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The three main regions of Indochina are defined as the Truong Son, Loei-Phetchabun, and Kontum terranes. The aim of this review is to integrate numerous petrological studies with sedimentary, palaeontological, and provenance studies in order to construct a preliminary tectonic model which shows the terranes docked in the earliest Carboniferous (Truong Son with Loei-Phetchabun) and in the Permian (Kontum). The Kontum Terrane is characterized by Proterozoic magmatism, mid-Ordovician to Early Devonian granites, and Permian charnockites. Major carbonate platforms developed in the Givetian to earliest Tournaisian on Truong Son and from the Visean to mid-Permian across Truong Son and Loei-Phetchabun terranes. The Truong Son has Silurian granites and a Late Ordovician to Silurian magmatic arc along its southern and western borders caused by subduction of oceanic lithosphere, the remnants of which are now partially preserved in the Loei and Tamky sutures. A region to the east of the Loei Suture in the Loei Foldbelt has a similar-age volcanic arc extending northwards into Laos and is included in Truong Son. A platform-margin coral-stromatoporoid reef developed on Truong Son in the Frasnian and was coincident with a gap in magmatism until the Pennsylvanian with granite magmatism became widespread until the Late Triassic. In the Loei-Phetchabun Terrane, Devonian siliciclastics, volcanics are overlain by Givetian limestones and patch reefs and in turn overlain by Late Devonian to earliest Tournaisian radiolarian cherts and siliciclastics. Tournaisian to early Visean siliciclastic turbidites were coincidental with initial uplift and deformation and were replaced by Visean terrestrial evaporites and coal and marine limestones. Arc magmatism along the Loei-Phetchabun Terrane indicates intermittent eastward subduction from mid-Devonian to mid-Triassic. Carboniferous-Triassic volcanism extends eastward along the northern margin of Cambodia and is probably an extension of Loei-Phetchabun. Ordovician within-plate basalts in Kontum and the transition from shallow marine Ordovician siliciclastics to Silurian deep-marine sediments and a volcanic arc in Truong Son suggest rifting of both terranes from Gondwana in the Late Ordovician. Initial docking of Truong Son with South China was probably in the late Silurian to Early Devonian and docking of Loei-Phetchabun and Truong Son was in the late Tournaisian to early Visean.
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INTRODUCTION

In the 1980's mainland Southeast Asia was divided geologically into two main terranes, Shan-Thai and Indochina, separated by the ophiolitic Nan Suture (Bunopas, 1982). Shan-Thai was later incorporated into the geographically more extensive Sibumasu Terrane concept (Metcalfe, 1984). Bunopas (1982) proposed that Shan-Thai (part of Sibumasu) rifted from the Australian sector of Gondwana in the Early Permian and collided with Indochina in the Late Triassic causing at least one phase of the Indosinian orogeny. A major distinction between Sibumasu and Indochina was regarded as the presence of early Permian glacimarine sediments and faunas on Sibumasu and the coeval tropical carbonates and faunas on Indochina. The subsequent recognition of Permo-Carboniferous tropical marine faunas in part of northern Thailand, closely associated with basalts and deep-water sediments, led to the introduction and definition of the Inthanon Terrane (Barr et al., 1990; Barr and MacDonald, 1991; Ueno and Charoentitirat, 2011; Metcalfe, 2021) with the Mae Yuam Fault Zone (MYFZ on Figure 1) forming its western boundary and the Permo-Triassic volcanic arc Sukhothai Terrane forming its eastern boundary (SU on Figure 1).


[image: Figure 1]
FIGURE 1. Map of terranes in mainland Southeast Asia. Blue = Loei-Phetchabun Terrane, TR = Truong Son Terrane, Red = KT, Kontum Terrane. Line A-B is line of geological section shown in Figure 3. TKS, Tamky Suture; LDV, Long Dai Volcanic Arc (latest Ordovician to Silurian). The debatable extension of the Truong Son Terrane northwest into Yunnan (China) is based on the existence of widespread Silurian strata which is typical of the Truong Son Terrane rather than the Loei–Phetchabun Terrane (Loydell et al., 2019). The extent of the Loei-Phetchabun and Truong Son terranes under the Mesozoic terrestrial siliciclastics of the Khorat Group on the Khorat Plateau is highly speculative due to a lack of petroleum wells that have penetrated the “mid”-Carboniferous unconformity which is picked on several seismic sections [see Booth and Sattayarak (2011)]. Their extent shown in Figure 1 is, however, plausible based on seismic and other geophysical data (Figure 3). The extension of the Loei Suture eastwards through Cambodia is based on Cheng et al. (2019), Khin et al. (2014), and Udchachon et al. (2018). The extension of the Sra Kaeo-Pailin Suture through Cambodia is based on Udchachon et al. (2018). Note that much of Cambodia is terra incognita geologically and the area in southern Cambodia colored yellow is not assigned to a terrane. Map adapted from Burrett et al. (2014a) and Loydell et al. (2019).


The Indochina Block/Terrane was perhaps unfortunately named, as the geographic concept of Indochina originally embraced the whole Southeast Asian mainland culturally influenced by both India and China. Later the French term Indochine was restricted to the former French colonies now known as Vietnam, Laos, and Cambodia. In this paper we refer to Indochina in its tectonic sense rather than its geographic sense. This restricted tectonic usage is close to the French colonial term Indochine (including Cambodia, Laos, and Vietnam) but excludes northeast Vietnam and includes large parts of northeastern Thailand (Figure 1).

The term Annamia was proposed by Torsvik and Cocks (2009) and Cocks and Torsvik (2013) as a potentially attractive alternative to geological Indochina but the term is somewhat misleading and geographically too extensive as the Annamite Cordillera is contained only within the Truong Son Terrane, the French colony of Annam was limited to the mainly coastal central Vietnam area between Tonkin and Cochinchine and the term annamite was sometimes used as an ethnic slur (www.owlapps.net).

Prior to 1950, geological work in mainland South East Asia was mainly carried out by staff of the colonial geological surveys of French Indochina, Burma (British India) and Malaya and some from local university academics and international visitors. Many areas were unexplored or very poorly known geologically. Although the Royal Thai Department of Mines and Geology was established in 1891 little was known about Thai geology outside of Thailand until the publication of the first compilation of the geology of Thailand in English in 1951 with the help of the United States Geological Survey (Brown, 1951). The Geological Survey of Indochina was established as a branch of the Department of Agriculture and Commerce in Hanoi in 1898 (Genovese, 2011) and prior to 1970, major contributions to mapping and research were made, for example, by Mansuy, Deprat, Colani, Dussault, Hoffet, Gubler, Bourret, Saurin, Fromaget, and Fontaine. Thick vegetation and a lack of infrastructure along with wars, genocide, and insurgencies delayed intensive geological research until the 1980's. However, unexploded ordnance still remains a problem in many areas. In the last 30 years considerable advances have been made by the national geological surveys and universities of Cambodia, Laos, Thailand, and Vietnam as well as by academic, government, and company geologists and paleontologists from many countries. Many areas were and still are unexplored or very poorly known geologically.

