness) (Figs. 78 and 79). These granitoids range from 

medium– to very coarse–grained and mainly show intergranular textures (Figs. 

85–86). The rocks contain mainly quartz (30–40%), feldspar (30–40%), hornblende 

(5–10%), biotite (5–10%) and muscovite (0–5%). Accessory minerals (0–5%) include 

zircons and Fe–Ti oxides. Granophyric textures are present in some samples (Fig. 80). 

 

 

Figure 77. Granitoid (weathered) intruding and including xenoliths of Silurian sandstone–siltstone 

sequence, Pinghe. Sampling Location: K10–25. 

Granite  
Sandstone  
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Figure 78. Quartz diorite intruded by aplite dykes, Huangcaoling. Sampling Location: K09–46. 

 

Figure 79. Hornblende–biotite granite (lower right) intruded by coarse aplite vein (upper left): crossed 

polars. Sampling Location: K09–46. 
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Figure 74. Hornblende–biotite granite with granophyric texture: crossed polars. Sampling Location: 

K09–84. 
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5.2.4 Early Triassic WAL Mafic Magmatism 

A mafic–ultramafic intrusion occurs at Dalongkai within the volcanic belt, with 

contact relationships with the volcanic belt largely uncertain due to intensely 

weathered outcrops of the altered ultramafic rocks.  The Dalongkai ultramafic rocks 

are mainly wehrlite with cumulate textures, and they contain mainly medium– to 

coarse–grained, euhedral olivine (50–70%) and clinopyroxene (30–50%) (Fig. 81) 

and trace amount of altered orthopyroxene (<5%). Olivine is mainly altered to 

serpentine.  

 

Figure 81. Cumulate wehrlite: crossed polars. Sampling Location: K10–60. 

 

Early Triassic gabbroic and doleritic intrusions into the turbidite sequences are 

exposed at places around Daheishan and Banpo. The gabbroic intrusions near 

Daheishan are more than 100m across, and are in faulted contact with volcaniclastic 
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sandstone (Fig. 82). Doleritic intrusions, on the other hand, occur mainly as sills 

(0.5–2m in thickness) intruding turbidites, especially into the weaker black shale of 

the turbidite sequences (Fig. 83). 

 

Most gabbros show isotropic or cumulate textures and dolerites ophitic textures, and 

most rocks have greenschist facies assemblages. These rocks consist mainly of 

euhedral to subhedral augites (30–35%), plagioclase (45–65%), altered olivine 

(0–15%) and subordinate Fe–Ti oxides (<5%) (Fig. 84). Where present, olivine is 

mostly altered to serpentine, and augites vary from fresh to being pseudomorphed by 

chlorite and/or actinolite. 

 
Figure 82. Gabbros in normal faulted contact with sandstone, Daheishan. Sampling Location: K10–53. 

Gabbro 

Sandstone 
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Figure 83. Doleritic sills intruding black shale, Banpo. Sampling Location: K10–47. 

 

Figure 75. Altered olivine dolerite: crossed polars. Sampling Location: K10–47. 
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5.2.5 Early Triassic WAL Rhyolites  

Early Triassic WAL rhyolites are exposed around the Luchun, Gaoshanzhai and 

Huangcaoling areas (Fig. 85). These volcanic rocks are mainly 

quartz+feldspar–phyric rhyolite (and minor dacite), and occur intercalated with 

brownish–yellow fine sandstone–siltstone ± black shale ranging from a few 

centimeters to 2m thick. The whole rock sequence is tilted and dips moderately 

(40–65°) east or southeast. Crenulation cleavages are well developed in many places, 

masking some primary depositional structures such as cross–bedding in sandstones. 

 

Under the microscope, these dacites and rhyolites are quartz–K–feldspar–phyric. The 

dacites contain euhedral, medium–coarse quartz (5–10%) and K–feldspar (5–10%) 

phenocrysts (Fig. 86), whereas the rhyolite contains euhedral, medium–coarse quartz 

(10–20%) phenocrysts and occasionally pumice fragments (0–5%) and glass shards 

(0–5%). In both cases, the phenocrysts are set in a devitrified groundmass.  
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Figure 76. Vertically faulted rhyolitic lava interbedded with sandstone–siltstone, Luchun. Sampling 

Location: K09–69. 

 

Figure 77. Quartz–phyric rhyolitic lava with pumice fragment in a devitrified groundmass, plane polars. 

Sampling Location: K09–69. 

  

Pumice  
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5.3 Geochronology 

U–Pb zircon dating was performed in order to better constrain the various magmatic 

phases present in the WAL. Zircons from four samples that were previously grouped 

into the Late Permian Taichong–Lixianjiang magmatism (Fig. 55) (Shen et al., 1998b; 

Wei and Shen, 1997a), including one rhyolitic ignimbrite (K10–56) from Baliu, one 

gabbro (K09–25) from western Heping (in normal faulted contact with turbidites), 

and one dolerite sill (K09–80) from Daheishan. In addition, zircons from two granites 

(K10–25 and K10–29) from around Pinghe and two rhyolites (K09–83 and K09–87) 

from around Luchun (that were previously grouped into the Late Triassic 

Luchun–Pinghe magmatism (Shen et al., 1998b; Wei and Shen, 1997a)) were 

analyzed. In addition, seven turbiditic sandstones (from the 

Banpo–Yaxuanqiao–western Mojiang area) and one red lithic sandstone (from around 

Mojiang) were separated and analyzed (Fig. 55). 

 

The Baliu rhyolitic ignimbrite (K10–56) yielded an Early Permian age (288.5±3.3 Ma) 

(Fig. 87). The western Pingzhang gabbro (K09–25) yielded an earliest Mid–Permian 

age (270.4±8.5 Ma) (Fig. 88), whereas the Daheishan dolerite sill (K09–80) yielded 

an Early Triassic (246.1±3.7 Ma) age with earliest Mid–Permian (273.3±4.6 Ma) 

inheritance (Fig. 89). The two Pinghe granites consistently yielded a Late Permian 

(K10–25: 257.2±1.6 Ma; K10–29: 255.1±2.2 Ma) age with very little inheritance 

(Figs. 90–91), whereas both the Luchun rhyolites (K09–83 and K09–87) yielded 

near–identical Early Triassic ages (246.2±4.0 Ma and 246.0±6.0 Ma) (Figs. 92–93) 

with minor Early Paleozoic inheritance.  
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Figure 78. U–Pb inverse concordia diagram of zircons from the Baliu rhyolitic ignimbrite (K10–56) 

(n=6). Zircon CL image showing oscillatory overgrowth zoning over an older core. 

 

 

Figure 79. U–Pb inverse concordia diagram of zircon from the Pingzhang gabbro (K09–25) (n=12). 

The zircons with younger apparent ages (not included in the age calculation) than the interpreted age 

are high U zircons with Pb loss. 
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Figure 80. U–Pb inverse concordia diagram of zircons from the Daheishan dolerite sill (K09–80) (red 

dots, n=12) showing significant Early Permian (green dots, n=6) inheritance. 

 

Figure 81. U–Pb inverse concordia of zircons from the Pinghe granite (K10–25) (n=14). Zircon CL 

image showing oscillatory zoning typical of igneous zircons. The round spots on the image are laser 

ICPMS ablation holes. 
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Figure 82. U–Pb inverse concordia diagram of zircons from the Pinghe granite (K10–29) (n=13). 

Zircon CL image showing oscillatory zoning and the holes created by the laser during analysis. 

 

Figure 83. U–Pb inverse concordia diagram of zircons from the Luchun rhyolite (K09–83) (n=11). 
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Figure 84. U–Pb inverse concordia diagram of zircons from the Luchun rhyolite (K09–87) (n=6). 
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Table 6. Summary of the paleontological and U–Pb zircon age constraints on the WAL magmatism and the associated sediments. Fossil data from e.g., Xiong et al. (1998). 

Suites Period Paleontological Constraints Sandstone U–Pb Detrital Zircon Constraints 

Literature This Study 

General 

Stratigraphy 

Upper Triassic Paleocardita cf. singularis (Bivalve) 

Halobia yandongensis (Bivalve)  

Halobia suberb (Bivalve) 

NA (Youngest Zircons Weighted Avg.) 

221.6±6.5 Ma (SM09–161) 

Mid Triassic NA NA 

Lower Triassic NA 245.5±1.5 Ma (K09–53) 

245.6±3.1 Ma (K09–64) 

247.8±2.5 Ma (SM09–124) 

250.0±3.8 Ma (K09–62)   

Upper Permian Codonofusiella sp. (Fusuline) 

Leptodus tenus (Brachiopod) 

Dictyoclostus margaritatus (Brachiopod) 

256.1±3.3 Ma (K09–60) 

258.7±4.4 Ma (K09–67) 

260.6±4.6 Ma (K09–81) 

Mid Permian NA NA 

Upper Carboniferous  

–Lower Permian 

Schwagerina moelleri (Fusuline) 

Pseudoschwagerina moelleri (Fusuline) 

Rugosofusulina sp (Fusuline) 

NA 

Late Carboniferous  

–Early Permian magmatism  

Eostaffe sp (Fusuline) 

 

Fan et al. (2010): 287±5 Ma 

(Basalt) 

288.5±3.3 Ma (K10–56) 

Earliest Mid–Permian magmatism  NA NA 270.4±8.5 Ma (K09–25) 
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Mid Permian magmatism NA Jian et al. (2009): 266.2±2.2 

Ma (Basalt) 

Fan et al. (2010): 265±7 Ma 

(Basalt) 

NA 

Late Permian granitoids NA NA 255.1±2.2 Ma (K10–29)  

257.2±1.6 Ma (K10–25) 

Early Triassic magmatism NA Jian et al. (2009) 245.6±1.4 

Ma (Gabbro) 

246.0±6.0 Ma (K09–87) 246.2±4.0 

Ma (K09–83) 

246.1±3.7 Ma (K09–80) 
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Youngest detrital zircon ages suggest that the seven turbiditic sandstones have 

maximum deposition ages in the Late Permian–Early Triassic (ca. 260–245 Ma) and 

the one red lithic sandstone has maximum deposition age in the Late Triassic 

(221.6±6.5 Ma) (Table 6). The age of deposition of these sandstones is expected to be 

within a few million years of the age of the youngest zircons as during this period 

felsic magmatism (e.g., Luchun rhyolites) was occurring throughout the region 

providing a constant supply of juvenile material.  

 

In terms of age population patterns (Fig. 94), the Late Permian–Early Triassic– and 

Late Triassic WAL sandstones are characterized by distinct ca. 250 Ma, ca. 350 Ma 

and ca. 425–500 Ma peaks, and minor ca. 800–1000 Ma peaks. In addition, the 

sandstones all contain distinct ca. 300 Ma and ca. 400 Ma troughs. Although the 

oldest zircons are >3000 Ma, majority (>75%) of the zircons are <1000 Ma (Fig. 95). 
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Figure 85. Probability plot of detrital zircon ages of Late Permian–Triassic WAL sandstones (n=565). 

Zircon CL image showing overgrowth over old cores with sector, oscillatory or convolute zoning. Age 

of the main peak: 246.9±0.54 Ma, MSWD=1.3, n=159.  

 

 

Figure 86. Cumulative probability plot of 565 detrital zircon ages of zircons from Late 

Permian–Triassic WAL sandstones, showing more than half of the zircons are concentrated in the ca. 

250–550 Ma interval, which suggests a major detrital input from Paleozoic magmatic/metamorphic 

rocks. 
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5.4 Whole Rock Geochemistry 

5.4.1 Introduction 

Whole rock XRF– and ICPMS analyses were performed to understand the magmatic 

affinities and clarify the tectonic settings of the various magmatic phases in the WAL 

region. As discussed later, five magmatic phases have been identified in WAL, 

namely during 1. Late Carboniferous (?)–Early Permian, 2. earliest Mid–Permian, 3. 

Mid Permian, 4. Late Permian and 5. Early Triassic.  
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5.4.2 Late Carboniferous(?)–Earliest Mid–Permian WAL Magmatism 

The Late Carboniferous(?)–Early Permian WAL magmatism and the earliest 

Mid–Permian WAL magmatism are discussed together because the two magmatic 

phases may have been formed in similar tectonic setting (to be discussed later). 

 

The Late Carboniferous(?)–Early Permian WAL lavas define a largely bimodal suite. 

Tholeiitic basalts and basaltic andesites are characterized by high MgO (avg. 8.5 wt%) 

and moderate TiO2 (avg. 1.7 wt%) contents (Figs. 97–98), and the mafic rocks show 

fractionation invariant ratios (which reflect parental magma characteristics) extending 

between average N–MORB and OIB compositions, mainly falling between N– and 

E–MORB (Fig. 96) (Sun and McDonough, 1989). 

 

In a chondrite–normalized REE diagram (Fig. 100), the Late Carboniferous(?)–Early 

Permian WAL basalts–basaltic andesites show slight LREE–enrichment (avg. 

(La/Sm)n = 1.4) matching that of average E–MORB, and relatively flat HREE 

patterns (avg. (Gd/Yb)n = 1.0). In MORB–normalized multi–element diagrams (Fig. 

100), the Late Carboniferous(?)–Early Permian WAL basalts–basaltic andesites are 

characterized by elevated Th content (compared to E–MORB and occasionally also to 

OIB) and negative Nb–anomalies, a geochemical signature commonly found in rocks 

with some interaction with continental crust in a developing rift setting.  

 

The Late Carboniferous(?)–Early Permian WAL rhyolites are generally medium– to 

high–K (K2O: ca. 1.81–6.22 wt%, excluding low–K exceptions), with medium–high 

Zr (ca. 630–800 ppm) and Nb (ca. 15–25 ppm), and relatively low Sr (ca. 25–120 

ppm) contents (Fig. 99). Chondrite–normalized REE patterns (Fig. 101) for these 
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rhyolites are LREE–enriched with flat HREE, at a higher level than average upper 

continental crust (UCC) (McLennan, 2001; Taylor and McLennan, 1985), and 

negative Eu anomalies similar to average UCC. MORB–normalized multi–element 

patterns (Fig. 101) show higher HREE– and HFSE levels relative to average UCC.  

