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ABSTRACT

Middle Triassic to Early Jurassic conglomerates and associated sedimentary rocks that record the
Indosinian Orogeny are exposed in the western Indochina Block, central Thailand. To elucidate the tec-
tonic and sedimentary history of the Indosinian Orogeny, we studied the conglomerates and analyzed
detrital zircon U-Pb ages of samples from the conglomerates and associated sedimentary rocks. On the
basis of provenance analysis and estimation of depositional ages, the three recognized events (I, II, and
III) of the Indosinian Orogeny are identified. The Indosinian I Event is represented by Type-1 limestone
conglomerates, which were derived from collapse of the Permian carbonate platform. This event took
place during the Norian (middle Late Triassic) and was triggered by collision between the Indochina
and South China blocks. The Indosinian II Event is represented by Type-2 conglomerates, which are com-
posed of various types of clasts, as well as basaltic sandstones. These sedimentary rocks were derived
from the uplift and collapse of the Sukhothai Arc, the Nan Back-arc Basin, the Phetchabun Volcanic
Belt, and basement rocks of the Indochina Block. Event II occurred as a result of the closure of the
Paleo-Tethys and the commencement of collision between the Sibumasu Block, the Sukhothai Arc, and
the Indochina Block during the Rhaetian (latest Triassic). The Indosinian IIl Event is represented by
Type-3 conglomerates, which comprise volcaniclastic rocks and volcanic breccias composed of andesite
and dacite. Event IIl occurred after the Toarcian (late Early Jurassic), associated with post-collision mag-
matism that occurred between the Sibumasu and Indochina blocks. Our study clarifies the timing and
nature of Indosinian Orogeny I, II, and III events in the western Indochina Block and reveals that the
Indosinian Orogeny involved Paleo-Tethyan subduction and micro-continental collision tectonics and
associated processes during the Middle Triassic to Early Jurassic.

© 2023 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.

1. Introduction

and magmatism along the Ailaoshan-Red River and Song Ma faults
(Fig. 1) and was caused by collision between the South China and

The Indosinian Orogeny was a major event that contributed to
the build-up of the Asian mainland and took place over most of
southeastern to eastern Asia during the Permian to Triassic. The
orogeny resulted from the amalgamation of micro-continents
derived from the Gondwana margin (Carter and Clift, 2008;
Arboit et al., 2016a; Metcalfe, 2021). The main stage of the Indosi-
nian Orogeny is evidenced by Early to Late Triassic metamorphism
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Indochina blocks (Carter et al., 2001; Faure et al., 2014; Liu et al.,
2015; Tran et al., 2020; Nakano et al., 2021). Liu et al. (2018) exam-
ined latest Permian to Triassic granitoids and proposed three main
stages of tectonism in the Indosinian Orogeny: 1) arc magmatism
and the commencement of continental collision during 255-
248 Ma; 2) continental subduction during 247-237 Ma; and 3)
post-collision continental exhumation during 235-202 Ma. After
these events, sandstone red beds and conglomerates were overlain
on the Triassic orogenic rocks with a widespread and major inter-
vening unconformity, referred to as the Indosinian Unconformity
(Lacassin et al., 1998). Investigation of Triassic marine and terrige-
nous sediments above and below the unconformity has allowed
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Fig. 1. Tectonic map of southeastern Asia, showing major units and fault zones (modified after Hara et al., 2021). KKFTB = Khao Khwang Fold and Thrust Belt;

PVB = Phetchabun Volcanic Belt.

the depositional settings related to the Indosinian Orogeny to be
reconstructed in the continental margins of the southern South
China and northern Indochina blocks (Rossignol et al., 2018).
Rossignol et al. (2018) concluded that both the Song Da Basin
(South China Block) and the Sam Nua Basin (Indochina Block) con-
tain a widespread and major unconformity between the Ladinian
and upper Norian, representing the Indosinian Orogeny, and that
both basins developed together in a terrestrial environment as a
syn- to post-orogenic foreland basin after the Song Ma Ocean clo-
sure during the late Norian to the Rhaetian. Thus, the Indosinian
Orogeny is recorded in metamorphic, igneous, and sedimentary
rocks in and around the collision zone between the South China
and Indochina blocks.