Much of the recent work in the Indochina region has been petrological, geochemical, and geochronological particularly on plutonic, volcanic, and metamorphic rocks and associated ore deposits (e.g., Khin et al., 2014). There have been few studies on the structural geology of the Palaeozoic to Triassic in Indochina [other than for example Findlay (1997), Findlay and Trinh (1997), Lepvrier et al. (1997, 2004, 2008), Morley et al. (2013), Tran et al. (2014), and Faure et al. (2018)] and little basic structural work has been carried out during regional geological mapping which has often led to gross overestimates of formation thicknesses (e.g., Ban et al., 2000a,b).

As our work has concentrated on sedimentary sequences and their contained faunas, we will attempt to integrate these numerous petrological studies with work on sedimentary, palaeontological, and provenance studies in order to construct a preliminary tectonic model for the region which identifies three terranes that docked in the earliest Carboniferous (Truong Son with Loei-Phetchabun) and in the Permian (Kontum). Although many geoscientists continue to regard the Indochina Terrane/Block as unitary for pre-Permian time (e.g., Yan et al., 2020; Metcalfe, 2021) here we follow Mouret (1994), Lepvrier et al. (1997, 2004, 2008), Burrett et al. (2014a), Khin et al. (2014), Lai et al. (2014), Tran et al. (2014), and Tri et al. (2020) in recognizing Indochina as a composite formed by the amalgamation of three or more terranes during the Palaeozoic. Regarding Indochina as a unitary block in the pre-Visean can no longer be maintained (Figure 1). Tri (1977) was the first to name and emphasize the tectonic importance of the Tamky Suture in central Vietnam (TKS on Figure 1) which led the way to the theoretical disassembling of the unitary Indochina Block.



TERRANE DEFINITIONS AND CONSTITUENT TERRANES OF INDOCHINA


Terrane Definitions

The terrane concept has been useful in non-genetic descriptions of the subdivisions of complex orogenic belts and aiding in the decipherment of their amalgamation (Howell, 1980, 1989; Howell et al., 1985; Howell and Howell, 1995; Badarch et al., 2002). Terranes have distinctive geological histories and are generally bounded by faults, sutures, or major geological discontinuities. They may or may not be far-traveled. The terrane concept replaces, at least partially, many ambiguous or loosely defined terms, often genetic and often derived from geosynclinal theory, such as massif, block, fold belt, craton, eugeosyncline, geanticline, etc.



Loei-Phetchabun Terrane

The Loei-Phetchabun Terrane extends from the Loei Province in NE Thailand along the western (Phetchabun Province) and southern margins of the Mesozoic terrestrial siliciclastics of the Khorat Plateau (Burrett et al., 2014a; Khin et al., 2014) (Figure 1). The Loei-Phetchabun Terrane (Figure 1) is characterized (Table 1) by Devonian basaltic volcanism overlain by localized Givetian macrofossiliferous marine siliciclastics, Upper Givetian stromatoporoid-coral patch reefs overlain by Upper Devonian to Tournaisian shales and radiolarian cherts and, in turn, overlain by Tournaisian turbidites and early Visean terrestrial to marginal marine sediments including coals and evaporites (Chairangsee et al., 1990; Saesaengseerung et al., 2007; Udchachon et al., 2017) (Figures 2, 3). These sediments interdigitate with a “late” Carboniferous volcanic arc in the Phetchabun Province area (Salam et al., 2014) and all are overlain by widespread Visean to Permian platform carbonates (Ueno and Charoentitirat, 2011; Udchachon et al., 2015). Arc magmatism is again established in the Phetchabun Province area and along the southern margin of the Khorat Plateau in Thailand and Cambodia in the Permian to Late Triassic (Salam et al., 2014; Udchachon et al., 2018; Cheng et al., 2019) (Figures 1–5).


Table 1. Table summarizing main characteristics of each of the Indochina terranes.

[image: Table 1]


[image: Figure 2]
FIGURE 2. Summary diagram of present hypothesis showing summaries of stratigraphies, deformation episodes, and magmatic events in the Loei-Phetchabun and Truong Son terranes. Stratigraphic data are from numerous sources. Ordovician gabbro within the Nan Suture is from Khin et al. (2014) and Long et al. (2019) and Devonian and Carboniferous dates are from Shen et al. (2010a). The Tan Lam Formation in the Vietnamese sector of Truong Son represents the influx of coarse terrigenous siliciclastics caused by the first collision of the Truong Son Terrane with the South China Terrane in the late Silurian to Early Devonian.



[image: Figure 3]
FIGURE 3. Cross-section from Phetchabun Province in the west to Vietnam in the east. Line of section is shown as A-B on Figure 1. The Khorat Plateau in NE Thailand and adjacent parts of Laos and Cambodia is covered by the Rhaetic to late Cretaceous terrestrial siliciclastics of the Khorat Group and correlates (Mesozoic siliciclastics in legend). The subsurface geology of the Khorat Plateau is based on seismic interpretations and petroleum wells summarized in Booth and Sattayarak (2011) and Minezaki et al. (2019). The Thakhek Fault in the eastern part of the cross section (Figure 1) is a late Cenozoic transcurrent fault zone due to continued impingement of India into Asia and resultant indentation tectonics. This fault was (and is) active during the Quaternary (Thom et al., 2015) and may be a reactivation of an older structure. Deformation of the pre-Visean strata caused by the Loei-Phetchabun and Truong Son terrane amalgamation in the latest Tournaisian to earliest Visean. Deformation of the Visean and Permian strata was due to subsequent docking of terranes during the Triassic and the Himalayan orogeny.



[image: Figure 4]
FIGURE 4. Diagram showing stratigraphic successions from Famennian (Late Devonian) to mid-Permian across the Indochina region based on numerous authors. Line of section from Phetchabun Province and Loei Province of Thailand across the subsurface of the Khorat Plateau to Laos and Vietnam is shown in inset map.



[image: Figure 5]
FIGURE 5. Summary magmatic history contrasting the Loei-Phetchabun and Truong Son terranes including major tectonostratigraphic events. Red = felsic magmatism, blue = intermediate, and green = mafic magmatism. Based on numerous sources.