  

These features of the Late Carboniferous(?)–Early Permian magmatic rocks are all 

appropriate for the rocks having been emplaced in the early and pre–breakup stages of 

a developing continental rift, such as the SE Greenland margin (Fitton et al., 1998; 

Fitton et al., 2000). 

 

The earliest Mid–Permian WAL magmatic rocks are mainly tholeiitic basaltic and 

andesitic rocks, but dolerites and gabbros are relatively common. The mafic rocks 

contain relatively high MgO (avg. 6.8 wt%) but their TiO2 (avg. 1.5 wt%) contents are 

distinctly lower than their Late Carboniferous(?)–Early Permian counterparts. The 

rocks also have higher Zr/Nb (28.47–32.98: similar to average MORB) but lower 

Nb/Y (0.09–0.14) than their Late Carboniferous(?)–Early Permian counterparts, 

indicating more depleted, MORB–like affinities for these rocks (Fig. 96). This is 

reflected in both the chondrite–normalized REE– and MORB–normalized 

multi–element diagrams (Fig. 102). Although having broadly similar multi–element 

enrichment patterns and negative Nb anomalies, the earliest Mid–Permian WAL 

magmatic rocks display clearly lower LREE than the Late Carboniferous(?)–Early 

Permian rocks. 

 

Overall, the compositional spread, and the bimodal nature of the Late 

Carboniferous(?)–Early Permian suite, suggests that it formed in a developing rift 

setting such as modern SE Greenland Margin (Fitton et al., 1998; Fitton et al., 2000; 
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Saunders et al., 1998), with the more N–MORB suites forming later, during earliest 

Mid–Permian, and closer to the site/time of breakup. 

 

5.4.3 Mid Permian WAL Magmatism 

The Mid Permian WAL basalts–andesite basalts and andesites have medium–low 

MgO (avg. 3.7wt%) and TiO2 (avg. 1.0wt%) contents (Fig. 98), and fractionation 

invariant ratios between those of average N– and E–MORB (Fig. 96) (Sun and 

McDonough, 1989). These basalts–andesites are subalkaline (Nb/Y<0.7), and shows a 

tholeiitic fractionation trend, with FeO* increasing with fractionation (i.e., increasing 

FeO*/MgO) (Fig. 97). The chondrite–normalized REE diagram (Fig. 103) shows that 

the Mid Permian WAL basalts–andesites (avg. (La/Yb)n = 2.7) resemble E–MORB, 

and have generally flat REE patterns (avg. (Gd/Yb)n = 1.1). In MORB–normalized 

multi–element diagrams (Fig. 103), these rocks are characterized by distinct negative 

Nb–, Zr– and Ti anomalies. These geochemical features are usually found in 

arc–backarc basin basalts–andesites, for instance the modern Okinawa Trough 

backarc basin basalts–andesites (e.g., Shinjo et al., 1999; Shinjo and Kato, 2000). 

 

The two Mid Permian WAL rhyolites reported in the published literature show very 

similar compositions (Zhong et al., 1998; Zhou and Zhou, 1992). Contrasting with the 

Late Carboniferous(?)–Early Permian WAL rhyolites, both Mid Permian WAL 

rhyolites have very low K2O (ca. 0.1–0.6 wt%) and CaO (ca. 1.1–2.8 wt%) contents 

and also relatively low Zr (ca. 80–160 ppm), Rb (ca. 16 ppm), Nb (ca. 3–5 ppm), and 

La (ca. 9–20 ppm), but remarkably high Sr (ca. 260–420 ppm) contents (Fig. 99). 

Apart from having slightly lower Nb and Ta contents (MORB–normalized), the Mid 

Permian rhyolites geochemically mimic the average lower continental crust (LC) (Fig. 
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104) (McLennan, 2001; Taylor and McLennan, 1985). 
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5.4.4 Late Permian WAL Granitic Magmatism 

All the Late Permian WAL granites analyzed have Aluminum Saturation Index (A.S.I.) 

(i.e., molar Al2O3/(K2O+N2O+CaO))>1, and are thus classified as peraluminous (Fig. 

105). The granites are mainly high–K to shoshonitic (Fig. 106) and are largely 

marginal between I– and S–type (Figs. 107 and 114) (Pearce et al., 1984; Whalen et 

al., 1987a). Chondrite–normalized REE patterns (Fig. 108) for these Late Permian 

WAL granites are generally LREE–enriched (avg. (La/Yb)n = 3.5) and have flat 

HREE patterns (avg. (Gd/Yb)n = 1.3) resembling the average UCC. Also similar to 

the average UCC, negative Ba–, K–, Sr–, Eu– and Ti anomalies (MORB–normalized) 

are seen in the Late Permian granites (Fig. 108). Differences between the Late 

Permian WAL granites and the average UCC occur in the higher enrichment of certain 

LILE (e.g., K and U), HFSE (e.g., Zr and Hf) and HREE in the former. 
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5.4.5 Early Triassic WAL Magmatism 

The only Early Triassic mafic rock (a dolerite from Daheishan area) collected in this 

study geochemically resembles the earliest Mid–Permian mafic rocks, in that it has 

elevated Zr/Nb (29.97), relatively high TiO2 (2.65 wt%) and low Nb/Y (0.13), as well 

as LREE– and HFSE enrichments between those of E–MORB and within–plate 

(OIB–like) magmatism (Fig. 109). 

 

Early Triassic WAL rhyolites from Luchun area are high–K to shoshonitic (K2O: ca. 

2.8–4.8 wt%), and have elevated Zr (ca. 250–260 ppm) and intermediate Nb (ca. 

14–16 ppm) contents (Fig. 99), and chondrite–normalized REE patterns which show 

stronger LREE–enrichment than the average UCC (Fig. 110). Apart from the negative 

Eu anomaly which is also present in the average UCC, subtle negative Ce anomalies 

are present in these rhyolites. Their MORB–normalized multi–element patterns again 

show higher HREE– and HFSE–enrichment relative to the average UCC.  
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5.4.6 Late Permian–Triassic WAL Sandstone 

The Late Permian–Triassic WAL sandstones show SiO2 correlated negatively with 

TiO2, Al2O3, Zr and Nb, reflecting 2–component mixing between quartz and a maore 

mafic component with 60% SiO2 and less and >1% TiO2 (Fig. 111). In a 

MORB–normalized multi–element diagram (Fig. 112), the Late Permian–Triassic 

WAL sandstones generally share similar geochemical features with the average UCC, 

apart from the much stronger negative Ba– and Sr anomalies occurred in the WAL 

sandstones. 
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Figure 87. Zr/Y vs Zr/Nb (top) and Nb/Y vs Zr/Nb (bottom) plots showing that published and new data 

for the major WAL mafic magmatic units largely fall into four suites, i.e., Late Carboniferous (?)–Early 

Permian (C–P1, red dots); earliest Mid–Permian (P1–2, yellow dots); Mid Permian (P2, blue dots) and 

Early Triassic (T1, green dot). Average N–MORB, E–MORB and OIB compositions (Sun and 

McDonough, 1989) are shown for comparison. The C–P1, P1–2 and T1 suites geochemically resemble 

the Cenozoic SE Greenland Margin continental rift (Lower Series) basalts (purple) (Fitton et al., 1998; 

Fitton et al., 2000), whereas the P2 suite geochemically resemble the Okinawa Trough backarc basin 

basalt (BABB) (red) (Shinjo et al., 2000). WAL rock data from this study and Han et al. (1998), Zhong 

et al. (1998), Li et al. (1999), Dong et al. (2000) and Fan et al. (2010). 
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Figure 88. FeO* vs FeO*/MgO diagram showing a tholeiitic trend for the Late Carboniferous(?)–Early 

Permian (C–P1, red dots); earliest Mid–Permian (P1–2, yellow dots); and Mid Permian (P2, blue dots) 

WAL mafic rocks. MORB from the Galapagos island (grey) (Harpp et al., 2003), East Pacific Rise 

(EPR) (brown) (Sinton et al., 1991) are shown for reference. WAL rock data from this study and Han et 

al. (1998), Zhong et al. (1998), Li et al. (1999), Dong et al. (2000) and Fan et al. (2010). 
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Figure 89. Major and trace element plots against MgO (as fractionation index) for the Late 

Carboniferous(?)–Early Permian (C–P1, red dots); earliest Mid–Permian (P1–2, yellow dots); Mid 

Permian (P2, blue dots) and Early Triassic (T1, green dot) mafic rocks. WAL rock data from this study 

and Han et al. (1998), Zhong et al. (1998), Li et al. (1999), Dong et al. (2000) and Fan et al. (2010). 

40 

50 

60 

70 

0 4 8 12 

S
iO

2
 (

w
t%

) 

0 

1 

2 

3 

0 4 8 12 

T
iO

2
 (

w
t%

) 

0 

10 

20 

0 4 8 12 

F
eO

*
 (

w
t%

) 

0 

1 

2 

3 

0 4 8 12 

P
2
O

5
 (

w
t%

) 

0 

100 

200 

300 

0 4 8 12 

N
i 

(p
p

m
) 

0 

500 

1000 

0 4 8 12 

C
r 

(p
p

m
) 

0 

150 

300 

0 4 8 12 

Z
r 

(p
p

m
) 

MgO (wt%) 

0 

4 

8 

12 

0 4 8 12 

N
b

 (
p

p
m

) 

MgO (wt%) 

C-P1 C-P1 

C-P1 C-P1 

C-P1 

C-P1 

C-P1 

C-P1 

P2 

P2 

P2 

P2 P2 

P2 P2 

P1-2 

P1-2 

P1-2 

P1-2 

P1-2 

P1-2 

P1-2 

P1-2 

T1 

T1 

T1 

T1 

T1 T1 

T1 
T1 

P2 



172 
 

 

 

Figure 90. Harker–type diagrams of Late Carboniferous(?)–Early Permian (C–P1, red diamond), Mid 

Permian (P2, blue diamond) and Early Triassic (T1, green diamond) WAL rhyolites with SiO2 as the 

fractionation index. WAL rhyolite data from this study, Zhou and Zhou (1992), Han et al. (1998) and 

Zhong et al. (1998). 
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Figure 91. REE/Chondrite (top) and Rock/N–MORB (bottom) plots (Sun and McDonough, 1989) 

showing that the Late Carboniferous(?)–Early Permian (C–P1) WAL basalts–basaltic andesites (red 

lines) geochemically resemble the Cenozoic SE Greenland Margin continental rift (Lower Series) 

basalts (purple) (Fitton et al., 1998), but are different from the Early Permian (P1) Truong Son arc 

andesite in northwestern Vietnam (yellow line) (Tran et al., 2008a). Average N–MORB, E–MORB and 

OIB compositions are shown for comparison. WAL rock data from this study and Han et al. (1998), 

Zhong et al. (1998), Li et al. (1999) and Fan et al. (2010). 

 

 

1.0  

10.0  

100.0  

1000.0  

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

R
E

E
/C

h
o
n

d
ri

te
 

C–P1 WAL Continental Rift Basalt–Basaltic Andeiste  

0.1 

1 

10 

100 

Th Nb La Ce Nd Zr Sm Eu Ti Dy Y Er Yb 

R
o
ck

/N
-M

O
R

B
 

C–P1 WAL Continental Rift Basalt–Basaltic Andeiste  

OIB 

E-MORB 

OIB 

E-MORB 

P1 Truong Son Arc Andesite 

SE Greenland Continental Rift Basalt 

P1 Truong Son Arc Andesite 

SE Greenland Continental Rift Basalt 



174 
 

 

 

Figure 92. REE/Chondrite (top) and Rock/N–MORB (bottom) plots (Sun and McDonough, 1989) 

showing that the Late Carboniferous(?)–Early Permian (C–P1) WAL rhyolite (red lines) geochemically 

resembles the average upper continental crust (UCC) composition (McLennan, 2001; Taylor and 

McLennan, 1985) and the Cenozoic Ethiopian continental rift rhyolites (brown) (Ayalew and Gibson, 

2009; Ayalew and Yirgu, 2003). WAL rhyolite data from this study and Han et al. (1998).  
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Figure 93. REE/Chondrite (top) and Rock/N–MORB (bottom) plots (Sun and McDonough, 1989) for 

the earliest Mid–Permian (P1–2) WAL continental rift mafic rocks. Average E–MORB and OIB 

compositions are shown for reference. WAL rock data from this study, Li et al. (1999), Dong et al. 

(2000). 
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Figure 94. REE/Chondrite (top) and Rock/N–MORB (bottom) plots (Sun and McDonough, 1989) 

showing that the Mid Permian (P2) WAL arc–backarc basin basalt–andesite (blue lines) geochemically 

resemble the Cenozoic Okinawa Trough backarc basin basalt (BABB) (pink) (Shinjo et al., 2000). 

WAL rock data from this study and Fan et al. (2010). 
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Figure 95. Rock/N–MORB plot (Sun and McDonough, 1989) showing that the Mid Permian (P2) WAL 

arc–backarc basin rhyolites (blue lines) geochemically resemble the average lower crust (LC) 

composition (McLennan, 2001; Taylor and McLennan, 1985), as well as the Cenozoic Okinawa Trough 

backarc basin rhyolite (pink) (Hosono and Nakano, 2003; Hosono et al., 2003; Shinjo and Kato, 2000), 

and the Permian Truong Son (e.g., Muong Tung area) arc/backarc basin rhyolite–dacite (yellow) (Tran 

et al., 2008a). WAL rock data from Zhou and Zhou (1992) and Zhong et al. (1998). 
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Figure 96. Chemical composition of the Late Permian (P3) WAL early syn–collisional granites (blue 

dots) in terms of alumina saturation index (Middlemost, 1994), showing that the granites are largely 

peraluminous. Earliest Mid–Triassic (T1–2) CAL granites (purple dots) are also shown for reference. 