More detailed signatures of the Indosinian Orogeny have been
proposed from the subsurface geology of the Khorat Plateau (Kho-
rat Basin) in the Indochina Block (Racey et al., 1996; Booth and
Sattayarak, 2011; Minezaki et al., 2019). In the Khorat Basin, the
Indosinian Orogeny was characterized by three events during the
Early to Middle Triassic (Event I), Late Triassic (Event II), and Early
to Middle Jurassic (Event III), as evidenced by marked
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unconformities. In addition, intensive deformation of the Permian
Saraburi Group, which developed as a carbonate platform in the
southwestern Indochina Block, records the tectonic history associ-
ated with the Indosinian Orogeny in the Khao Khwang Fold and
Thrust Belt (KKFTB) in central Thailand (Fig. 1; Morley et al.,
2013; Arboit et al., 2014, 2015). The occurrence of this tectonism
in the KKFTB is supported by detrital zircon U-Pb analyses and
the study of mafic and intermediate dikes in the belt (Arboit
et al., 2016a, b), structural analysis of detachment faults and illite
K-Ar dating of fault gouges (Hansberry et al., 2014, 2015, 2017),
and U-Pb dating of calcite veins related to brittle deformation
events (Simpson et al., 2021). In contrast, the geological evidence
in the Triassic to Jurassic syn-tectonic sedimentary basins of the
Indosinian Orogeny within the Indochina Block has not been well
resolved from the surface geology. The Late Triassic Huai Hin Lat
and Nam Phong formations and the Jurassic Phu Kradung Forma-
tion related to the Indosinian Orogeny are distributed in the
Phetchabun-Lamnarai area of central Thailand (Fig. 2), but outcrop
exposures are scattered, and continuous successions between
unconformities are lacking. Geological evidence from
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syn-tectonic sedimentary basins of the Indosinian Orogeny gained
from the surface geology is less than that obtained from the sub-
surface geology. However, our recent field reconnaissance discov-
ered several typical conglomerates accompanying these
formations in the Phetchabun-Lamnarai area. The conglomerates
provide important information about the sedimentary provenance
and uplift and erosion processes during orogenesis (Aitchison et al.,
2002; Wang et al., 2010; Zhang et al., 2019; Campbell et al., 2022).

The aim of this paper is to reconstruct the Indosinian Orogeny
as recorded in conglomerates and associated formations in the
Phetchabun-Lamnarai area in the western Indochina Block. In this
study, we focus on the provenance of conglomerates and associ-
ated sedimentary rocks, as they are expected to have preserved
sedimentary and erosional events related to the Indosinian Oro-
geny. In addition, we generate and examine detrital zircon U-Pb
ages to constrain the depositional ages of the conglomerates and
associated formations. These ages are also helpful in resolving
the timing of Indosinian I, II, and III events. Furthermore, the Indo-
sinian Orogeny within the Indochina Block is interpreted to have
been related not only to collision between the South China and
Indochina blocks but also to Paleo-Tethyan subduction beneath
the Indochina Block (Barber et al., 2011; Minezaki et al., 2019;
Burrett et al., 2021; Morley et al., 2022). In this study, we provide
new insights into Indosinian I, II, and IIT events, based on the depo-
sitional process and age of the conglomerates overlying Indosinian
L II, and IIT unconformities. In addition, we discuss that the triggers
of Indosinian I, II, and IIT events were associated with tectonics
involving continental collision and Paleo-Tethyan subduction dur-
ing the Middle Triassic to Early Jurassic within the Indochina Block.