The Loei Foldbelt in NE Thailand may be divided into eastern (East Loei on Figure 1) and western belts separated by an easterly dipping thrust fault (Chairangsee et al., 1990). Close to this thrust, Charusiri et al. (2002) studied serpentinites and detrital chrome spinels which they suggested marked a terrane boundary which they named the Loei Suture (Figures 1, 2). We have recently found new outcrops of, as yet undated, serpentinised ultramafics with some showing original dunitic texture, further south along the suture (Figure 6). From DTEM analysis the thrust fault continues north, across the Mekong River, into Laos and extends south to curve eastwards under the Khorat Plateau (Figure 1). Its continuation under the Khorat Plateau is poorly constrained as few seismic profiles have been interpreted in detail below the “mid-Carboniferous” unconformity which is picked and obvious on many seismic sections (Figure 3; Booth and Sattayarak, 2011; Minezaki et al., 2019). The continuation of the Loei Suture under the Mesozoic siliciclastics of the Khorat Plateau succession (Figure 1) probably parallels the “…complexly foliated and thrusted [pre ‘mid’-Carboniferous] basement with a fabric striking NW-SE which dips at a moderate angle to the NE.” (Booth and Sattayarak, 2011, p. 189) (Figure 1). We tentatively place the boundary between the Loei-Phetchabun and Truong Son terranes close to the major NW-SE thrust shown on the seismic top of the pre-“mid”-Carboniferous basement map of Minezaki et al. (2019; their Figure 8) (Figure 1). We suggest that the Loei Suture joins the Tamky Suture (TKS on Figure 1). In the Loei Foldbelt of N.E. Thailand the stratigraphy on either side of the Loei Suture is different with, in the eastern part of the foldbelt, Silurian to Early Devonian mainly siliciclastics and volcaniclastics and minor limestones with a Silurian to early Devonian coral-brachiopod fauna, interdigitating westwards with a dated Silurian to Early Devonian volcanic arc east of the Loei Suture (Figure 5) (Fontaine et al., 2005; Khositanont et al., 2013; Zhao et al., 2016). The continuation of the eastern Loei belt northwards into Laos contains a similar succession except that older Ordovician limestone (with brachiopods) and igneous rocks are also present with dacitic tuff at 449.6 +/– 2.6, rhyolitic tuff at 419.8 +/– 2.6, and a dioritic dyke at 417 +/– 4.9 Ma (Long et al., 2019). We therefore separate the eastern Loei Foldbelt in Thailand and Laos from the western Loei Foldbelt and place it within the Truong Son Terrane. We suggest that the Loei Thrust/Loei Suture of Charusiri et al. (2002) is the western boundary of the Truong Son Terrane (Figure 1).


[image: Figure 6]
FIGURE 6. Serpentinite outcrop from east of Pak Chom, Loei “Foldbelt,” N.E. Thailand with some areas showing original dunite texture. This and other outcrops of serpentinite mark the Loei Fault/ Suture separating the Loei-Phetchabun Terrane in the west from the Truong Son Terrane in the east in the Loei “Foldbelt”.




Truong Son Terrane

The Truong Son Terrane (Figures 1, 2, 4, 7) contains sedimentary sequences dating from the late Cambrian (Furongian) through to the Cenozoic (Figures 4, 5, 7–12). The Palaeozoic successions have been well-studied in Vietnam but many publications are in Vietnamese and difficult to acquire. Older literature is mainly in Russian and French and is also difficult to access. However, it is clear that the well-studied and dated sequences around the Sepon Mine in Lao PDR (Figures 7, 9–11) are similar to those further north in Laos (Ban, 2000; Ban et al., 2000a,b; Cannell et al., 2015; Udchachon et al., 2015; Thassanapak et al., 2018) and to those in the Vietnamese parts of the terrane (e.g., Thanh et al., 2007; Tri and Vu, 2011) and are summarized in Figures 2, 4–7. The Truong Son Terrane sedimentary succession consists of upper Cambrian to Upper Ordovician siliciclastics and minor carbonates, Silurian graptolitic shales, cherts and minor limestone, Early to Middle Devonian siliciclastics, Frasnian marginal platform reef complexes, an extensive carbonate platform from the Frasnian to the Tournaisian, coarse to fine siliciclastics from the Tournaisian to the Visean, and a final platform carbonate succession diachronously established from the Visean through to the mid- Permian (Figures 8–12). This later carbonate platform extends across both the Truong Son and Loei-Phetchabun terranes where it includes many intra-platform basins containing deep-water shales and cherts (e.g., Booth and Sattayarak, 2011; Ueno and Charoentitirat, 2011; Burrett et al., 2014b; Minezaki et al., 2019) (Figure 3). Both in the subsurface and in outcrops, this very extensive carbonate platform is terminated by a diachronous siliciclastic influx mainly in the mid-Permian (Figures 2, 4). However, in parts of Phetchabun Province carbonate deposition extends to the Wuchiapingian (late Permian) (Hada et al., 2020).


[image: Figure 7]
FIGURE 7. Stratigraphic and plutonic igneous summary of the Truong Son Terrane based mainly on successions at well-dated formations at the Sepon Mine. The Tan Lam Formation in the Vietnamese sector of Truong Son represents the influx of coarse terrigenous siliciclastics caused by the first collision of the Truong Son and South China along the Song Ma Suture in the late Silurian to Early Devonian. Red lines are age ranges of felsic igneous rocks including granites and rhyolites. Yellow are andesites and diorites. Compiled from numerous sources.
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FIGURE 8. Field photographs of significant Palaeozoic sequences in the Loei “Foldbelt” NE Thailand (LOEI on Figure 1). (A,B) are Silurian to Early Devonian volcaniclastics from east of the Loei Suture in the eastern part of the “Loei Foldbelt” belonging to the Truong Son Terrane as interpreted herein. This sequence is associated with marly mudstone and thin limestones with prolific corals and stromatoporoids. (C–F) are early Carboniferous siliciclastics in the Loei Foldbelt resulting from the proposed collision of the Truong Son and Loei-Phetchabun terranes. (A,B) Late Silurian to Early Devonian siliciclastic sequence from Ban Na Gniew in the east of Pak Chom in the Truong Son Terrane east of the Loei Suture (Loei Fault). This siliciclastic-volcaniclastic succession contains lighter colored limestone hardgrounds with a coral (e.g., Heliolites, Favosites), brachiopod, and trilobite fauna which interdigitate with a late Silurian to Early Devonian volcanic arc toward the west. (B) Close-up of A showing large domal tabulate coral. Brachiopods, trilobites, and other benthic faunas are common in this succession. (C) Carboniferous siliciclastic sequence with anthracitic coal from west of Pak Chom of possible late Visean age as a consequence of collision and uplift. (D) Channel conglomerate overlying thin-bedded shale and sandstone (greywacke) of proximal to distal submarine fan lobe. This sequence indicates the beginning of early Carboniferous (late Tournaisian to early Visean) collision in the region. (E) Siliceous shale showing lamination with flame structure indicative of a turbiditic event deposited between a distal fan lobe and basin and the result of the postulated Tournaisian - early Visean terrane collision. (F) Conglomerate showing rounded pebble clasts in the channel truncating the submarine fan. This unit is observed in association with a fine turbidite succession of late Tournaisian to early Visean age.