Ailaoshan granite data from this study and Xiong et al. (1998). 
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Figure 97. Harker–type diagrams for the Late Permian (P3) WAL early syn–collisional granites (blue 

dots) with SiO2 as the fractionation index. Earliest Mid–Triassic (T1–2) CAL (purple dots) granites are 

also shown for reference. Ailaoshan granite data from this study and Xiong et al. (1998). 
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Figure 98. Zr vs (10000Ga/Al) (left) and (K2O+Na2O) vs (10000Ga/Al) (right) plots (Whalen et al., 

1987b), showing the Late Permian WAL early syn–collisional granites (blue) fall within the I– and 

S–type granite field. 
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Figure 99. REE/Chondrite (top) and Rock/N–MORB (bottom) plots (Sun and McDonough, 1989) 

showing that the Late Permian (P3) WAL peraluminous early syn–collisional granites geochemically 

resemble the average upper continental crust (UCC) composition (McLennan, 2001; Taylor and 

McLennan, 1985) and Late Permian (P3) Truong Son arc or syn–collisional granites (red) (Hung, 2010b; 

Tran et al., 2008a), but very different from the earliest Mid–Triassic (T1–2) CAL granites (purple). 
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Figure 100. REE/Chondrite (top) and Rock/N–MORB (bottom) plots (Sun and McDonough, 1989) 

showing that the Early Triassic (T1) post–collisional Daheishan dolerite (red) geochemically resemble 

the coeval Early Triassic (T1) Truong Son gabbroic diorite (black) in northwestern Vietnam (Liu et al., 

in press). Early Triassic (T1) post–collisional Dalongkai gabbro (grey) composition is shown for 

comparison (Zhong et al., 1998). 
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Figure 101. REE/Chondrite (top) and Rock/N–MORB (bottom) plots (Sun and McDonough, 1989) 

showing that the Early Triassic (T1) post–collisional Luchun rhyolites geochemically closely resemble 

the Cenozoic Ethiopian rift rhyolites (Ayalew and Gibson, 2009; Ayalew and Yirgu, 2003), together 

with the coeval Early Triassic (T1) Truong Son post–collisional dacite–rhyolite in northern Vietnam 

(Tran et al., 2008a). The average upper continental crust (UCC) is shown for reference (McLennan, 

2001; Taylor and McLennan, 1985). WAL post–collisional rhyolite data from this study and Li et al. 

(1999). 
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Figure 102. Harker–type diagrams of Late Permian–Triassic WAL sandstone with SiO2 as the 

fractionation index. 

 

  

0 

0.2 

0.4 

0.6 

0.8 

1 

60 70 80 90 100 

T
iO

2
 (

w
t%

) 

0 

5 

10 

15 

20 

60 70 80 90 100 

A
l 2

O
3
 (

w
t%

) 

0 

2 

4 

6 

8 

60 70 80 90 100 

F
eO

*
 (

w
t%

) 

0 

1 

2 

3 

4 

60 70 80 90 100 

M
g

O
 (

w
t%

) 

0 

100 

200 

300 

400 

60 70 80 90 100 

Z
r 

(p
p

m
) 

SiO2 (wt%) 

0 

5 

10 

15 

20 

60 70 80 90 100 

N
b

 (
p

p
m

) 

SiO2 (wt%) 



185 
 

 

 

Figure 103. Rock/N–MORB plot showing that the Late Permian–Triassic (P3–T) WAL sandstone 

geochemically resemble the average upper continental crust (UCC) apart from the more distinct 

negative Ba– and Sr anomalies. Bulk crust (BC) and lower crust (LC) (McLennan, 2001; Taylor and 

McLennan, 1985), as well as Early Triassic (T1) WAL post–collisional rhyolite compositions are shown 

for reference. 
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5.5 Pb–Isotope Geochemistry 

K–feldspars from three Late Permian WAL granites were analyzed by LA–ICPMS to 

differentiate the Pb sources of the various felsic magmatic events and investigate the 

amount of crustal input into these magmas. Rocks with a strong sedimentary 

component tend to plot on the upper crustal growth curve whereas more I–type and 

subduction–related magmas tend to plot near the bulk crustal growth curve. The 

feldspars have
 206

Pb/
204

Pb=18.566–18.787 and
 207

Pb/
204

Pb=15.742–15.668 (Fig. 113), 

similar to previously published whole rock Pb–isotope data for Ailaoshan granite (Hu 

et al., 1995). These numbers suggest that the granites are mixtures of mantle and 

upper crustal sedimentary type Pb, consistent with the marginal between I– and 

S–type classification from the whole rock trace elements. 

 

Figure 104. 
207

Pb/
204

Pb vs. 
206

Pb/
204

Pb diagram of the Late Permian WAL granites derived from 

K–feldspar (red dots, this study) and from whole–rock granites (orange dots, (Hu et al., 1995)). 

Pb–isotope data of Paleozoic WAL sediments (green) (Hu et al., 1995), Late Carboniferous–Early 
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Permian (C–P1) (purplish red) and Mid Permian (P2) (yellow) WAL volcanics (Fan et al., 2010) (Fan et 

al., 2010) are shown for reference. 
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5.6 Discussion: Ages, Tectonic Settings and Regional Correlations 

5.6.1 Introduction 

Previously published, geographically–defined belt names, including the Wusu–, 

Yaxuanqiao–, Taichong–Lixianjiang–, Luchun–Pinghe– and Mojiang volcanic belts, 

were not adopted in this study for two reasons:  

 

1) These belts are defined differently in different papers and terminology is 

inconsistent. For instance, the term Yaxuanqiao magmatism in Jian et al. (2009a; 

2009b) is identical to the Taichong–Lixianjiang magmatism in Wei and Shen (1997a). 

  

2) Both published, and data from this study, suggest that multiple magmatic 

suites occur in single area, and individual geochemically– and temporally–constrained 

groups of magmatic rocks outcrop widely throughout the region. For instance, far 

from being restricted to the Dengkong–Wusu area as previously reported, our work 

shows that the Late Carboniferous–Early Permian magmatic belt extends northwest 

into the western Huashan area and southeast to Baliu and eastern Banpo areas. 
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5.6.2 Late Carboniferous(?)–Earliest Mid–Permian WAL Continental Rift Magmatism 

The Late Carboniferous(?)–Early Permian WAL magmatism and the earliest 

Mid–Permian WAL magmatism are discussed together because the two magmatic 

phases may have been formed in similar tectonic setting, as to be discussed later in the 

chapter. 

 

The beginning of the Late Carboniferous(?)–Early Permian phase is constrained by 

the Carboniferous fusulinids reported from inter–pillow cements in some Wusu pillow 

basalts (Zhou and Zhou, 1992). Subsequent magmatism was both felsic, with the 

eruption of Early Permian (U–Pb zircon: 288.5±3.3 Ma) Baliu rhyolitic ignimbrites 

(this study), and mafic, with the eruption of the Wusu basalts (U–Pb zircon: 287±5 

Ma (Fan et al., 2010)).  

 

Han et al. (1998) suggested that the Late Carboniferous(?)–Early Permian WAL 

magmatic phase may have occurred in a continental rift setting, whereas Fan et al. 

(2010) suggested that the magmatism may have occurred in a backarc basin setting. 

The continental rift setting proposed by Han et al. (1998) was mainly based on the 

bimodal volcanism and geochemical considerations that suggested significant crustal 

contamination. In contrast, the backarc basin proposal by Fan et al. (2010) was based 

on geochemical similarities with Okinawa Trough BABB (Shinjo et al., 1999). 

 

Re–examination of all available data in this study indicates that the Late 

Carboniferous WAL magmas are distinctively more alkali (higher Nb/Y) than the 

Okinawa Trough BABB (Fig. 96), and lack the distinct negative Zr– and Ti anomalies 

that are common in typical BABB, and thus may not serve as the best modern tectonic 
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analogue. Fractionation invariant ratios (e.g., Zr/Nb) suggest that compositions of the 

Late Carboniferous(?)–Early Permian WAL basalt–basaltic andesite parental magmas 

plot within the mantle array, between N–MORB, E–MORB and continental rift 

(OIB–like) magmas (Fig. 96). The Late Carboniferous(?)–Early Permian WAL 

basalts–basaltic andesites geochemically resemble (including REE–enrichment and 

elevated Th contents) many Cenozoic continental rift basalts in SE Greenland Margin 

(Lower Series) (Fig. 100) (e.g., Fitton et al., 1998). 

 

More evidence supporting the continental rift proposal comes from the felsic member 

(rhyolites) of the Late Carboniferous(?)–Early Permian WAL bimodal magmatism. 

The rhyolites fall in the within–plate (A–type) field in the Nb vs Y binary plot (Fig. 

115) (Pearce et al., 1984). Their general low CaO (<0.5 wt%), high K2O (>3 wt%) 

and Zr (>500 ppm) contents (Fig. 99) and generally higher incompatible element 

enrichment than the average UCC (Fig. 101) are typical for modern continental rift 

rhyolites resulting from crustal assimilation–fractional crystallization (AFC) 

enrichment processes from a rift basalt precursor, and quite unlike rhyolites 

occasionally reported from backarc basins (Ayalew and Ishiwatari, 2011). 

 

In a regional context, the Late Carboniferous(?)–Early Permian (ca. 288 Ma) WAL 

continental rift bimodal magmatism is broadly coeval with or slightly predates the 

Early Permian (ca. 300–272 Ma) arc magmatism in the northwestern Truong Son Fold 

Belt, e.g., in the Muong Tung areas (Liu et al., in press; Tran et al., 2008a). 

Compositionally, the Early Permian Truong Son arc basaltic andesites–andesites are 

different from their counterparts in WAL in the presence of distinct negative Ti 

anomaly, reaffirming its arc affinity rather than a continental rift setting for that Late 

Carboniferous(?)–Early Permian WAL magmatism (Fig. 100). 
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The earliest Mid–Permian WAL continental rift magmatic phase (270.4±8.5 Ma), 

previously referred to as the Mojiang– (Dong et al., 2000) and part of the 

Taichong–Lixianjiang (Wei and Shen, 1997a) volcanic belts, includes 

basalts/dolerites/gabbros that are generally more depleted (higher Zr/Nb and lower 

Nb/Y) than the Late Carboniferous(?)–Early Permian WAL basalts–basaltic andesites, 

with parental magmas approaching average N–MORB (Fig. 96). These earliest 

Mid–Permian mafic rocks show less upper crustal involvement (lower Th and 

LREE–enrichment) than the Late Carboniferous(?)–Early Permian WAL basalts, 

indicating decreasing LILE (and upper crustal inheritance) from the Early Permian to 

the earliest Mid–Permian. This may be attributed to gradual crustal thinning during 

continental rifting, a process typically recorded in the development of volcanic 

passive margins such as Cenozoic SE Greenland Margin (Fitton et al., 1998; Fitton et 

al., 2000). 
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5.6.3 Mid Permian Arc–backarc Basin Magmatism 

The age of the Mid Permian WAL magmatism, also referred to as the Yaxuanqiao 

volcanic belt (sensu stricto as defined, for example, by Fan et al. (2010)), has been 

recently well constrained by Jian et al. (2009b) and Fan et al. (2010), with ages of 

266.2±2.2 Ma and 265±7 Ma. The Mid Permian WAL basalts–andesites contain 

distinctly lower Nb/Y than their Late Carboniferous–earliest Mid–Permian 

counterparts (Fig. 96). Other major geochemical differences include the much lower 

Th and LREE, together with the presence of significant negative Nb–, Zr– and Ti 

anomalies (MORB–normalized) in the Mid Permian WAL arc–backarc basin 

basalts–andesites. These characteristics are usually attributed to subduction influence 

in an arc–backarc basin setting, e.g., in the modern Okinawa Trough backarc 

magmatism (e.g., Pearce and Stern, 2006; Shinjo et al., 1999; Taylor and Martinez, 

2003) (Fig. 103). In addition, Sr–Nd–Pb isotopic evidence provided by Fan et al. 

(2010) also suggests a subducted sediment influence. 

 

Further support for arc–backarc basin setting for the Mid Permian WAL magmatism 

comes from the associated rhyolites. Useful trace element data have only been 

published for two samples (Zhong et al., 1998; Zhou and Zhou, 1992) and these show 

a close resemblance to typical oceanic arc–early backarc basin rhyolites, e.g., in the 

Rb vs. (Nb+Y) and the Nb vs. Y binary plots (Fig. 115) (Pearce et al., 1984). In 

addition, their depletions in K2O (<0.6 wt%), CaO (<1.9 wt%), Rb, Zr, Nb, La and Th, 

together with their enrichment in Sr (>250ppm) mimic typical oceanic arc–backarc 

basin rhyolites (Fig. 99) (Ayalew and Ishiwatari, 2011; Tamura et al., 2009). In the 

MORB–normalized multi–element diagram (Fig. 104), the Mid Permian WAL 

arc–backarc basin rhyolites geochemically resemble the less enriched (than UCC or 
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BC) average lower crust (LC), as well as modern Okinawa Trough rhyolites (Shinjo 

and Kato, 2000). This reaffirms the absence of upper continental crustal enrichment in 

these rocks, and their likely eruption in an oceanic arc–backarc basin setting. 

 

Regionally, the Mid Permian WAL arc–backarc basin magmatism (ca. 265 Ma) is 

broadly coeval with the Jinshajiang arc magmatism, e.g., the Jiyidu 

gabbro–granodiorite (U–Pb zircon: ca. 269–257 Ma (Jian et al., 2009b)). Further 

study of the Jiyidu gabbro–granodiorite is required in order to establish any 

geochemical similarities between these arc–backarc basin magmatic suites, and thus 

the northwestern continuation of the Mid Permian WAL arc–backarc basin 

magmatism is still uncertain. 
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5.6.4 Late Permian Syn–collisional Granitic Magmatism 

Zircons from the WAL (Pinghe) granitoids were dated as Late Permian (ca. 257–255 

Ma, excluding analytical uncertainties), considerably older than the previously 

suggested Late Triassic age based on regional stratigraphic correlations (Xiong et al., 

1998). The Late Permian WAL peraluminous granites are marginal between I– and 

S–type, and probably formed in a late subduction (arc) or an early syn–collisional 

setting (Fig. 114). Regional unconformity (Xiong et al., 1998) indicates that the 

arc–continent collision (to be discussed later) should have occurred during late 

Mid–Permian, and thus the Late Permian WAL granitoids are better attributed to early 

syn–collisional. Regionally, the Late Permian WAL early syn–collisional granites (ca. 