2. Geological outline

The Paleo-Tethys convergence zone, located between the Indo-
china and Sibumasu blocks in southeastern Asia, was formed by
subduction of Paleo-Tethyan oceanic crust beneath the present
western margin of the Indochina Block (e.g., Barber et al., 2011).
The Sukhothai Arc evolved within the convergence zone and was
characterized by the eruption of volcanic successions, intrusion
of I-type granitoids, deposition of forearc basin sediments, and
the development of a back-arc basin (e.g., Hara et al., 2021). The
study area is located in the western Indochina Block, including
the western edge of the Khorat Plateau, behind the Sukhothai
Arc, and the Nan Back-arc Basin (Fig. 1). The Permian carbonate
platform with slope and basinal sedimentary rocks (the Saraburi
Group; Ueno and Charoentitirat, 2011), Permian to Triassic vol-
canic rocks (Phetchabun Volcanic Belt; Barr and Charusiri, 2011),
Late Triassic non-marine sedimentary rocks (Huai Hin Lat and
Nam Phong formations; Chonglakmani, 2011), and Late Jurassic
to Early Cretaceous non-marine sedimentary rocks (Khorat Group;
Meesok, 2011) are exposed through the Phetchabun-Lamnarai
area in the western Indochina Block (Fig. 2). Recently, the Phetch-
abun Volcanic Belt has been interpreted as a continental magmatic
arc originated from the subduction of the Nan Back-arc Basin
beneath to the Indochina Block during the Early Triassic, and colli-
sion of the Sukhothai Arc and Indochina Block during the Middle
Triassic (Jiang et al., 2021; Shi et al., 2021).

Indosinian I, II, and IIT events have been identified by the exis-
tence of three unconformities (Indosinian I, II, and IIT unconformi-
ties) developed within the Late Triassic Huai Hin Lat and Nam
Phong formations and the Jurassic Phu Kradung Formation
(Booth and Sattayarak, 2011). Here, we describe each formation
and its equivalents distributed in the Phetchabun-Lamnarai area
of central Thailand (Fig. 2). In addition, we review and compare
these formations with the subsurface geology of the Khorat Basin
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(Fig. 3), where the Indosinian I, II, and IIT unconformities have been
clearly identified by analysis of seismic data and drill cores.

2.1. Huai Hin Lat Formation and its equivalents

The Huai Hin Lat Formation is composed of fluvial and alluvial-
fan deposits, as well as organic-rich lacustrine mudstone interbed-
ded with volcaniclastic rocks. Fossils of plants, pollens and spores,
conchostracans, and vertebrates suggest a Norian age for the for-
mation (e.g., Chonglakmani, 2011). The Huai Hin Lat Formation
corresponds to the Kuchinarai Group in the Khorat Basin based
on subsurface geology defined using deep wells and cores. The
Huai Hin Lat Formation and the Kuchinarai Group were deposited
in an extensional environment in a series of half grabens during the
Late Triassic and overlie the Indosinian I Unconformity (Booth and
Sattayarak, 2011; Minezaki et al., 2019). The Kuchinarai Group
contains a mixture of terrestrial and lacustrine sedimentary rocks
with interbedded volcaniclastic rocks, representing diverse deposi-
tional environments. The stratigraphic thickness of the Kuchinarai
Group is estimated to range from 100 to more than 500 m.

In the study area, typical limestone conglomerates overlie the
Permian Saraburi Group at the Phu Nam Yod site (Fig. 2) and are
considered equivalent to the Huai Hin Lat Formation. The Saraburi
Group is interpreted as a platform carbonate that developed along
the western margin of the Indochina Block and corresponds to the
Loei Group (Ueno and Charoentitirat, 2011). The Phu Nam Yod site
is a renowned part of the Phetchabun National Geopark in central
Thailand, where many fossils have been found in limestone con-
glomerate (Paungya et al., 2020). In the eastern part of Lamnarai
(Fig. 2), the Huai Hin Lat Formation maps in a narrow area on
the 1:250,000 scale geological map (Nakornsri, 1976) and is also
composed of limestone conglomerates.