[image: Figure 9]
FIGURE 9. Deformed and stratigraphically out-of-sequence light colored Wenlockian age limestone associated with black early Silurian graptolitic shales, and late Silurian radiolarian cherts of the Vang Ngang Formation at Sepon Mine, Laos. Southern margin of Truong Son Terrane. This is possibly an accretionary prism. (A) Sharp contact of Wenlockian limestone unit with Llandoverian shale and Ludlovian chert sequence. (B) Close-up of Wenlockian limestone showing strongly sheared block of the limestone [see Loydell et al. (2019) and Thassanapak et al. (2018) for details].Truong Son Terrane, Laos. Field photographs of limestone quarry 20 km south of the Sepon mine but north of Tamky-Phuoc Son Suture (Figure 1 for location), near southern margin of Truong Son Terrane showing Middle to Late Devonian and lower Carboniferous carbonate and younger siliciclastic succession. (C) Showing thrust slice of Middle to Upper Devonian carbonate succession (Unit A, as seen in foreground) over lower Carboniferous carbonate-siliciclastics (Units B, C, and D). (D) Main quarry showing complex structure including thrust fault with phacoid (P) and recumbent fold with vergence to the south. (E) Gradational contact between Unit B and Unit C showing evidence of upwards shallowing. (F) Unit C, siliciclastics - mainly light brown and red shale, interbedded with thin bedded siltstone and sandstone of a probable deltaic environment.



[image: Figure 10]
FIGURE 10. Facies variation of limestone from Unit A of Figure 9. (A) Stromatolitic limestone (algal laminite) with small domal stromatoporoid. (B) Stromatolitic limestone with Chaetetes (Ch) (sponge) in growth position. (C) Micritic limestone with truncation on top and overlain by limestone breccia (intraformational breccia). The sharp truncation suggests aerial exposure and karstification. Clasts of limestone breccia consist of large domal fragments of stromatoporoid (S), skeletal debris, and lithoclasts. (D,E) limestone breccia with abundant clasts of tabulate corals (?Thamnopora). This evidence suggests the existence of a stromatoporoid-coral reef prior to the collapse of the carbonate platform. (F) Reef limestone (foreground of Figure 9C) showing abundant Stachyodes (stromatoporoid).



[image: Figure 11]
FIGURE 11. Field photograph of Unit D of probable Boualapha Formation correlate 20 km south of the Sepon Mine but north of Tamky Suture (see Figure 1 for location). This unit consists mainly of a folded siliciclastic sequence, but the main competent units dip at 400N. The lithofacies of this unit suggests a fluvial environment which overlies Unit C. Unit D consists of siltstones, quartz arenites, pebbly arkosic sandstone, quartzites, and conglomerates. (A) Conglomerates, (B) Folded fine siliciclastics with coal seam and plant remains. Vergence of the fold is to the south, (C) Unit D with coal seam, (D) Close-up of anthracitic coal.



[image: Figure 12]
FIGURE 12. Field photographs of Boualapha Formation and Khammouan Group from central Laos. (A) Outcrop of carbonaceous limestone belonging to the Boualapha Formation north of Boualapha Town. (B) Close-up of (A), (C) Large outcrop of limestone of the Khammouan Group north of Lak Xao Town. (D) Limestone belonging to the Khammouan Group, south of Lak Xao Town, central Laos [see Figure 4 and Thassanapak et al. (2012) for localities]. Lak Xao township is shown as LX in Figure 4.


Older studies on igneous assemblages in the Truong Son Terrane relied on easily re-set K-Ar dates but recent work has included more reliable dates using zircons, 40Ar-Ar39 and monazites along with detailed trace element and isotope data. The papers by Sanematsu et al. (2011), Liu et al. (2012), Kamvong et al. (2014), Manaka et al. (2014), Nakano et al. (2013), Shi et al. (2015), Wang et al. (2018), and Wang et al. (2020) are particularly important (Figures 5, 7). These authors find that the granitoids of the Truong Son Terrane are either mainly Ordovician-Silurian or latest Carboniferous to Triassic in age with restricted magmatism in-between (Figures 5, 7). Shi et al. (2015) suggest that there were at least four stages of magmatic activity, a-d, below. All granites and rhyolites studied by Shi et al. (2015) are Volcanic Arc (VAG) rocks. The Silurian biotite granite of the Hai Van Complex (NW of Danang) plots as calc-alkaline and S-type. Permo-Triassic granitoids plot as either S or I-type. Stage a of Shi et al. (2015) has extensive VAG granites ranging from 470 to 420 Ma (Middle Ordovician to latest Silurian). Stage b includes latest Carboniferous to early Permian VAG associated with Cu-Au-Fe mineralisation with north dipping subduction along the Tamky Suture and under the Truong Son Terrane. Stage c has 270–245 Ma (mid-Permian to mid-Triassic) arc-magmatic hydrothermal Cu-Au-Fe and orogenic W-Sn- Au deposits linked to both southwards subduction from Song Ma and the closure of Tamky-Phuoc Son ocean. Ilmenite series granitoids are the same age as the well-known tin granites of SE Asia and include the central Laos granites near Boneng and Phontiou (247 Ma) and the Nape Complex (244, 235, 221, 208, and 199 Ma) (Sanematsu et al., 2011). Stage d consists of 245–200 Ma syn- and post collisional magmatism with epithermal Fe-Au-W-Sn deposits.

The Truong Son Silurian granitoids overlap in age with the andesitic flows, porphyritic diorite, and the volcaniclastic submarine fan of the Namphuc Formation at the Sepon Mine (439–433 Ma, Thassanapak et al., 2018) and the volcanics of the Long Dai Formation in Vietnam. These mainly andesitic volcanics are termed the Long Dai Volcanic Arc in the Vietnamese literature (De, 1997; Tri and Vu, 2011). Wang et al. (2020) have recently studied the geochemistry of intermediate to basaltic volcanics and gabbros from the southern Truong Son Terrane and obtained early to middle Silurian zircon dates. Their trace element compositions plot as a volcanic arc with some incorporation of sediments. The existence of a southern Truong Song Terrane island arc with northerly subduction under the Truong Son Terrane during the Late Ordovician to “mid” Silurian is therefore well-established. However, Wang et al. (2020) also recently briefly studied dated and analyzed similar aged volcanics from west of the Poko Fault and north of Attapeu in southern Laos (Figure 1). The terrane affinities of this area are presently unknown but it may be a westerly extension of the Tamky Suture. On the basis of these volcanics, Wang et al. (2020) only suggest southerly subduction under the Kontum Terrane and do not provide an explanation for the arc volcanics in southern Truong Son.

Speculatively, the deformed and stratigraphically out-of-sequence graptolitic shales, limestone, and radiolarian cherts of the Vang Ngang Formation in the Sepon Mine area are typical of accretionary prisms and may constitute a fore arc assemblage (Thassanapak et al., 2018) (Figures 9A,B). The deep-water Silurian succession of southern Truong Son grades north into shallower marine siliciclastics (Thassanapak et al., 2018). By the late Silurian, coarse siliciclastics in the central Vietnamese part of Truong Son containing South China-type fish may indicate the first contact between Truong Son and the Song Da Terrane of the composite South China Terrane in North Vietnam (Janvier et al., 1997; Thassanapak et al., 2018).