257–255 Ma) are broadly coeval with the Late Permian Truong Son granites (Rb–Sr: 

ca. 266–252 Ma) (Dovjikov, 1965), for example, those in the Dien Bien Complex 

(Hung, 2010b; Lan et al., 2000; Tran, 2005; Tran et al., 2008a). Both suites of granites 

are marginal arc–related (I–type) or syn–collisional (S–type) granites (Fig. 114) with 

REE enrichment similar to or above the average UCC. These geochemical features are 

distinctly different from later post–collisional granitoids in the region, for instance in 

the CAL (Fig. 108). 
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5.6.5 Early Triassic Post–collisional Magmatism 

Early Triassic magmatism in the WAL region included the WAL (Daheishan) dolerite 

sill and the WAL (Luchun) rhyolites. 

  

The Early Triassic WAL dolerite was newly U–Pb dated at 246.1±3.7 Ma, coeval with 

the Dalongkai gabbro (U–Pb zircon: ca. 247–244 Ma (Jian et al., 2009b)) of the 

central WAL. The existence of an older, earliest Mid–Permian inherited age 

(273.3±4.6 Ma) for one population of zircons in this Early Triassic dolerite is unlikely 

to be an analytical artifact, as similar Early Permian inheritance (281±5 Ma) was also 

found in the coeval Early Triassic Muong Lay gabbro–diorite (248±2 Ma) in the 

Truong Son Fold Belt (Liu et al., in press). In fact, the significant Mid Permian zircon 

inheritance in the Early Triassic WAL dolerite is consistent with the field observation 

that the Early Triassic WAL post–collisional dolerites/gabbros have intruded into the 

Mid Permian WAL arc–backarc basin basalt–andesite (this study and (Jian et al., 

2009b)). The elevated Zr/Nb (29.87) and TiO2 (2.72 wt%), together with the negative 

Nb anomaly (MORB–normalized) (Fig. 109) of the WAL dolerite all suggests that the 

magma was likely to be formed in a post–collisional setting with significant crustal 

inheritance. 

 

The WAL (Luchun) rhyolites yielded Early Triassic ages (ca. 246 Ma), which are 

significantly older than the previously suggested Late Triassic age based on regional 

stratigraphic correlations (e.g., Wei and Shen, 1997b). 

 

The Early Triassic WAL rhyolites, in this study and from Li et al. (1999), are marginal 
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S– (syn– or post–collisional) or A–type (within–plate) (Fig. 115). They are 

characterized by elevated LREE– and LILE contents typical of continental rift 

rhyolites (Ayalew and Ishiwatari, 2011), e.g., the Cenozoic Ethiopian Rift rhyolite 

(Fig. 110) (Ayalew and Gibson, 2009; Ayalew and Yirgu, 2003). The geochemical 

similarity of the Early Triassic WAL rhyolites with the average UCC further supports 

derivation from crustal melting in a post–collisional setting, probably triggered by 

input of the mafic magmas (e.g., the Daheishan dolerite). 

 

In terms of regional correlation, the Early Triassic WAL dolerite (246.1±3.7 Ma) and 

gabbro (ca. 247–244 Ma (Jian et al., 2009b) are coeval with the Muong Lay 

gabbro–diorite (U–Pb zircon: 248±2 Ma) in the Truong Son Fold Belt (Liu et al., in 

press). Geochemically, the WAL dolerite and the Muong Lay gabbroic–diorite are 

very similar, with small, probably fractionation differences in the extents of Eu and Ti 

anomalies (Fig. 109).  

 

Although slightly older, the Early Triassic post–collisional WAL rhyolites are 

geochemically very similar to the Mid Triassic Truong Son dacite–rhyolite (Fig. 110) 

(Tran et al., 2008a). 
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5.6.6 Late Permian–Triassic WAL Sediments 

The seven turbiditic WAL sandstones and one red lithic WAL sandstone dated in this 

study yielded Late Permian–Early Triassic and Late Triassic maximum depositional 

ages based on detrital zircon U–Pb determinations (e.g., Gehrels, 2011; Gehrels et al., 

2006). Mid Permian and Mid Triassic maximum depositional ages are largely absent. 

The absence of Mid Permian and Mid Triassic sedimentary strata is in accordance 

with the presence of unconformities beneath both the Late Permian and Late Triassic 

sedimentary strata (e.g., Xiong et al., 1998; Yunnan (Anonymous), 1990).  

 

In contrast with previous studies (e.g., Xiong et al., 1998; Yunnan (Anonymous), 

1990), the new sandstone detrital U–Pb zircon study has confirmed the presence of 

Early Triassic WAL sedimentary rocks. The absence of Early Triassic sedimentary 

rocks in previous studies (e.g., Xiong et al., 1998; Yunnan (Anonymous), 1990) may 

be largely due to the absence of Early Triassic index fossil rather than a depositional 

hiatus or unconformity. The abundance of Early Triassic felsic volcanics throughout 

the WAL suggests that the sandstone depositional age should be comparable with the 

age of the youngest detrital zircons. 

 

In terms of the depositional setting for the WAL sandstone, the Late Permian–Early 

Triassic sandstones mainly occur as turbidites (or Yangbazhai Formation, see Table 3), 

whereas the Late Triassic samples occur as thick beds of red lithic sandstone (or 

Waigoucun Formation, see Table 3). The Late Permian–Early Triassic and Late 

Triassic sandstones do not appear very differently under the microscope apart from 

the hematite matrix that only occurs in the Late Triassic WAL sandstones. Both Late 

Permian–Early Triassic and Late Triassic WAL sandstones contain a considerable 
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amount of moderate–poorly sorted quartz (20–70%), feldspar (10–30%) and lithic 

fragments (15–50%) derived from a wide variety of lithologies (mafic volcanics, 

granite, metamorphics, limestone and chert) but largely dominated by felsic and 

intermediate volcanic clasts. These contrast with the Silurian–Early Devonian 

quartz–rich, well–sorted Ailaoshan sandstones. 

 

The soft–sediment deformation and the moderate–poorly sorted nature of the Late 

Permian–Triassic WAL sandstones suggest that the sediments were deposited an 

actively subsiding setting, probably associated with rifting. Hematite matrix of the 

moderate–poorly sorted Late Triassic WAL sediments suggests the sediments were 

deposited in an oxygenated subaerial environment, possibly representing 

post–orogenic gravitational collapse. The abundance of moderate–poorly sorted lithic 

clasts, especially felsic and intermediate volcanic rocks, indicates that active felsic 

volcanism may have occurred within the basin, or on its margins. 

 

The Permian–Triassic WAL sandstones plot in the arc–related fields in the Qm–F–Lt 

ternary diagram (Fig. 116) (Dickinson, 1985). In the MORB–normalized 

multi–element diagram, the least quartzose Late Permian–Triassic WAL sandstones 

are geochemically very similar to the Early Triassic WAL rhyolite, especially in their 

elevated LILE contents, and the presence of distinct negative Ba–, Nb–, Sr– and Ti 

anomalies (Fig. 112).    

 

The older detrital zircon populations in the Late Permian–Triassic WAL sandstones 

have pre–400 Ma ages similar to that of the Silurian–Early Devonian Ailaoshan 

sandstones (Fig. 117), including the presence of distinct ca. 450 Ma and ca. 900–1200 

Ma peaks, and the lack a significant peak in the ca. 500–650 Ma interval. As 
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discussed in Chapter Three, this post–400 Ma detrital zircon age population pattern is 

different from that of the Devonian Guixi sandstones in the western South China 

Block (Duan et al., 2010). This indicates that the WAL region had been cut off from a 

supply of South China detrital material from Silurian–Early Devonian until at least 

Late Permian–Early Triassic, and may imply that Ailaoshan and South China were 

partially separated during these periods. In other words, the South China–Indochina 

continent–continent collision along the Ailaoshan suture was unlikely to be completed 

before then. 
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Figure 105. Rb/(Y+Nb) (top) and Nb/Y (bottom) binary plots (Pearce et al., 1984) showing the Late 

Permian WAL early syn–collisional granite mainly fall into the VAG and Syn–COLG realms, 

resembling the coeval Late Permian Truong Son arc or syn–collisional granites in northwestern 

Vietnam (Lan et al., 2000; Tran, 2005; Tran et al., 2008a). ORG–Ocean ridge granitoids; Syn–COLG– 

Syn–collision granitoids; VAG– Volcanic arc granitoids; WPG– Within–plate granitoids. 
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Figure 106. Rb/(Y+Nb) (top) and Nb/Y (bottom) binary plots (Pearce et al., 1984) showing the Late 

Carboniferous(?)–Early Permian WAL rhyolites (C–P1, red diamonds) are mainly continental rift 

(A–type, WPG) generated, whereas the Mid Permian WAL rhyolites (P2, blue diamonds) are mainly 

associated with volcanic arc (I–type, VAG). The Early Triassic WAL rhyolites (T1, green diamonds) 

have both volcanic arc and intraplate affinities (WPG and VAG+Syn–COLG), similar to the Mid 

Triassic (T2) Truong Son post–collisional dacite–rhyolite (Tran et al., 2008a). Average upper 

continental crust (UCC, purple dot), bulk crust (BC, brown dot) and lower crust (LC, yellow dot) 

(McLennan, 2001; Taylor and McLennan, 1985) compositions are shown for reference. WAL rhyolite 

data from this study and Zhou and Zhou (1992), Zhong et al. (1998) and Han et al. (1998). 
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ORG–Ocean ridge granitoids; Syn–COLG– Syn–collision granitoids; VAG– Volcanic arc granitoids; 

WPG– Within–plate granitoids. 

 

Figure 107. Qm–F–Lt ternary diagram for the Late Permian–Triassic WAL sandstone after Dickinson 

(1985), showing the sediments were mainly derived from a variety of provenances with a strong arc 

affinity. 

 

Figure 108. Probability plot of detrital zircon ages of Late Permian–Triassic– (blue line, n=565) and 

Silurian–Early Devonian (red line, n=736) Ailaoshan sandstones, showing the >400Ma age pattern of 
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the Late Permian–Triassic WAL sandstones highly resembles that of the Silurian–Early Devonian 

Ailaoshan sandstones. The U–Pb zircon ages correlating to the assemblies of Pangaea, Gondwana and 

Rodinia (e.g., Campbell and Allen, 2008; Goodge et al., 2004; Pell et al., 1997) are shown for 

reference. 

 

5.7 Summary 

This study has shown that the WAL region has a complex tectonic history, which 

includes Late Carboniferous(?)–earliest Mid–Permian (ca. 290–270 Ma) continental 

rift–breakup magmatism, Mid Permian (ca. 265 Ma) arc–backarc basin magmatism, 

late Mid–Permian (ca. 260 Ma) arc–continent collision, Late Permian (ca. 260–255 

Ma) syn–collisional granitic magmatism and Early Triassic (ca. 250–245 Ma) 

post–collisional magmatism. Regional geological comparison indicates that the 

various post–earliest Mid–Permian WAL magmatic phases can be correlated with 

those in the Truong Son region. A tectonic synthesis incorporating this data is given in 

Chapter Seven. 
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CHAPTER SIX 

EASTERN AILAOSHAN HIGH–GRADE METAMORPHIC BELT 

6.1 Introduction, Aims and Methodology 

6.1.1 Introduction 

The Eastern Ailaoshan (EAL) High–Grade Metamorphic Belt is bounded by the Red 

River Fault in the east, and the Paleozoic CAL Mélange in the west adjacent to the 

Ailaoshan Fault. In the past, studies have mainly focused on the Cenozoic structural 

(deformation) and metamorphic history of the EAL Metamorphic Belt, and have 

shown major tectonic movements (i.e., sinistral shear) occurred during the Late 

Eocene–Early Oligocene (ca. 35–25 Ma) associated with the India–Eurasia collision 

(e.g., Cao et al., 2011; Leloup et al., 2001; Leloup and Kienast, 1993; Lin et al., 2012; 

Searle, 2006; Searle et al., 2010; Tapponnier et al., 1990). This study complements the 

structural work by investigating both the nature of the protoliths, and the evidence for 

a pre–Cenozoic metamorphic belt. 
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6.1.2 Aims and Methodology 

Age(s) and Tectonic Setting(s) of the Protoliths 

Investigating the nature, tectonic origins and age(s) of the protolith rocks of the 

Ailaoshan Metamorphic Belt is difficult, as dynamic recrystallization at high 

metamorphic grade (up to 6.5 kb, >700°C, (e.g., Leloup et al., 2001)) has obliterated 

protolith textures. This study uses the geochemistry of the rocks and their U–Pb 

zircon ages and isotopic characteristics to investigate the recrystallization of these 

rocks. Samples representative of various metamorphic grades and whole rock 

compositions were collected across the entire length of the high–grade metamorphic 

belt, from Shuitang, Mosha, Yandoujie, Yuanjiang, Yuanyang, Laomeng, Menghao 

and northeastern Jinping (Fig. 118). 

  

Protolith ages were mostly determined using U–Pb geochronology on zircons and the 

age of metamorphism was determined by U–Th/Pb on monazite (detailed 

methodology is given in Appendix I). Representative sample compositions were also 

determined by whole rock XRF analysis. The ages and whole rock compositions were 

compared with other similar rocks in the region to investigate their probable tectonic 

origins. Understanding the origins of the various protoliths adds constraints to our 

understanding of the pre–Cenozoic tectonic history of the metamorphic belt. The 

precise pressure–temperature–time (P–T–t) history of the various metamorphic events 

involved in the Ailaoshan Belt relies on earlier studies (e.g., Leloup et al., 2001).  
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6.2 Field Geology and Petrography 

 The EAL High–Grade Metamorphic Belt lies between the Red River Fault in the east 

and the Ailaoshan Fault in the west (Fig. 118). Along and near these two major faults, 

metamorphic rocks are intensely deformed and mylonitized. Away from the major 

faults, rocks are less deformed and include lithologies such as gneiss, schist, 

metagabbro and metagranite. In general, foliation (gneissic banding and schistosity) 

of metamorphic rocks dips steeply (60–80°) to the northeast. 