Kontum Terrane

The Kontum Terrane (previously Kontum “Massif”) contains the oldest rocks in Southeast Asia and was, until modern dating, thought to be an Archean core around which the Proterozoic to Phanerozoic rocks accreted (e.g., Fromaget, 1927, 1941). From numerous studies dating the igneous and metamorphic rocks of the Kontum core complex it is clear that the volume of Archean rocks is negligible and that Proterozoic to Palaeozoic plus Triassic intrusives are dominant, with the oldest metamorphic protoliths being Mesoproterozoic at 1,450 Ma (Nakano et al., 2020) (Figure 13). The presence of charnockites, previously thought to be typically Precambrian and are now dated as Permian, are amongst the youngest dated charnockites worldwide but are nevertheless characteristic of the Kontum Terrane (Table 1; Lan et al., 2003; Maluski et al., 2005). Phanerozoic intrusives range from mid-Ordovician to Early Devonian (Figure 13) and from late Permian (Lopingian) to Late Triassic (Norian) with a peak at the middle-late Triassic boundary (Figure 13). There is very little magmatism dated as Late Devonian to early Permian (Hieu et al., 2015). The western boundary of the Kontum Terrane is usually taken as the north-south trending Poko Fault (Figures 1, 13). Serpentinites within the fault zone suggested a Poko Suture and westward subduction to Lepvrier et al. (1997, 2004, 2008) separating the Attapeu region (AT on Figure 1) and a small part of Vietnam, from the Kontum Terrane to the east (Figure 13). These serpentinites and apodunites are strongly altered to “metahyperbasite and metapyroxenite” but their age is inferred by correlation to ultramafics in the Tamky Suture dated as 477 Ma (Early Ordovician) (Izokh et al., 2006; Tri and Vu, 2011, p. 229–231, Figure III 4.3). A late Permian granite cuts the Poko Fault and constrains the fusion age of Kontum with regions to the west (Figure 13; Tran et al., 2014). In regions immediately west of the Poko Fault, in Attapeu, Devonian and Carboniferous intrusives have been dated (Vilayhack, 2010; Sanematsu et al., 2011). However, magmatic zircons from part of the Antoum Pluton are dated as 470 +/– 2 Ma and a proximal rhyolitic tuff as 476 +/– 1.5 Ma and their arc geochemistry indicates Early Ordovician subduction (Gardner et al., 2017). The presence of Early Ordovician magmatism in Attapeu suggests affinities to the Truong Son Terrane rather than the Loei-Phetchabun Terrane (Gardner et al., 2017; Wang et al., 2020) and outcrops of supposed Ordovician limestone (Vilayhack, 2010) could support this interpretation. However, logistic problems of working in this area and a paucity of information make a definite terrane attribution of the Attapeu region impossible. Just to the west of the Poko Fault unmetamorphosed fossiliferous Early Devonian sediments of the Cu Brei Formation (Figure 13) rest unconformably on granites dated by K/Ar as 418+/−12 Ma to 384 +/– 17 Ma showing that this region was not strongly affected by the extensive Triassic (Anisian to Carnian) metamorphism of the Kontum Terrane (Osanai et al., 2004; Nakano et al., 2007, 2009, 2013, 2020; Thanh et al., 2007).
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FIGURE 13. Summary of plutonic magmatism in the Attapeu region of Laos (AT on Figure 1) and adjacent areas in Vietnam, west of the Poko Fault (POK on Figure 1) and the Kontum Terrane east of the Poko Fault. Note the significant difference in magmatic history and stratigraphy on either side of the Poko Fault. Note that the Early Devonian Cu Brei Formation is west of the Poko Fault and, unlike the Kontum Terrane, is unmetamorphosed. Palaeozoic strata do not outcrop on the Kontum Terrane. Light blue = intermediate – mafic intrusives, red = felsic/acidic intrusives, and green = amphibolites -mid-plate tholeiites.





TERRANE PROVENANCE

There is very little high quality palaeomagnetic data available that constrains the palaeogeographic positions of the Indochina terranes in the Palaeozoic. Yan et al. (2018) found a southerly palaeolatitude of 210+/− 60 for Permian limestones from the Loei–Phetchabun Terrane. A “mid-Carboniferous” pole from western Yunnan gave a similar southern palaeolatitude of 18.40 +/- 40 but that site's terrane affinity is uncertain (Yan et al., 2020). Burrett et al. (2014a) proposed that zircon age probability plots obtained from formations at the Sepon Mine area on the Truong Son Terrane suggested the Himalayan sector of Gondwana as the source region. Uzuki et al. (2013) working on zircons obtained from modern river sediments in the north of Truong Son, independently came to the same conclusion.

There are very few fossils that help in locating the Indochina terranes. Graptolites from the Llandoverian shales of the Sepon Mine near the southern boundary of the Truong Son Terrane are characteristic endemic species of southern Europe and the Middle East rather than South China (Loydell et al., 2019). Graptolites were planktonic but this distinctive southern European fauna did not float to either northern Europe or South China. This suggests a placement of Truong Son attached to the Middle East-southern European sector of peri-Gondwana or in an oceanic area where these distinctive graptolites might have drifted. Given their limited biogeographic distribution they provide evidence that Truong Son was not attached or even close to South China in the Llandovery (Loydell et al., 2019). Ordovician conodonts from limestone within the mainly siliciclastic “Highway” Formation of the Sepon Mine area are of a North Atlantic type which suggests either deep and cool or shallow non-tropical seas (e.g., Burrett et al., 1984). As these limestone lenses are shallow marine, based on their dolomitized cyanobacterial mats, it is most likely they were deposited in temperate and not tropical palaeolatitudes and on the basis of their zircons were deposited in the Himalayan/Middle East sector of peri-Gondwana (Burrett et al., 2014b; Thassanapak et al., 2018).



RIFTING FROM GONDWANA

The Truong Son Terrane in Laos and Vietnam and in east of the Loei Foldbelt in Thailand is characterized by siliciclastics ranging from the Early to Late Ordovician (Figures 2, 7; Thassanapak et al., 2012). They are succeeded in the Silurian of Laos and Vietnam by deep-water radiolarian cherts and volcanics of the Vang Nang Formation (at Sepon) and the Long Dai Formation and Long Dai Volcanic Arc in Vietnam. Dacitic tuffs of arc affinity are dated as latest Ordovician in the Truong Son Terrane's eastern Loei foldbelt (Long et al., 2019). This suggests Truong Son's attachment to a continental margin in the Ordovician and rifting in the Late Ordovician allowing both very deep marine conditions in the Silurian and the establishment of a subducting and arc-producing margin by the Llandoverian. It is now well-established that a subducting margin occurred along the “Tethyan” margin of Gondwana from Sibumasu through to the Himalayas, the Tibetan terranes and further to southern Europe during the late Cambrian to Ordovician (e.g., Lin et al., 2013).

The Early Palaeozoic Kontum Terrane granitic gneisses range from 462 Ma (Darriwilian) through to 422 Ma (Ludlow) (Nakano et al., 2007, 2013, 2020) and may have formed during this Gondwana-margin subduction prior to rifting in the latest Ordovician to Silurian. Granitoids dated within the Tamky Suture as “middle” Cambrian (518+/−7 Ma and 502+/– 6 Ma) are typical oceanic plagiogranites and were probably formed in a volcanic arc in this ocean subducting toward the south (present day) under Gondwana (Nguyen et al., 2019).

As the Kontum Terrane detrital zircon spectra contain Grenvillian orogeny age peaks (1,200–1,000 Ma), Nguyen et al. (2019) suggest placement of the Kontum Terrane close to western Australia (Zhu et al., 2011; Burrett et al., 2014a). Thus, the meager evidence currently available suggests that the Truong Son Terrane was located as part of the Himalayan or even Middle Eastern part of Gondwana and rifted off in the latest Ordovician. The Kontum Terrane was closer to the west Australian part of peri-Gondwana and also rifted off Gondwana in the Late Ordovician or early Silurian. There is no evidence for the rifting time of the Loei-Phetchabun Terrane other than it was mid-Devonian or earlier.



TERRANE AMALGAMATION

Several suture zones in mainland SE Asia contain complex and controversial geological histories and record the amalgamation of the three Indochina terranes. The Song Ma Suture (Figure 1) forms the northern boundary of Truong Son. It appears to have been the site of collision between the composite South China Terrane (which includes Northeast Vietnam) twice (Tri et al., 2020). Closure and impingement of the Truong Son and South China terranes took place in the late Silurian with the influx of detrital siliciclastics into central Truong Son which include fish and invertebrate faunas with weak South Chinese affinities. However, by the Early Devonian the fish fauna is undoubtedly South Chinese (Thanh et al., 1996, 1997, 2011; Janvier et al., 1997; Janvier and Thanh, 1998; Young and Janvier, 1999; Young and Lu, 2020) with affinities both to South China and to the well-known fish fauna of the sandstones of the Do Son Formation of Haiphong, in northern Vietnam. The complex geology of the Song Ma Suture suggests that a simple single collision model is impossible. Some important and probably indisputable facts concerning the Song Ma Suture are:

1. Serpentinised ultramafics occur as large lenticular bodies along the Song Ma belt associated with metavolcanics and metasediments (Tri and Vu, 2011).

2. Dates on the ultramafics and associated gabbro and diorite range from 415 Ma (U-Pb zircon), 414 Ma (Sm-Nd), 414 (Sm-Nd), and 387+/− 6 Ma (Sm-Nd and U-Pb zircon) (Tri and Vu, 2011). These are Early Devonian dates. Early Carboniferous mafic crystallization dates are also present in the Song Ma-Ailaoshan ranging from 362+/− 8 Ma, 347+/− 7 Ma, 343 +/−3 Ma, to 338+/−24 Ma (Zi et al., 2012). These dates suggest ocean lithosphere formation at least from the Early Devonian into the early Carboniferous.

3. Monazite inclusions in garnet from phengite schists are 424+/− 15 Ma and may suggest subduction metamorphism (or at least a thermal event) in the Late Silurian (Nakano et al., 2010).

4. The Song Ma ophiolitic complex was unconformably overlain by rift basalts of the early to mid-Permian (283+/− 21 Ma) Cam Thuy Formation and intruded by subduction related Chieng Khoung and Dien Bien granites at about 271 Ma (mid-Permian), (Liu et al., 2012).

5. The Hongvan serpentinite and gabbro is a remnant of oceanic lithosphere (Trung et al., 2006). The dismembered ophiolite was probably emplaced in a fore-arc setting formed by southerly (present day direction) subduction (Findlay and Trinh, 1997; Thanh et al., 2011, 2014).

6. Eclogite, indicating deep “subduction of sub-ophiolite oceanic basalt” to >70 km, was formed at 243+/−4 Ma (monazite dating) and 230.5+/− 8 Ma (metamorphic zircon dating) during the Middle Triassic or Late Triassic (Nakano et al., 2010; Zhang et al., 2013) probably at the same time as granulite metamorphism about 25 km further south (Nakano et al., 2008).

7. The main regional metamorphic event in the Song Ma schists based on Ar/Ar dating was at 255–245 Ma (latest Permian to Early Triassic) (Lepvrier et al., 1997) and is the date of Findlay's (1997) S2 event.

Thus, subduction along the Song Ma Suture probably continued after re-opening of the Song Ma Ocean possibly in the Devonian as suggested by Tri et al. (2020) with subduction magmatism from 290 to 260 Ma (Permian) and syn- to post-collisional magmatism from 245 to 230 Ma (Anisian to Carnian) (Hieu et al., 2017) with final suturing in the Late Triassic but preceded by deep subduction of oceanic basalt to form eclogite in the Middle Triassic (Nakano et al., 2008, 2010). The Ailaoshan Belt in eastern Yunnan (Figure 1) is the northwest continuation of the Song Ma Suture and helps clarify the timing of the Truong Son - South China collision(s). Ailaoshan records “late” Carboniferous to early Triassic subduction magmatism, a late Permian arc-continent collision with convergent magmatism terminating at about 247 Ma (Olenekian) (Lai et al., 2014; Liu et al., 2015; Xu et al., 2019; Xia et al., 2020). Liu et al. (2015) show that the ophiolitic mélange of the Ailaoshan suggests initial rifting and ocean opening in the Givetian through to the latest Carboniferous (Gzhelian). Thus, Ailaoshan may record a post-collision opening of the Ailaoshan Ocean between South China and Truong Son. However, Xia et al. (2016) and Xu et al. (2017) suggest an early Silurian rifting event thereby creating a problem for models such as that presented herein, requiring a late Silurian—Early Devonian collision along the whole Song Ma-Ailaoshan Belt. From these data it seems likely that the late Silurian to Devonian collision along Song Ma is not recorded in the Ailaoshan and may suggest that the Truong Son Terrane collision did not extend beyond Song Ma to Ailaoshan.

The collision of Truong Son with Kontum occurred along the Tamky Suture and possibly its continuation southward along the Poko Fault/Shear Zone (Figure 1). The Tamky Suture extends westwards into Laos where mapping by Hoffet (1937) near the town of Xepon (40 km southeast of the Sepon Mine) identified a 30 km wide east-west trending belt with gneiss flanked by granite to the south and then, further south, by dacite. Plagioclase-bearing mylonitic gneisses from this belt near the Laos- Vietnam border yield a monazite age of 234+/−8 Ma (Middle Triassic) (Nakano et al., 2013, p. 527). Movement and metamorphism along this gneiss belt may have started in the latest Permian or earliest Triassic (Lepvrier et al., 1997). Further north-west the Tamky Suture appears to merge with the Thakhek-Sepon Fault Zone that parallels the Mekong River (Figure 1). The Thakhek-Sepon Fault Zone is 630 km long and has a Pleistocene sinistral displacement of 3 km and a vertical displacement of 400 m (Thom et al., 2015) (Figure 3). Near Thakhek, terrestrial Cretaceous sandstones of the Nam Theun Group (= Khorat Group in Thailand) are uncharacteristically vertical as a result of movement along this fault and form the tourist attraction known locally as the “Great Wall.” However, it is uncertain whether this fault is a Cenozoic reactivation of the western Palaeozoic margin of the Truong Son Terrane or whether it could be similar to the many major Cenozoic faults in mainland South East Asia related to Himalayan collision (Morley, 2002).