 

Figure 109. Simplified geological map of the EAL High–Grade Metamorphic Belt with the key 

sampling sites shown, modified from the Regional Geological Surveying Party (1990). 
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6.2.1 Felsic Metamorphic Rocks 

Felsic metamorphic rocks in the EAL High–Grade Metamorphic Belt are dominated 

by gneiss and schist. The gneiss (or the Ailaoshan Group (e.g., Wang and Ding, 1996)) 

mainly occurs in the core of the metamorphic belt, whereas the schist (or the 

Dahebian Group (e.g., Xiong et al., 1998)) occurs in the western part of the 

metamorphic belt, close to the Ailaoshan Fault. No clear–cut boundary was found 

between the gneiss and the schist, and the transition from gneiss to schist is believed 

to be gradational (this study, and Xiong et al., 1998). 

 

Quartz–Feldspar–Two Mica Gneiss 

The quartz–feldspar–two mica gneisses are characterized by gneissic compositional 

banding. Sinistral shear is indicated from augen and deformed boudins (Fig. 119). 

Under the microscope, most quartz–feldspar–two mica gneisses contain large 

interlocking quartz (40%) and K–feldspar (40%) porphyroblasts (Fig. 120). Less 

abundant K–feldspar–poor gneisses contain quartz (70%), muscovite (<10%), biotite 

(<5%), hornblende (<5%), epidote (<5%) and sphene (<5%). Quartz shows patchy 

subgrain recrystallization.  
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Figure 110. Quartz–feldspar–2 mica gneiss (or Ailaoshan Group) with gneissic banding showing 

sinistral deformation, Yuanjiang. Sampling Location: SM09–112. 

 

Figure 111. Porphyroblastic quartz–feldspar–2 mica gneiss: crossed polars. Sampling Location: 

SM09–112. 
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Quartz–Feldspar–Two Mica Schist 

In the field, the quartz–feldspar–two mica schists are indistinguishable from the 

highly deformed Madeng metasediments along the western side of the Ailaoshan 

Fault, in the sense that both are metasediments that have suffered intense and multiple 

deformation phases (Fig. 121). For this reason, these two metasedimentary units have 

been suggested to be genetically closely related (e.g., Xiong et al., 1998).  

Under the microscope, the quartz–feldspar–two mica schists are made up of quartz 

(40%), K–feldspar (25%), muscovite (25%) and biotite (10%), with some 

mineralogical segregation into quartz–rich and muscovite–rich domains (Fig. 122). In 

contrast to the big platy muscovite crystals/aggregates, biotite occurs as aggregates of 

fine crystals with diffuse edges, indicating that it may be a late metamorphic product 

not in equilibrium with its surrounding minerals. 

 
Figure 112. Highly deformed (normal faulted) schist (or Dahebian Group), Yangdoujie. Sampling 

Location: SM09–119. 
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Figure 113. Quartz–feldspar–2 mica schist with biotite and mica aligned along the foliation: crossed 

polars. Sampling Location: SM09–119. 
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6.2.2 Intermediate–Mafic Metamorphic Rocks  

Quartz–Feldspar–Two Mica–Garnet Schist 

Quartz–feldspar–two mica–garnet schist only occurs around the Yuanjiang area. The 

rocks have steeply NE–dipping foliation (schistosity), similar to the other 

metamorphic rocks in the belt (Fig. 123). The quartz–feldspar–two mica–garnet schist 

is made up of quartz (30%), feldspar (15%) and garnet (20%) porphyroblasts in a 

matrix of muscovite (15%), quartz (10%) and biotite (10%) (Figs. 124–125). The 

rocks are strongly foliated and metamorphosed, with subgrain textures in garnet and 

quartz, and common sheared and disrupted grain aggregates. The abundance of quartz, 

feldspar and garnet as coarse porphyroblasts suggests the quartz–feldspar–two 

mica–garnet schist may be derived from Fe–rich (intermediate to mafic) magmatic 

intrusive protoliths. 
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Figure 114. Quartz–feldspar–two mica–garnet schist with pressure shadows showing sinistral 

deformation, western Yuanjiang. Sampling Location: K09–05. 

 

Figure 115. Porphyroblastic quartz–feldspar–two mica–garnet schist with garnet porphyroblasts 
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showing sinistral deformation: crossed polars. Sampling Location: K09–05. 

 

Figure 116. Porphyroblastic quartz–feldspar–two mica–garnet schist with sheared and subgrain 

recrystallized quartz: crossed polars. Sampling Location: K09–05. 

Hornblende Metagabbro 

Hornblende metagabbro occurs in the Yangdoujie, Yuanjiang and Yuanyang regions. 

These rocks have similar steep NE–dipping foliations (crenulation cleavage) as do 

other metamorphic rocks in the belt (Fig. 126). Petrographically, the hornblende 

metagabbros are made up of quartz (15%), K–feldspar (15%), plagioclase (35%) and 

hornblende (35%), with accessory epidote and chlorite (Fig. 127). Plagioclase and 

hornblende are often strongly deformed and elongated. Chlorite often occurs around 

hornblende, suggesting that amphibolite (hornblende) facies metamorphism was 

followed by a greenschist (chlorite) facies retrograde overprint. 
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Figure 117. Crenulation cleavage (D1) cut by later shear (D2) in foliated hornblende metagabbro, 

western Yuanjiang. Sampling Location: K09–01. 

 

 

D1 

D2 

D2 
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Figure 118. Foliated hornblende metagabbro with hornblende lineated along foliation plane: crossed 

polars. Sampling Location: K09–01. 
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6.2.3 Metagranites  

Metagranites in the EAL High–Grade Metamorphic Belt are well exposed in the 

Yuanjiang and Yuanyang area. In western Yuanjiang, granites intruding schist and 

gneiss are often undeformed, with no trace of either shearing or foliation (Fig. 128) 

whereas others have varying degrees of deformation. An undeformed granitic 

apophasis in gneiss at western Yuanjiang suggests that some of the granites in the area 

may have been formed by partial melting and melt segregation from the adjacent 

gneiss). In the western EAL High–Grade Metamorphic Belt, granitoids intrude the 

metamorphics along the Ailaoshan Fault, for example in the Heping and eastern 

Mojiang areas (Fig. 129). These granitoids are usually elongated NW–SE along the 

direction of the Ailaoshan Fault, and show NW–SE–trending foliation, suggesting that 

the Ailaoshan Fault may have been active in more than one period both prior to (since 

granitoids intrude along the fault) and after granitoid intrusion (since some of the 

granitoids were deformed along the fault).  

 

Under the microscope, the deformed metagranite is distinguished by the elongated 

and aligned biotite and hornblende that define the foliation in these rocks (Fig. 130). 

In some highly deformed samples, recrystallization has occurred and the rocks are 

composed of medium– to coarse–grained quartz and feldspar fragments set among 

fine– to medium–grained anhedral quartz (50%, rounded or irregular shaped grains 

aligned along the foliation), subhedral to euhedral K–feldspar (10%), plagioclase 

(20%) and interstitial biotite (20%). Undeformed quartz–feldspar pegmatite veins, 

consisting of coarse–very coarse anhedral quartz (50%) and K–feldspar (50%), are 

common, usually intruded along foliation planes in the deformed granite. 
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Figure 119. Massive undeformed Cenozoic metagranite in contact with strongly deformed gneiss, 

Yuanjiang. Sampling Location: K09–04. 
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Figure 120. Massive foliated metagranite body near the Ailaoshan Fault, showing pronounced foliation 

defined by biotite and amphibole, Mosha. Sampling Location: K09–27. 

 

Figure 121. Foliated and deformed metagranite. Crossed polars. Sampling Location: K09–27. 
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6.3 Geochronology 

U–Pb zircon dating was performed to better constrain the ages of both the protoliths 

and the metamorphism of the EAL rocks. Zircons from three schists previously 

grouped into the Dahebian Group (e.g., Wang and Ding, 1996), including two from 

around Yuanjiang–Yangdoujie (SM09–118 and SM09–119) and a garnet–bearing one 

from Yuanjiang (K09–05), as well as three gneisses previously grouped into the 

Ailaoshan Group (e.g., Xiong et al., 1998) from Yuanyang (K09–40), Laomeng 

(K09–44) and Menghao (K10–05) were analyzed. In addition, zircons from two 

hornblende metagabbros collected from Yuanjiang (K09–01) and Menghao (K10–08), 

and five metagranites were also analyzed. Two of the metagranites were from around 

the Mosha–Shuitang area (K09–27 and K09–30) and another three were from the 

Yuanjiang–Yandoujie area (SM09–111, SM09–114 and K09–02) (Fig. 118). 

 

6.3.1 Yuanjiang–Yangdoujie Schist 

The zircons analyzed from the schist (SM09–118 and SM09–119) (or Dahebian 

Group) were relatively large and the CL images showed a number of discordant zones 

on partially resorbed cores (Fig. 131). These zircons were initially analyzed with a 32 

micron spot size but extra analyses were undertaken with a smaller 15μm spot size on 

sample SM09–119 to better investigate the age of the narrow rims. The results show 

that the rims formed in the Late Triassic (229.8±7.0 Ma) and the cores crystallized in 

the Precambrian (Fig. 132). When all analyses from both samples are put together, the 

weighted average age of the rims is 225.5±3.7 Ma, (MSWD = 0.75, n=6.) and age of 

the cores scatter between 800–900 Ma (Fig. 133). The youngest parts of the zircon 
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cores are similar in both samples with a weighted average age at around 806 Ma 

(SM09–118: 803.0±5.9 Ma, MSWD = 1.6, n=16 and SM09–119: 810±6.7 Ma MSWD 

= 1.7, n=13) (Appendix II) 

 

Figure 122. CL image of the Yuanjiang–Yangdoujie muscovite–biotite schist (SM09–119) showing thin 

Late Triassic rims around an older partially resorbed 800–900 Ma cores. 

 

Figure 123. Time resolved LA–ICPMS age signal for a zircon from the Yuanjiang–Yangdoujie schist 

(SM09–119). Each measurement represents a sweep of the quadrupole. At the beginning of the analysis 
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the Triassic rim was being analyzed. After a short mixing period the old core was analyzed. 

 

 

Figure 124. Probability plot of zircon age population (n=85) for two Yuanjiang–Yangdoujie 

quartz–feldspar–2 mica schist (SM09–118 and SM09–119), showing ages fall into a Late Triassic (rims) 

and a Neoproterozoic (cores) cluster. Note some of the analyses between the two prominent peaks 

probably arise from mixtures of the rims and the cores. 
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6.3.2 Gneiss 

Although all previously grouped into the “Precambrian” Ailaoshan Group, the three 

gneisses analyzed in this study have yielded very different ages. Zircons from the 

Yuanyang gneiss (K09–40) yielded U–Pb ages ranging from the Mid Triassic to the 

Oligocene (ca. 28–240 Ma), with the majority of zircons crystallized between the Late 

Eocene and the Oligocene (ca. 28–40 Ma). Weighted average of the youngest zircons 

yielded an earliest Oligocene age of 32.71±0.74 Ma (MSWD=0.91, n=4).  

 

In contrast, zircons from the Laomeng gneiss (K09–44) had a much older age range 

(ca. 480–1500 Ma), with weighted average of youngest zircons being 506.7±8.2 Ma 

(MSWD=0.23, n=3). Nevertheless, U–Th/Pb dating of monazite separated from the 

same sample yielded a consistent Late Oligocene age (27.52±0.63 Ma, n=11) (Fig. 

134). 

 

The majority of zircons in the Menghao gneiss (K10–05) are older than those in the 

Yuanyang gneiss (K09–40) but younger than the Laomeng gneiss (K09–44). Apart 

from a few younger rim ages (ca. 160–220 Ma, n=3), the majority of zircons are Early 

Permian–Early Triassic (ca. 245–285 Ma, n=23), with the youngest zircons yielding 

an Early Triassic age (247.3±2.5 Ma, n=4) (Fig 135). 
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Figure 125. U–Pb inverse concordia of monazite from the Laomeng gneiss (K09–44) (n=12). 

 

Figure 126. U–Pb inverse concordia of zircons from the Menghao gneiss (K10–05), showing a Mid 

Triassic age (n=4, red). Analyses shown in black were not used in calculation for the rock age as they 

are either more that 3 σ away from the younger population or they have been identified as problematic 

from the time resolved signal. Zircon CL image showing oscillatory overgrowth over dark high–U old 

core. 
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6.3.3 Yuanjiang Quartz–feldspar–two mica–garnet Schist 

The Yuanjiang garnet–bearing schist (K09–05) is described separately from the 

Yuanjiang–Yangdoujie schist (or Dahebian Group) because of the significant 

difference in age and mineral content. Apart from partial analyses on a few young 

rims (ca. 54–220 Ma, n=3), and older cores (ca. 390–1200 Ma, n=5), most zircon ages 

from Yuanjiang garnet–bearing schist (K09–05) fall into the Late Permian–Late 

Triassic range (ca. 230–255 Ma, n=22). U–Pb concordia of the youngest zircons 

yielded a latest Mid–Triassic age (237.4±1.8 Ma, n=9) (Fig. 136). 