An alternative is that the Tamky Suture passes westwards under the Khorat Plateau as suggested in Figure 1. Tran et al. (2014) identified four deformation events in the Tamky Suture with D1 coeval with metamorphism and felsic magmatism at about 430 Ma (mid-Silurian) and post D2 associated with magmatism and a proposed second continental collision at about 260–245 Ma (late Permian-Early Triassic). Poko Fault/Shear Zone (Figure 1) migmatites are intruded by unfoliated post-D2 diorite dated by zircons as 255.6 +/− 3.4 Ma—latest Permian (Tran et al., 2014) indicating little, if any, post-Permian deformation. Tran et al. (2014) propose that the mid-Silurian collision occurred when Kontum was part of the peri-Gondwana margin, though latest Ordovician to early Silurian mid-plate tholeiitic volcanics (as amphibolites) suggest that Kontum was already rifting-off by this time (Figure 13; Lan et al., 2003). A Silurian or Devonian collision of Kontum and Truong Son, as proposed by Wang et al. (2020), is unlikely as there is scant evidence of a widespread Silurian orogeny in the well-studied Sepon Mine section, which is 40 km north of the Tamky Suture (Thassanapak et al., 2018; Loydell et al., 2019). There is a stratigraphic inversion at the mine as Wenlock age limestone is structurally below Llandoverian graptolitic shale Figure 8). This is more likely to be due to accretion in an accretionary wedge rather than due to a major collisional orogeny. Overlying volcaniclastic submarine-fan deposits are coeval with Llandovery shales and contain plastically deformed (unindurated) shale clasts from the underlying graptolitic shale. The Llandoverian volcaniclastics and andesitic volcanics of the Sepon Mine area extend eastward to the Long Dai Volcanic Arc (Thassanapak et al., 2018; Loydell et al., 2019). The conformably overlying Silurian to Devonian shales and fine sandstones of the Kengkeuk Formation contain a moderately deep-water fauna, are gently deformed and unmetamorphosed, and show no evidence of a terrane collision.

Other than the influx of detrital material in the late Silurian and Middle Devonian in central Laos and Vietnam mentioned above, the major change in lithology is in the early Visean, in both the Sepon Mine area and 120 km further north in central Laos and in Vietnam (Thassanapak et al., 2012, 2018) (Figures 2, 7). The widespread, 350 m thick Boualapha Formation is Visean in age and extends throughout the region (Ban, 2000; Ban et al., 2000a,b) (Figures 11, 12) and is coeval with the lithologically similar Lakhe Formation in Vietnam (Figures 2, 4). In central Laos it consists of conglomerate, coarse sandstone, and minor limestone through to shales and is unconformable on Frasnian cherts and overlain by “mid”-Carboniferous (? late Visean, Khammouan Formation in Laos and the limestones of the basal Bac Son Formation in Vietnam) (Figures 2, 4). An open marine fauna of brachiopods, solitary rugose corals and trilobites is found in the Boualapha Formation and interdigitates with probably more restricted coastal sediments containing abundant bivalves (Ban, 2000; Nguyen, 2001; Thassanapak et al., 2012). To the south of the Sepon Mine area and close to but north of the Tamky Suture, coarse conglomerates and sandstones containing semi-anthracite (Figure 11) are probable but not certain, correlates of the Boualapha Formation. They appear from our reconnaissance mapping to be younger than deformed Late Devonian to Tournaisian limestones shown in Figures 9C–F, 10. These deformed limestones show features suggesting shallowing and karstification during uplift during the proposed collision of the Truong Son and Loei-Phetchabun terranes. In the Loei-Phetchabun Terrane, in the Loei Foldbelt, a similar influx of coarse terrigenous material bearing plant material (Figures 8D–F) and associated with semi-anthracite deposits occurred along with major deformation, in the late Tournaisian to early Visean, terminating deep-water chert sedimentation and giving way to later Visean to mid-Permian platform limestone successions (Chairangsee et al., 1990; Ratanasthien, 2011; Udchachon et al., 2017, their Figure 13).

A “mid-Carboniferous” unconformity is recognized in the five petroleum wells that have penetrated beneath the Pennsylvanian Si That Formation on the Khorat Plateau and is picked on many seismic sections (Figures 3, 4) (Booth and Sattayarak, 2011). Two of the wells encountered granites, one of which at Yang Talat (Figures 3, 4) is dated at 329+/−3 Ma (“mid”-Carboniferous). We therefore suggest that the fusion of the Truong Son and Loei-Phetchabun Terranes took place in the late Tournaisian to early Visean (Figures 2, 14, 15). The four plutons dated as 332 Ma (late Visean) that are widespread in western Cambodia (Cheng et al., 2019) may be the result of this collision.
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FIGURE 14. Diagrammatic reconstructions, not to scale, showing the development of the Loei-Phetchabun and Truong Son terranes in northeast Thailand in Loei, Nong Khai, and Udon Thani provinces (south of Mekong River) and in an immediately adjacent part of Laos along and just north of the Mekong River. Line of section is shown in Figure 1. Fold vergence based on Chairangsee et al. (1990). Cardinal directions are present-day. In this area, the orogenic belt known as the Loei Foldbelt (Loei in Figure 1) is divided into a western Loei-Phetchabun Terrane and an eastern Truong Son Terrane (East Loei on Figure 1) separated by the Loei Suture. (A) Ordovician in Truong Son Terrane in Laos based on Long et al. (2019). (B) Silurian to Early Devonian. Truong Son Terrane in Thailand and Laos. Thin fossiliferous limestones interbedded with shales and volcaniclastics interdigitate westwards with a volcanic island arc formed by eastward subduction of oceanic lithosphere. (C) Late Devonian (Givetian- Frasnian). Arc volcanism in central Loei Foldbelt (Panjasawatwong et al., 2006) with north-south ridges to the east in the Givetian with highly fossiliferous coral-stromatoporoid reefs overlying thin bedded limestones which overlie siliciclastics with plant material, trilobites, large brachiopods, and other benthos (Udchachon et al., 2017). (D) Famennian to earliest Tournaisian. Radiolarian cherts were deposited over much or most of the area (Saesaengseerung et al., 2007; Burrett et al., 2015). (E) Tournaisian. Initial docking of the Loei-Phetchabun and Truong Son terranes led to uplift of the over-riding block in the east and the deposition of a mainly turbiditic sequence of siliciclastics containing rare plant fragments in the west (Chairangsee et al., 1990). (F) Early Visean. Continued collision led to uplift of the over-riding block, metamorphism in the footwall area and the deformation of ophiolites in the Loei Suture and serpentinised ultramafics were squeezed close to the surface. Volcanism in the east provided volcanic material to coal deposits deposited further west. Other terrestrial deposits are evaporites and sandstones. (G) Early Permian. Continued erosion of the orogen led to the development of carbonate platforms during the mid-Visean separated by deeper marine basins such as the Nam Duk Basin. Deep-water siliciclastic and limestone turbidites in the Nam Duk Basin contain mafic detritus from the eroded Loei Suture to the east. Rhyolites and dacites erupted across the eastern area from the Permian to the Triassic. (H) Early Triassic. Granites intruded across the area with associated widespread dacitic and rhyolitic volcanism. In the Early-Middle Triassic a second phase of folding was caused by docking of a terrane from the east-probably the Sukhothai Island Arc Terrane. A third phase of folding in the Late Triassic was probably caused by the collision of the combined Inthanon-Sibumasu Terrane with the amalgamated Indochina terranes during the Norian. Post-Norian terrestrial siliciclastics of the Khorat Group covered (and still cover) much of the area (Figure 3) and they were subsequently gently deformed in the Cretaceous due to the collision and indentation tectonics of India with Asia.
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FIGURE 15. Speculative palaeogeographic sketches showing suggested rifting, convergence, and fusion of the Truong Son, Loei-Phetchabun, and Kontum terranes. Kon, Kontum Terrane; LDV, Long Dai Volcanic Arc (late Ordovician to Silurian); SA, Sukhothai Terrane (Permo-Triassic volcanic arc—see Figure 1), and TR, Truong Son Terrane. (A) Early Silurian with terranes having just rifted from Gondwana. (B) Early Carboniferous (late Tournaisian to earliest Visean) - initial collision of Loei-Phetchabun and Truong Son terranes, with influx of siliciclastics, including some coarse conglomerates. (C) Late Carboniferous - just after collision of Truong Son and Loei-Phetchabun terranes in the Serphukovian. Deposition of Wang Saphung Formation in Loei region and the establishment of a carbonate platform in the Visean across both the Loei-Phetchabun and Truong Son terranes in Laos, Vietnam, NE Thailand and possibly in Cambodia. Possible initial docking of Kontum Terrane with Loei-Phetchabun terrane along Poko Fault. (D) Late Permian. Kontum Terrane collides with Truong Son and Loei-Phetchabun terranes with stitching pluton across Poko Fault. (E) Early- Middle Triassic collision of the Sukhothai Island Arc Terrane and subsequent transcurrent fault movements led to the creation of numerous small basins, often half graben and filled with volcaniclastics, lacustrine, and fluviatile sediments. Final assembly of most mainland SE Asian terranes except for the West Burma Terrane occurred in the Norian.