  

 

Figure 127. U–Pb inverse concordia of zircons from the Yuanjiang garnet–bearing schist (K09–05), 

showing the youngest age cluster (n=9, red) being late Mid–Triassic and the older Late Permian to 

Middle Triassic ages (n=22, black). Note that a few younger metamorphic rims are present but these 

are very narrow and their age could not be determined. Zircon CL image showing oscillatory zoning. 
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6.3.4 Hornblende Metagabbro 

The hornblende metagabbros from Yuanjiang (K09–01) and from Menghao (K10–08) 

show distinctly different U–Pb zircon ages. The Yuanjiang metagabbro (K09–01) 

contains only Late Eocene–Late Oligocene (ca. 24–35 Ma) zircons, with the youngest 

zircons giving a Late Oligocene (24.85±0.57 Ma, n=6) age (Fig. 137). In contrast, the 

Menghao metagabbro (K10–08) has much older Neoproterozoic (ca. 650–800 Ma) 

zircons but contains Latest Eocene (33.5±1.0 Ma, n=13) monazite (Fig. 139). The age 

of the youngest zircon population is Neoproterozoic (659.7±8.2 Ma, n=4), whereas 

the majority of zircons yielded an older age (741.3±3.9 Ma, n=25) (Fig. 138). 

 

Figure 128. U–Pb inverse concordia of zircons from the Yuanjiang metagabbro (K09–01), showing the 

youngest zircons which yielded a Late Oligocene age (n=6, red) and the older population (n=10, black). 

Zircon CL image showing overgrowth over convolute zoned old core. 
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Figure 129. U–Pb inverse concordia of zircons from the Menghao metagabbro (K10–08) showing the 

few youngest (post–600 Ma) zircons giving a Mid Neoproterozoic (n=4, green) age. Analyses shown in 

black not used in calculation as they are either more that 3 σ away from the main population or they 

have been identified as problematic from the time resolved signal. 

 

Figure 130. U–Pb inverse concordia of monazites from the Menghao metagabbro (K10–08) (n=13). 
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6.3.5 Metagranite 

Similar complexity to the metagabbros was encountered in the zircon age spectra for 

the metagranites. As for the two Mosha–Shuitang metagranites, the Mosha 

metagranite (K09–27) contains Mid Permian–Early Jurassic (ca. 180–265 Ma) zircons 

with the majority cluster around earliest Mid–Triassic (244.3±1.8 Ma, n=7) (Fig. 140). 

The Shuitang metagranite (K09–30) contained much older zircons (ca. 600–870 Ma, 

n=25) than the Mosha metagranite (K09–27) with a few pre–600 Ma rims but the 

majority of the zircons yielding a weighted average age of 671.2±7.7 Ma 

(MSWD=0.81, n=6) with older crystals to 850 Ma (Fig. 141). 

 

Figure 131. U–Pb inverse concordia of zircons from the metagranite (K09–27), showing a wide range 

of zircon age with the majority clustered around earliest Mid–Triassic (n=7, red). Zircon CL image 

showing overgrowth over convolute zoned old core. 
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Figure 132. Probability density plot for the metagranite (K09–30), the majority of the zircons yielding a 

weighted average age of 671.2±7.7 Ma (n=6 MSWD=0.81) with older crystals to 850 Ma. 

As for the Yuanjiang–Yangdoujie metagranites, the zircons from sample SM09–111 

are all Oligocene, with U–Pb concordia of the youngest zircons giving a Late 

Oligocene age (27.26±0.52 Ma, n=6) (Fig. 142), and the older zircons clustering in 

Early Oligocene (29.72±0.46 Ma, n=6). Zircons from metagranite SM09–114 are all 

Late Eocene–Late Oligocene (ca. 26–35 Ma), with the age of the main age cluster 

being Late Eocene 35.43±0.35 Ma (n=7) (Fig. 143). In contrast, metagranite K09–02 

is much older, with the majority of the zircons being Mid– to Late–Triassic (ca. 

200–240 Ma, n=18). The main zircon population yielded a Late Triassic age 

(228.3±3.7 Ma, n=13) (Fig. 144).  
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Figure 133. U–Pb inverse concordia of zircons from the metagranite (SM09–111), with youngest 

zircons giving a Late Oligocene (n=6, red) age and older zircons giving an Early Oligocene (n=6, green) 

age. Zircon CL image showing overgrowth over convolute zoned old core. 

 

Figure 134. U–Pb inverse concordia of zircons from the metagranite (SM09–114), with oldest zircons 

giving a Late Eocene (n=8, red) age and younger crystals (black n=3). Zircon CL image showing 

overgrowth over sector– or convolute zoned old core. 
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Figure 135. U–Pb inverse concordia of zircons from the metagranite (K09–02), with oldest zircons 

giving a Late Triassic (n=13, red) age and a scattered younger crystals (n=5, black). Zircon CL image 

showing thin overgrowth over dark high–U old core. 
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6.4 Whole Rock Geochemistry 

A total of four metamorphic rocks, including two Yuanjiang–Yangdoujie schists 

(SM09–118 and SM09–119), one Laomeng gneiss (K09–44), and one Yuanjiang 

metagranite (K09–02) were analyzed using the whole rock XRF technique to compare 

their chemistry with that of other less metamorphosed rocks in the region. The aim of 

this part of the study was to identify potential protoliths for the strongly 

metamorphosed gneisses and schists and help identify possible tectonic setting for the 

generation of the granites. 

 

All four metamorphic rock compositions are similar to peraluminous and marginal 

I–type granites (Fig. 145). The rocks contain high SiO2 (ca. 72–77 wt%) and Al2O3 

(ca. 12–14 wt%), but low TiO2 (<0.6 wt%), FeO* (<2.7 wt%), MgO (<1.0 wt%) and 

CaO (<2.1 wt%). The rocks also tend to be LREE– and HSFE–enriched 

(MORB–normalized), similar to the average UCC composition (Fig. 146).  
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Figure 136. Chemical composition plots: a. Al2O3/(K2O+Na2O) vs. Al2O3/(K2O+Na2O+CaO) b. 

MgO/FeO* vs. (Zr+Nb+Ce+Y) c. Rb vs. (Nb+Y) and Nb vs. Y for the Yuanjiang–Yangdoujie schist 

(SM09–118 and SM09–119), Yuanjiang–Yangdoujie metagranite (K09–02) and Laomeng gneiss 

(K09–44), showing the rocks are similar to peraluminous and marginal I–type granites (Middlemost, 

1994; Pearce et al., 1984). ORG–Ocean ridge granitoids; Syn–COLG– Syn–collision granitoids; VAG– 

Volcanic arc granitoids; WPG– Within–plate granitoids. 
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Figure 137. Rock/N–MORB plot for the Yuanjiang–Yangdoujie schist (SM09–118 and SM09–119), 

Yuanjiang–Yangdoujie metagranite (K09–02) and Laomeng gneiss (K09–44). Composition of average 

upper continental crust (UCC) (McLennan, 2001; Taylor and McLennan, 1985) and Silurian–Early 

Devonian Ailaoshan sediments are shown for reference. 
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6.5 Pb–Isotope Geochemistry 

K–feldspar LA–ICPMS Pb–isotope analysis was performed to further constrain the 

probable protoliths of the EAL metamorphics. Pb isotopic data is available for various 

geological units in the area (Fan et al., 2010; Hu et al., 1995) and Pb isotopic 

composition of unaltered K–feldspars can be obtained rapidly and inexpensively using 

the LA–ICPMS techniques developed for pyrite by Meffre et al. (2008b). The 

Laomeng gneiss (K09–44) and a Yuanjiang–Yangdoujie metagranite (K09–02) were 

analyzed (Fig. 147). The Laomeng gneiss (K09–44) plots near the bulk crustal growth 

curve of Stacey and Kramers (1975) similar (at 2σ) to some of the Paleozoic 

Ailaoshan sedimentary rocks and Late Permian WAL syn–collisional granites (see 

Chapter Five). The Yuanjiang–Yangdoujie metagranite (K09–02) contains distinctly 

higher 
206

Pb/
204

Pb and 
207

Pb/
204

Pb plotting near a high µ growth curve similar to 

modern upper crustal sediments. 
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Figure 138. K–feldspar 
207

Pb/
204

Pb vs 
206

Pb/
204

Pb diagram for the Laomeng gneiss (K09–44) (purple) 

and the Yuanjiang–Yangdoujie metagranite (K09–02) (blue). Pb–isotope data of Paleozoic Ailaoshan 

sediments (green) (Hu et al., 1995), Late Carboniferous–Early Permian (C–P1) (purplish red) and Mid 

Permian (P2) (yellow) WAL volcanics (Fan et al., 2010), and Late Permian WAL syn–collisional 

granites (red) (this study and Hu et al. (1995)) are shown for comparison. 
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6.6 Discussion 

6.6.1 Protoliths Types, Tectonic Origins and Regional Correlations 

Ordovician–Cambrian and Neoproterozoic Protoliths 

The Yuanjiang–Yangdoujie schists (SM09–118 and SM09–119) (or Dahebian Group) 

are likely to have a Precambrian sedimentary protolith. The zircons ages tend to 

record Late Triassic rims: (225.5±3.7 Ma) and Neoproterozoic cores (ca. 800–900 

Ma). The Triassic parts of the zircons are discordant on the Neoproterozoic cores and 

have rounded outlines and lack igneous type oscillatory zoning, showing that they are 

likely to be metamorphic in origin. The zircon ages of the protoliths clustered in the 

ca. 800–900 Ma interval, with the major population between 800 and 810 Ma. From 

petrography, the alternating mica– and quartz–rich bands suggest interbedded 

mudstone (mica) and sandstone (quartz) protoliths, which agrees well with the high 

SiO2 and Al2O3 contents (Appendix III). This questions the previous assumption that 

the Yuanjiang–Yangdoujie schists are genetically closely related to the Madeng 

metasediments west of the Ailaoshan Fault (Xiong et al., 1998), whose siliciclastic 

members are found to deposit during Silurian–Early Devonian (see Chapter Three) 

and Late Permian–Triassic (see Chapter Five) in this study. 

 

Regionally, Mid Neoproterozoic sediments have been reported from the northwestern 

South China Block, for example the Bikou Group (ca. 745–890 Ma), which is 

composed largely of turbidites and some intermediate lavas (Sun et al., 2009). Detrital 

zircon age population pattern comparisons suggest that the Bikou sandstones closely 

resemble the Yuanjiang–Yangdoujie schist, notably in the presence of a distinct ca. 
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700–900 Ma zircon population (Fig. 148). 

 

Figure 139. Probability plot of zircon ages of the Yuanjiang–Yangdoujie schist (SM09–118 and 

SM09–119, n=85) (red line) closely resembles that of the Bikou sandstone in northwestern South China 

Block (n=92). (green line) (Sun et al., 2009). Note that the analyses between 250 and 800 Ma are 

probably analytical artifacts due to mixing between cores and rims by the laser ablation. 

 

Similarly, the Laomeng gneiss (K09–44) is likely to have had a sedimentary protolith. 

This is suggested by the large zircon age range (ca. 480–1500 Ma), which is typical 

for both the Silurian–Early Devonian Ailaoshan– (see Chapter Three) and Late 

Permo–Triassic WAL metasediments (see Chapter Five). Evidence supporting a 

sedimentary protolith occurs also in its geochemical affinity with the average UCC 

and the Paleozoic Ailaoshan metasediments (Fig. 146). The Shuitang metagranite 

(K09–30) has also a wide detrital zircon age range (ca. 600–870 Ma, n=25), which 

again may reflect a Precambrian sedimentary protolith. 

 

The K–feldspar Pb–isotope study shows a distinct difference between the Laomeng 
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gneiss (K09–44) which plots near the bulk crustal growth curve and the Late Permian 

WAL granites (Fan et al., 2010) (Fig. 147). If the 2 σ uncertainty is taken into account 

the Pb isotopic composition is close to that expected for a Cenozoic rock with Pb 

derived from the average crust incorporating a mixture of igneous and sedimentary 

material. This indicates that the Pb isotopic composition of the K–feldspars is 

recording the same high grade metamorphic event as the ca. 27.5 Ma monazite in this 

gneiss. From detrital zircon age population comparison (Fig. 149), it is shown that the 

protolith of the Laomeng gneiss (K09–44) has zircon population closely resembling 

that of the Early Devonian Guixi sandstone from the northwestern South China Block 

(Duan et al., 2010), in both rocks contain distinct ca. 500–600 Ma (Gondwanan), ca. 

600–700 Ma and ca. 900–1100 Ma (Rodinian) peaks (e.g., Campbell and Allen, 2008; 

Goodge et al., 2004; Pell et al., 1997). The similar detrital zircon age population 

suggests similar sedimentary provenance for the two rocks.   
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Figure 140. Probability plot of detrital zircon ages of the Laomeng gneiss (K09–44) (red line, n=34), 

showing a general similar detrital age pattern with the Early Devonian Guixi sandstone (green line, 

n=82) in northwestern South China Block (Duan et al., 2010), suggesting similar sedimentary 

provenance. The U–Pb zircon ages correlating to the assemblies of Gondwana and Rodinia (e.g., 

Campbell and Allen, 2008; Goodge et al., 2004; Pell et al., 1997) are shown for reference. 

 

The Menghao metagabbro (K10–08) protolith has detrital zircon ages clustering 

tightly around ca. 660 Ma and ca. 740 Ma and is likely to have a Precambrian 

magmatic protolith. Magmatism or metamorphism aged around 740 Ma has not been 

reported anywhere along the Ailaoshan Fold Belt or from the eastern Indochina Block, 

but it matches closely the ages of some Neoproterozoic magmatism (e.g., 764±9 Ma 

in the Miyi Complex) in the western South China Block (Zhou et al., 2002b). 

 

Permo–Triassic Protoliths 
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Late–Triassic granite protoliths. In contrast with the Yuanjiang–Yangdoujie schist 

(SM09–118 and SM09–119) and the Laomeng gneiss (K09–44) that contains detrital 

zircons with a large age range, the metagranite (K09–02) shows a narrow detrital 

zircon age range (ca. 200–240 Ma, n=17) that is similar to the earliest Mid–Triassic 

CAL syn–collisional granitoids (see Chapter Four). Petrographically, this metagranite 

shows a porphyroblastic texture with large K–feldspars, suggesting the rock may have 

been derived from an earlier granite protolith. 