The widespread Visean-initiated, post-orogenic, carbonate platform was terminated in the Truong Son and Loei-Phetchabun terranes mainly in the mid-Permian and is replaced by marginal marine to terrestrial siliciclastics. However, in some areas, such as in the Phetchabun Province, carbonate sedimentation continued until the late Permian (Wuchiapingian) (Hada et al., 2020). Generally, terrestrial to marginal marine siliciclastic deposition, continued from the late Permian to the Cretaceous with minor Triassic and Jurassic marine limestones on Truong Son and on Sibumasu. Speculatively, the early Norian Indosinian I/II events picked on seismic sections (Booth and Sattayarak, 2011) may be due to the collision of South China and Truong Son possibly subsequent to the deeply subducted eclogite of the Song Ma Suture at about 233 Ma (Nakano et al., 2008, 2010). The Indosinian III Unconformity was probably due to the final consolidation of the terranes in the late Norian with the closure of the Nan Suture and the collision of Sukhothai, Inthanon, and Sibumasu terranes (Chaodumrong and Burrett, 1997; Hirsch et al., 2006; Barber et al., 2011; Kamata et al., 2013; Arboit et al., 2016; Hara et al., 2021).



CONCLUSIONS

Mainland South East Asia consists of at least three geologically distinct terranes—the Loei-Phetchabun, Truong Son, and Kontum, and some of their defining characteristics are summarized in Table 1. Complex sedimentological, magmatic, structural, and metamorphic histories make a realistic model for their tectonic development speculative. However, by synthesizing data from diverse sources, much of it accumulated in the last 10 years, we propose a preliminary tectonic hypothesis for the rift, drift, and fusion of the Indochina terranes (Figures 2–5, 7, 14, 15). The Truong Son Terrane rifted from the Middle-East-Himalayan sector in the Late Ordovician and the Kontum Terrane rifted from the western Australian sector also in the latest Ordovician or early Silurian (Figure 15). There is no evidence for the time of rifting of the Loei-Phetchabun Terrane. The Truong Son and Loei-Phetchabun terranes have distinct geological histories prior to the Visean (Figures 2, 5, 14). Sedimentologically, the Frasnian to Tournaisian carbonate platform of Truong Son and the siliciclastic marine platform of Loei-Phetchabun were terminated in the latest Tournaisian to earliest Visean by influxes of coarse siliciclastics, the closure of the Loei Suture, uplift, subsequent strong deformation, and the development of terrestrial deposits (Figures 2–4). By the middle Visean, erosion allowed the development of a tropical carbonate platform across both terranes which was terminated in the mid-late Permian (Figures 2–5, 14). It is suggested that the Loei Suture separated the Truong Son and Loei-Phetchabun terranes and is defined by the Loei thrust fault, serpentinites, chrome spinels, and recently discovered ultramafics (Figures 1, 2, 6, 15). A long-lasting ocean is indicated along the Nan Suture from the Late Ordovician to the Triassic based on recent dating of gabbros and basalts (Shen et al., 2010a; Khin et al., 2014) (Figures 2, 14, 15). Subduction of oceanic lithosphere led to arc magmatism along the western margin of the Loei-Phetchabun Terrane from the Devonian (Intasopa and Dunn, 1994; Panjasawatwong et al., 2006) and along the western and southern margins of the combined terranes until the Triassic (Shen et al., 2010b; Barr and Charusiri, 2011; Salam et al., 2014; Qian et al., 2015) (Figure 15). Collision of the combined Sibumasu-Inthanon Terranes with the combined Indochina terranes in the late Triassic (Norian-Rhaetic) finalized the fusion of most of the mainland SE Asian terranes.
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Loei-Phetchabun Terrane

Devonian to Tournaisian consists mainly of
siliciclastics, volcaniclastics and radiolarian cherts
and minor imestones.

Givetian patch reefs.

No major pre- Carboniferous carbonate platform
Absence of extensive regional high

grade metamorphism.

Truong Son Terrane

Ordovician-Silurian arc volcanics and granitoids.
Ordovician siliciclastics with minor limestone.
Widespread Silurian sedimentation.

Major mainly carbonate platform from reef- fringed
Frasnian to earliest Visean.

South China fish fauna from Early Devonian.
Absence of extensive regional high

grade metamorphism.

Kontum Terrane

Proterozoic-Ordovician granitoid magmatism.
Ordovician Volcanic Arc Granites and Ord-Silurian
metamorphism from 460 to 420 Ma
Ordovician-Siurian within plate basaltic
amphibolites.

Permmian ¢.250 Ma charmockites.

Extensive Triassic regional high-low grade
metamorphism from 245 to 230 Ma