 

From K–feldspar Pb–isotope study, the Yuanjiang–Yangdoujie metagranite (K09–02) 

contains distinctly higher 
206

Pb/
204

Pb=19.090 and 
207

Pb/
204

Pb=15.824 than those of the 

Late Permian WAL granites and the Laomeng gneiss (K09–44) (Fig. 147), with values 

approaching those of the upper crustal growth curve, suggesting significant upper 

crustal influence in its formation. Nevertheless, the age of the zircons is at odds with 

the model age of the K–feldspars, suggesting that although the protolith was probably 

Triassic, the K–feldspar may have crystallized much later during a magmatic or 

metamorphic event in the Late Mesozoic or Cenozoic.  

 

Similarly, both the Menghao gneiss (K10–05) and the Mosha metagranite (K09–27) 

have highly restricted detrital zircon age ranges (K10–05: 246–284 Ma (n=23) and 

K09–27: ca. 180–265 Ma (n=21)), which suggest probable Permian–Mid Triassic 

granite protoliths. Another sample that may have had Permo–Triassic protoliths is the 

Yuanjiang garnet–bearing schist (K09–05), in which detrital zircon ages cluster in the 

Early Triassic–early Late Triassic (ca. 230–250 Ma, n=22). The Fe–bearing biotite– 

and garnet–enriched nature of this rock suggests that its protolith is likely to have 

been an intermediate–mafic igneous or volcaniclastic rock.  



242 
 

6.6.2 Geological Evolution of the EAL High–Grade Metamorphic Belt 

Pre–Early Triassic 

The presence of Neoproterozoic (i.e., Yuanjiang–Yangdoujie schist (SM09–118 and 

SM09–119) and Ordovician (i.e., Laomeng gneiss (K09–44)) sedimentary protoliths, 

as well as Neoproterozoic magmatic protolith (i.e., Menghao metagabbro (K10–08)) 

suggest derivation from sequences similar to the Neoproterozoic–Ordovician 

magmatic and sedimentary rocks in the western South China Block (e.g., the Guixi– 

and Bikou Group metasediments and the Miyi magmatic complex) (Duan et al., 2010; 

Lin et al., 2012; Sun et al., 2009; Sun et al., 2008; Wang et al., in press; Zhou et al., 

2002b) rather than those in Indochina. This is because Precambrian rocks have been 

shown to be either very rare or nonexistent in mainland SE Asia (Meffre et al., 2008a). 

Thus, it is highly probable that the EAL High–Grade Metamorphic Belt originally had 

a very similar geological constitution to the western South China Block up until at 

least the Early Triassic. 

  

Triassic 

EAL granitic magmatism and minor intermediate–mafic magmatism were probably 

extensive from latest Early–Triassic to Late Triassic, and are broadly coeval with the 

regional syn– or post–collisional magmatism associated with the South 

China–Indochina collision. The latest Early–Triassic to earliest Mid–Triassic EAL 

granitic magmatism (i.e., K10–05: 247.3±2.5 Ma and K09–27: 244.3±1.8 Ma) are 

coeval with the earliest Mid–Triassic CAL syn–collisional granitoids (ca. 244 Ma, see 

Chapter Four), whereas the Late Triassic EAL granitic magmatism (K09–02: 

228.3±3.7 Ma) are broadly coeval with the post–collisional Truong Son granitoids (ca. 
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229–202 Ma) in northern Vietnam (Liu et al., in press), but slightly postdate the 

post–collisional granitoids (ca. 235–230 Ma) in the Jinshajiang Fold Belt (Zhu et al., 

2011). The Late Triassic EAL metamorphism (SM09–118 and SM09–119 

metamorphic rims: 225.5±3.7 Ma) is coeval with the well documented, widespread 

Late Triassic metamorphism (or Indosinian metamorphism) in the southwestern South 

China Block (U–Pb zircon: 231–229 Ma) (Chen et al., 2011). 

 

Cenozoic 

Cenozoic metamorphism is the most prevalent metamorphic event in the EAL 

High–Grade Metamorphic Belt. Most rocks in the belt contain Cenozoic zircons 

and/or zircon rims. In addition, all monazites dated in this study are Cenozoic in age 

(Figs. 134 and 139). The U–Pb zircon and U–Th/Pb monazite ages mainly fall into 

two clusters, namely Late Eocene (ca. 32–35 Ma) and Late Oligocene (ca. 26 Ma). 

This agrees with the published ages obtained from other EAL metagranites (U–Pb 

zircon: ca. 22–35 Ma) (Schärer et al., 1990; Schärer et al., 1994; Zhang and Schärer, 

1999) and mylonites (U–Th/Pb monazite: 21.5 and 34.5 Ma) (Gilley et al., 2003). 

These ages are believed to reflect the left–lateral movements along the Ailaoshan–Red 

River shear zone during that period (e.g., Leloup et al., 2001; Searle, 2006). 

Speculations still remains as to the exact timing of movement(s), amount of offset 

along the fault, and its role in continental extrusion after the India–Asia collision (Cao 

et al., 2011; Leloup and Kienast, 1993; Leloup et al., 2007; Searle et al., 2010). 

Resolving these questions is beyond the scope of this study. 
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6.7 Summary 

In this study, the EAL high–grade metamorphics were found to contain various 

protoliths, including Neoproterozoic sediments and magmatic rocks, Early Paleozoic 

sediments, as well as Triassic granitoids and intermediate–mafic rocks. It is suggested 

that the pre–Early Triassic EAL geology was very similar to that of the western South 

China Block. EAL magmatism may have occurred from the latest Early–Triassic to 

the Late Triassic (ca. 247–228 Ma), and extensive metamorphism may have occurred 

during the Late Triassic (ca. 225 Ma).  

 

The latest Early–Triassic to Late Triassic EAL magmatism/metamorphism are largely 

coeval with many regional syn– or post–collisional magmatism/metamorphism 

associated with the South China–Indochina collision. Most EAL high–grade 

metamorphics have been affected by the Cenozoic metamorphism brought about by 

the Himalayan sinistral shear, with ages cluster mainly in the Late Eocene (ca. 32–35 

Ma) and Late Oligocene (ca. 26 Ma).    
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CHAPTER SEVEN 

TECTONIC EVOLUTION OF THE AILAOSHAN FOLD BELT AND 

ITS REGIONAL CORRELATION 

7.1 Introduction 

Various tectonic models have been proposed in the last several decades for the 

geological evolution of the western South China–Indochina region, with major 

controversies emerging in two topics. The first argument relates to the timing of the 

collision between the South China and Indochina blocks, with the proposed timing of 

collision mainly falling into three groups, Silurian–Early Carboniferous (Carter and 

Clift, 2008; Chen et al., 2011; Hung, 2010b; Lepvrier et al., 2004; Lepvrier et al., 

2008), pre–Late Permian/Early Triassic (Jian et al., 2009a; Jian et al., 2009b; Tran et 

al., 2008a), and Mid– to Late–Triassic (Cai and Zhang, 2009; Liu et al., in press; 

Wang et al., 2000; Zhang et al., 2011). The second and less significant argument 

centres on the subduction polarity. Although the majority of hypotheses point to a 

west–directed subduction beneath Indochina (e.g., Cai and Zhang, 2009; Liu et al., in 

press; Shen et al., 1998b; Tran et al., 2008a), alternative interpretations arguing for 

east–directed subduction under South China (Lepvrier et al., 2004; Tran, 1979), or 

even opposite–vergence involving two subduction zones, exist (Lepvrier et al., 2008).  

 

In this chapter, a new regional tectonic model, which is supported by geological 

evidence gathered both from this study and from the literature, is proposed to 

elucidate these issues. As this project focuses mainly on the Ailaoshan Fold Belt, the 

Gondwanan paleogeographic reconstruction and the tectonic evolution of the 

Sukhothai and Sibumasu Terranes in this model are mainly referenced from Metcalfe 
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(2006; 2009; 2011) and Sone and Metcalfe (2008), whereas tectonic evolution of the 

Truong Son Fold Belt is mainly based on information from Liu et al. (in press).  

 

The G–Plates Program, developed by the EarthByte Project in the School of 

Geosciences at the University of Sydney, was used for the SE Asia tectonic 

reconstruction in this study. Our SE Asia tectonic reconstruction is built on the global 

G–Plates tectonic model constructed by Seton et al. (2012) and Wright et al. (2012). 

In this study, I have substantially modified the SE Asia part of Seton et al. (2012) and 

Wright et al. (2012)’s work, based both on the results of this study and the published 

literature. For instance, in the revised model, the  Paleozoic SE Asian tectonic 

history is based extensively on Sone and Metcalfe (2008) and Metcalfe (2006; 2009; 

2011), whereas the Mesozoic and Cenozoic SE Asia tectonic history has been 

referenced from e.g., Aitchison et al. (2011); Hall (1997, 2002, 2009, 2012), Searle et 

al. (2012; 2010) and Searle and Morley (2011). Paleolatitudes of the various East Asia 

tectonic plates have been referenced from Li et al. (2004), Charusiri et al. (2006) and 

Yamashita et al. (2011). 

 

Our new G-Plates tectonic reconstruction of SE Asia contains the following four 

features: 

1. The Carboniferous-earliest Mid Triassic Ailaoshan-Song Ma Ocean is included 

(Jian et al., 2009; Lai, 2012; Lai et al., 2011). 

2. Subduction zones have been added to show arc magmatism along the Truong Son 

(Manaka, 2008), Sukhothai (Meffre et al., 2010), Loei (Khin Zaw et al., 2009; Salam, 

2012) and East Malaya (Makoundi, 2012) terranes. 

3. The East Malaya Block is separated from the Sibumasu Block throughout the 

Paleozoic, up until the Late Triassic Indochina - Sibumasu collision (Makoundi, 2012; 
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Searle et al., 2012) 

4. Plate and path overlaps present in the G-Plates reconstructions by Seton et al. (2012) 

and Wright et al. (2012) are largely eliminated. 
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7.2 Towards a New Tectonic Model 

7.2.1 Silurian–Early Devonian (ca. 430–400 Ma)  

Paleogeographic reconstructions from previous studies (e.g., Metcalfe, 2006) have 

suggested that all the various South China–Indochina–Sibumasu geological terranes 

were located in Eastern Gondwanaland, and included microcontinental ribbons, 

during the Silurian–Early Devonian (Fig. 150A). At this time, continental rift mafic 

magmatism occurred and these terranes commenced drifting away from 

Gondwanaland and were surrounded by submerged continental platforms. The 

continental rift mafic rocks now crop out along the central Jinshajiang (i.e., the 

Susong gabbro (Jian et al., 2009a; Jian et al., 2009b)) – Ailaoshan (i.e., the Panjiazhai 

basalts, this study and (Cheng and Shen, 1997) region. This mafic volcanism was 

accompanied by changes in sedimentary facies, from Silurian–Early Devonian 

turbidites to Late Devonian–Carboniferous pelagic shale–limestone–chert (Xiong et 

al., 1998; Zhang and Lenz, 1999). These changes support the existing reconstructions 

that suggest ongoing continental rifting and regional subsidence. 

  

More regionally, poorly documented Silurian felsic igneous rocks (ca. 433–427 Ma) 

have also been reported from the Loei–Phetchabun Fold Belt (Khositanont et al., 2008; 

Maloney, 2008), and from central and northern Vietnam (Halpin et al., 2010). The 

tectonic settings of these rocks remain poorly constrained because of the little 

geochemical data available, but it is possible that they were emplaced in rift–related 

setting, as part of a bimodal magmatic suite. 
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7.2.2 Late Devonian–Early Carboniferous (ca. 370–325 Ma) 

Geochronological and geochemical studies of the Late Devonian–Early Carboniferous 

CAL magmatism suggest that the Silurian–Early Devonian continental rifting may 

have continued until, or recommenced, during Late Devonian–Early Carboniferous 

(Fig. 150B), at which time the CAL region was likely to have been part of a volcanic 

passive margin setting, similar to the Cenozoic North Atlantic Igneous Province (Bell 

et al., 1994; Kent and Fitton, 2000; Saunders et al., 1997). MORB–like Suite DC1 

magmatism represented by fault–bounded belts in the CAL region indicates that final 

continental breakup may have occurred during this period, which agrees well with the 

freshwater fish fossil record suggesting that parts of Indochina and South China were 

still connected up to the Early– to Mid–Devonian (Metcalfe, 2002; Thanh et al., 1996; 

Wang et al., 2010).  

 

Paleogeographic reconstruction by Metcalfe (2006) suggests that the South China and 

Indochina blocks may have drifted northward away from Eastern Gondwanaland, 

whereas the Sibumasu Block remained in a southerly location, still attached to 

Gondwanaland. This rifting of South China and Indochina from Sibumasu may have 

opened the main Paleotethys, which during subsequent ocean closure would form the 

Inthanon Terrane of Thailand (Fontaine et al., 1993; Phajuy et al., 2005). The 

Ailaoshan–Song Ma Paleotethys branch (or Ailaoshan–Song Ma Ocean) may have 

formed by the CAL seafloor spreading developed between the South China and the 

Indochina blocks. Carboniferous pelagic chert in the Ailaoshan–Song Ma Ocean 

(Shen et al., 2001) implies that the ocean basin was of considerable depth. The 

longevity of seafloor spreading and the size of the resultant Ailaoshan–Song Ma 
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Ocean, nevertheless, are difficult to determine, as much of the oceanic crust may have 

been destroyed by later subduction during ocean closure. 

 

As discussed in Chapter Four, geochronological and geochemical comparisons 

indicate that the volcanic passive margin setting hypothesized for the CAL region may 

also be present in the central Jinshajiang (Jian et al., 2009a) and parts of the Song Ma 

(Trung et al., 2006) regions. It has also been suggested that the actual South 

China–Indochina suture may occur in the Dian Qiong region of southern South 

China–northern Vietnam (Cai and Zhang, 2009; Wu et al., 2002), with the Song Ma 

region being its western extension. Nevertheless, correlation between the Dian Qiong 

and Ailaoshan fold belts must remain unsubstantiated until the Dian Qiong magmatic 

ages are well understood. Although a Carboniferous (Sm–Nd isochron: 328±9 Ma) 

age has been reported for the Dian Qiong basalts (Zhong et al., 1998), these volcanics 

have also been assigned Permo–Triassic ages from regional stratigraphic correlation 

(Yunnan (Anonymous), 1990). Furthermore, this magmatism has also been suggested 

to have developed in a backarc basin setting, generated by the west–directed 

subduction of the Pacific Plate beneath the South China Block (Xu et al., 2008). The 

true nature and significance of the Dian Qiong Fold Belt, however, is beyond the 

scope of this study, and requires more field and geochemical–geochronological 

studies. 
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7.2.3 Late Carboniferous–earliest Mid–Permian (ca. 300–270 Ma) 

The Ailaoshan–Song Ma Ocean may have started to open in the CAL during the Late 

Devonian–Early Carboniferous (Fig. 150C). Based on the different post–Late 

Carboniferous CAL and WAL tectonic histories, we suggest that the Late 

Carboniferous(?)–Early Permian WAL continental rift magmatism represents a later 

phase of a diachronous breakup along the western South China Block margin after the 

Late Devonian–Early Carboniferous CAL magmatism. An in situ tectonic analogue of 

such a diachronous breakup is seen in the Late Jurassic (ca. 155 Ma in NW 

Australia)–Early Cretaceous (ca. 130 Ma at latitude of Perth) Western Australia 

Margin (Crawford and Von Rad, 1994; Heine and Müller, 2005). As a result of this 

magmatism, the WAL and probably some other micro–continental ribbons of 

continental crust (e.g., the Nam Co Terrane (Liu et al., in press)), may have been 

calved from the western South China Block and subsequently incorporated into the 

developing Ailaoshan–Song Ma ocean basin, similar to the modern day Seychelles in 

the Indian Ocean (Collier et al., 2008; Müller et al., 2001). 

 

As rifting continued in the WAL volcanic passive margin, continual crustal thinning 

may have produced the more MORB–like earliest Mid–Permian WAL magmatism 

(273.3±4.6 Ma). Alternatively, these rocks may represent slices of typical oceanic 

crust later incorporated into the WAL during a collision event. Considering that the 

Carboniferous–Early Permian WAL continental rift magmatism has commenced only 

slightly earlier than the Early Permian Truong Son arc magmatism, e.g., in the Muong 

Tong area (ca. 305–270 Ma) (Liu et al., in press; Tran et al., 2008a), it is possible that 

the ridge–push compression caused by the WAL rifting may have facilitated the 
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west–vergent subduction of the Ailaoshan–Song Ma Ocean beneath eastern Indochina. 

West–vergent subduction beneath Indochina is proposed because east–vergent 

subduction would have generated Permian continental arc magmatism along the 

western South China Margin, and there is no record of such rocks. 

 

The main Paleotethys may have continued to expand during the Early Permian, 

producing the basaltic andesite and gabbro (U–Pb zircon: ca. 292 Ma) in the Jinghong 

Fold Belt (Hennig et al., 2009; Zhang et al., 2005).  

 

  



253 
 

7.2.4 Mid– to Late–Permian (ca. 270–250 Ma) 

With on–going regional compression, west–vergent subduction of the 

Ailaoshan–Song Ma Ocean continued beneath eastern Indochina and temporary 

beneath the WAL–Nam Co region (Fig. 150D), producing the Mid Permian WAL 

arc–backarc basin magmatism (U–Pb zircon: 266–265 Ma (Fan et al., 2010)) and the 

second phase of Permian Truong Son arc magmatism (Ar/Ar: ca. 270 Ma (Lan et al., 

2003; Liu et al., in press)). East–vergent subduction of the main Paleotethys (later 

become the Inthanon Fold Belt when the main Paleotethys closed) beneath western 

Indochina may also have started in this period, to produce the early Sukhothai arc and 

Jinghong backarc basin (Singharajwarapan and Berry, 2000; Sone and Metcalfe, 

2008). Magmatic rocks of this age interval in the western part of Indochina are rare 

and widely dispersed, but they do occur throughout the region (Jian et al., 2009b; Zhu 

et al., 1998). 

 

Mid Permian arc magmatism (ca. 266–263 Ma (Jian et al., 2009b)) has also been 

suggested to have occurred in the western Jinshajiang region, although in the absence 

of much useful geochemical and geological information, its relationship with the Mid 

Permian WAL arc/backarc basin magmatism is yet to be well–understood (and is thus 

not incorporated into this tectonic reconstruction). 

 

Magmatism in both the WAL and Truong Son arcs may have terminated by latest 

Mid–Permian (ca. 260 Ma), perhaps in response to the WAL (arc)–Indochina 

(continent) collision, as suggested by the regional sedimentary unconformity (Fig. 
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150E) (Xiong et al., 1998; Yunnan (Anonymous), 1990), as well as the, often marginal, 

I– and S–type (e.g., in WAL: ca. 257–255 Ma (this study); and Truong Son Fold Belt: 

ca. 250–245 Ma, (Liu et al., in press; Meffre et al., 2010) early syn–collisional 

granitoids. Further west of Indochina, it is suggested that the accretion of the early 

Sukhothai intra–oceanic arc onto western Indochina (i.e., Loei Fold Belt) may also 

have occurred during this period, accompanied by the closure of the 

Jinghong–Nan–Sra Kaeo backarc basin (e.g., Crawford and Panjasawatwong, 1996; 

Sone and Metcalfe, 2008). 

 

The slab–pull extension driven by the west–vergent subduction of the 

Ailaoshan–Song Ma Ocean beneath Indochina may have facilitated the Emeishan 

Large Igneous Province (ELIP) (ca. 260–255 Ma) magmatism in western South China 

(e.g., Ali et al., 2005; He et al., 2007a; Shellnutt and Zhou, 2007; Zhou et al., 2002a), 

and may have extended into the CAL (this study)–Jinshajiang (Xiao et al., 

2008)–Song Da regions (Balykin et al., 2010; Polyakov et al., 1991; Polyakov et al., 

1998; Tran et al., 2011). 
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7.2.5 Early Triassic (ca. 250–245 Ma) 

Following accretion of the WAL onto eastern Indochina (Fig. 150F), the Early Triassic 

WAL gabbro (ca. 247–244 Ma) (Jian et al., 2009b)) and dolerite (ca. 246 Ma, this 

study) intrusions, as well as the WAL rhyolite (ca. 246 Ma, this study) may have been 

emplaced in this post–collisional setting. Late Permian–Early Triassic (ca. 260–245 

Ma, this study) marine turbidites occur throughout the WAL may indicate either 

continued subduction of the Ailaoshan–Song Ma Ocean remnants, or they may be 

sediments deposited in small post–collisional extensional basins. 

 

Subduction of the main Paleotethys remnants may also have continued, producing the 

continental margin volcanic arc volcanics in the western Loei Fold Belt (Boonsoong 

et al., 2011) and the Lancang arc–related granitoids (U–Pb zircon: ca. 248 Ma) in 

western Yunnan (Peng, 2006; Peng et al., 2008).  
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7.2.6 Mid– to Late–Triassic (ca. 245–200 Ma) 

The structural complexity of this region, due in part to the later India–Asia collision, 

makes it difficult to determine when the final suturing between Indochina and South 

China occurred (Fig. 150G). We suggest that the Indochina–South China 

continent–continent collision may have been diachronous, with the Indochina first 

came into contact with South China in central Vietnam during the Late Permian–Early 

Triassic, and propagated northward to the CAL–northern Vietnam (e.g., the Song Ma 

and Dien Bien Phu complexes) region during the earliest Mid–Triassic. This is 

because unlike in Ailaoshan (e.g., the WAL volcanic belts), oceanic rocks have not yet 

been found in the Late Permian–Early Triassic central Vietnam. Instead, 

continent–continent collisional–related high P/T metamorphism have been reported in 

the Khontum massif (U–Pb zircon: 249 ± 2 Ma (Nagy et al., 2001; Osanai et al., 

2008)) in central Vietnam. The earliest Mid–Triassic Indochina–South China collision 

in the CAL–northern Vietnam region is supported by the presence of syn–collisional 

granitoids (ca. 248–244 Ma, this study and (Nguyen, 2003, 2005)) and 

continent–continent collisional–related high P/T metamorphism in the Song Ma 

complex (U–Th/Pb monazite: 243 ± 4 Ma (Nakano et al., 2010)). 

 

The Mid Triassic regional unconformity, as reported by e.g., Xiong et al (1998) and 

supported by WAL sandstone U–Pb detrital zircon evidence (this study), the Late 

Triassic regional high–grade metamorphism (southwestern South China Block: 

231–229 Ma (Chen et al., 2011); EAL: ca. 225 Ma (this study), as well as the Mid– to 

Late–Triassic post–collisional granitoids along the central Jinshajiang (ca. 235–230 

Ma (Zhu et al., 2011))–Truong Son (granitoids: ca. 230–200 Ma (Liu et al., in press)) 
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regions, imply that the Jinshajiang–Ailaoshan–Song Ma ocean basin was likely to 

have been completely closed by Late Triassic. The complete closure of the main 

Paleotethys may also have occurred during early Mid–Triassic, producing the 

syn–collisional Lancang granitoids (U–Pb zircon: 230 Ma) in western Yunnan (Peng, 

2006; Peng et al., 2008). 

 

After the collision, the region underwent gravitational collapse, and Late Triassic red 

beds (ca. 220 Ma in WAL (this study) containing detritus from obducted volcanic 

passive margin fragments were deposited (Fig. 150H) (NIGP, 1975; Tan, 2002). 

Undeformed stitching granites (>200 Ma) are reported cutting shear fabrics in the 

Truong Son Fold Belt, implying that orogenic deformation had ceased before the end 

of Late Triassic (Lepvrier et al., 2008; Vu, 2004). 
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Figure 141. G-Plate reconstruction of SE Asia 

  



S. China 

N. China 

Indochina 

N. Tibet 

Australia 

Tarim 

Burma 

420 Ma 

Silurian CAL continental rift 

magmatism 

Fig. 150A. 1. The various South China–Indochina–Sibumasu geological terranes were located in the Eastern Gondwana; 2. The region underwent continental rifting and 

subsidence, forming a. Panjiazhai (CAL) continental rift alkaline basalt; b. Loei rhyolite; c. Turbidites along the margins of the Ailaoshan, Truong Son and Loei regions.  
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Sibumasu 

N. Tibet 

Devono-Carboniferous CAL 

volcanic passive margin 

Australia 

Tarim 

380 Ma 

Fig. 150B. 1. The northward-drifting South China–Indochina geological terranes were separated from Sibumasu; 2. The main Paleotethys, later to become the Inthanon 

Terrane, was opened; 3. Volcanic passive margin development and seafloor spreading along CAL (and Jinshajiang) opened the Ailaoshan–Song Ma Ocean.  

 

Ailaoshan-Song Ma Ocean 

started to open 
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L. Carboniferous-E. Permian 

WAL continental rift 

Devono-Carboniferous CAL 

volcanic passive margin 

Australia 

Tarim 

Burma 

300 Ma 

Fig. 150C. 1. Diachronous continental rifting and breakup occurred in WAL; 2. Ridge–push by WAL rifting may have facilitated the west-vergent subduction of the 

Ailaoshan-Song Ma Ocean beneath the Truong Son Fold Belt later in Early Permian, forming the Truong Son arc magmatism. 
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N. China 

L. Carboniferous-E. Permian WAL 

continental rift 

Burma Lhasa 

M. Permian WAL arc/backarc basin 

Devono-Carboniferous CAL 

volcanic passive margin 

E. to M. Permian Truong Son 

arc magmatism 

Ailaoshan-Song Ma Ocean 

265 Ma 

Fig. 150D. 1. Arc magmatism continued along the Truong Son Fold Belt and along WAL; 2. Sibumasu and N. Tibet terranes started to drift away from Gondwana and opened 

the Mesotethys; 5. ELIP erupted later (ca. 260 Ma) and extended to the CAL.  
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Indochina 

E. Malaya 

Early L. Permian WAL-Indochina 

arc-continent collision   

Burma Lhasa 

Devono-Carboniferous CAL 

volcanic passive margin 

255 Ma 

M. Permian Sukhothai arc magmatism 

ceased and the Jinghong-Nan-Sra Kaeo 

backarc basin closed. Closure of the main 

Paleotethys continued 

Fig. 150E. 1. WAL collided with and accreted onto Indochina during late Mid–Permian, forming the Late Permian syn–collisional granitoids in WAL–Truong Son terranes and 

leading to the regional unconformity. Closure of the Jinghong backarc basin also occurred around this time; 4. Subduction of the main Paleotethys and Ailaoshan Ocean 

remnants continued after the arc–continent collisions.  
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Indochina 

E. Malaya 

Devono-Carboniferous CAL 

volcanic passive margin 

E. Triassic WAL post-

collisional magmatism   

S. China-Indochina continent -

continent collision commenced 

in Central Vietnam 

250 Ma 

Fig. 150F. 1. Post–collisional magmatism in the WAL–Truong Son region continued; 2. South China–Indochina continent–continent collision may have started in Late 

Permian–Early Triassic in central Vietnam and propagated northward. 
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E. Malaya 

Australia 

230 Ma 

Fig. 150G. 1. South China–Indochina continent–continent collision reached CAL–northern Vietnam in the earliest Mid–Triassic, forming syn–collisional granitoids and 

metamorphism; 2. Final closure of the Ailaoshan–Song Ma Ocean and the main Paleotethys completed by Late Triassic, producing the regional Mid– to Late–Triassic post–

collisional magmatism/metamorphism and red bed deposits. 

 

264 



N. Tibet 

Australia Antarctica 

Ailaoshan-Song Ma Suture 

Fig. 150H. 1. Final South China–Indochina continent–continent completed; 2. Paleotethys closed with the Sibumasu Block collided with the Indochina-E. Malaya blocks; 3. 

Mesotethys began to close with subduction occurring along the southern Sibumasu and N. Tibet margins. Lhasa and Burma blocks drifted away from Gondwana and opened 

the Neotethys. 
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