2.2. Nam Phong Formation

The Nam Phong Formation comprises alluvial and fluvial-fan
deposits, with floodplain deposits and is composed of micaceous
sandstone, conglomerate, and mudstone (Racey, 20009;
Chonglakmani, 2011). This formation unconformably overlies the
Huai Hin Lat Formation across the Indosinian II Unconformity
and has been dated as Rhaetian on the basis of stratigraphic rela-
tionships and fossil evidence (Chonglakmani, 2011). The Nam
Phong Formation is regarded as the basal sequence of the Khorat
Group (Chonglakmani, 2011). In the Khorat Basin, this formation
is divided into Lower and Upper sections by the Indosinian III
Unconformity based on seismic data (Booth and Sattayarak,
2011; Minezaki et al., 2019), but these two parts have not been dis-
tinguished by surface geology. The Lower Nam Phong Formation
consists of interbedded claystone, siltstone, and sandstone with
predominantly reddish-brown color (Booth and Sattayarak,
2011). The Upper Nam Phong Formation is characterized by
fining-upward sequences consisting of thick-bedded to massive
reddish-brown sandstone, with conglomerate in the central and
western parts of the Khorat Basin but consists of gray to reddish-
brown claystone and siltstone with minor thin-bedded sandstone
in the eastern part of the basin (Booth and Sattayarak, 2011). The
Lower and Upper Nam Phong Formation each have a maximum
thickness of approximately 1000 m. The depositional age of the
Lower Nam Phong Formation is assumed to be Rhaetian, but it
has not been dated in the subsurface (Booth and Sattayarak,
2011). Racey and Goodall (2009) proposed that the depositional
age of the Upper Nam Phong Formation ranges from no older than
Early Jurassic (Pliensbachian) to no younger than Early Cretaceous
on the basis of palynological studies and assigned it to the Late
Jurassic. The large gap in depositional age between the Lower
and Upper Nam Phong Formation is represented by the Indosinian
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III Unconformity. The Upper Nam Phong Formation is overlain by
the Late Jurassic to Early Cretaceous Phu Kradung Formation. How-
ever, the stratigraphic relationship between these two formations
is unclear, although no unconformity between them has been iden-
tified from subsurface seismic data in the Khorat Basin (Booth and
Sattayarak, 2011). In addition, the Upper Nam Phong Formation
have not been defined at the surface in the study area.

2.3. Phu Kradung formation

The Phu Kradung Formation of the Jurassic Khorat Group con-
sists of a coarsening-upward sequence of sandstone, siltstone,
and claystone with conglomerate (Meesok and Saengsrichan,
2011). This formation is interpreted to have been deposited in allu-
vial and fluvial fans and floodplain environments (Booth and
Sattayarak, 2011), characterized by a meandering river system
with paleosols (Horiuchi et al., 2012). The thickness of this forma-
tion is estimated to be 1400 m in the center and 500 m at the mar-
gins of the basin (Booth and Sattayarak, 2011). This formation
contains both invertebrate and vertebrate faunas and floras, such
as sharks, crocodilians, turtles, brachyopids, ichthyosauria, dino-
saurs, and bivalves. Most of the fossil evidence suggests that this
formation was deposited during the Late Jurassic (see Meesok
and Saengsrichan, 2011; Cuny et al.,, 2014, Martin et al., 2014,
Tong et al., 2014). However, palynological data from the subsurface
support deposition during the Berriasian to early Barremian of the
Early Cretaceous (Racey and Goodall, 2009). The depositional age
of this formation is therefore estimated to be Late Jurassic to Early
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Cretaceous (Booth and Sattayarak, 2011), but the majority was
probably deposited during the Late Jurassic.

2.4. Nam Chun Formation

The Nam Chun Formation is newly designated in this study and
is distributed along the highways of Route 12 and Route 2302 in
the northwestern part of Phetchabun (Fig. 2). This formation is rep-
resentatively characterized by basaltic sandstone, alternating
basaltic sandstone and mudstone, and basalt. On the basis of two
1:250,000scale geological maps of the Phetchabun area published
by the Department of Mineral and Resources, this formation has
been described as the Triassic Huai Hin Lat Formation
(Chonglakmani and Satayarak, 1984) and as the Jurassic Phu Kra-
dung Formation (Khaowiset and Chanfoo, 2009), corresponding
to the different formation names presented in the earlier and
recent maps. However, the characteristic lithologic sequence con-
sisting of basaltic clastic rocks was not described in either map.
Therefore, we propose the “Nam Chun Formation” for this basaltic
succession, with the type locality in the Nam Chun area along
Route 12. The Nam Chun Formation is assigned a depositional
age equivalent to that of the Nam Phong Formation on the basis
of U-Pb geochronology (described below in Section 5).
Phujareanchaiwon et al. (2021) studied a continuous stratigraphic
section along Route 12 that was characterized by deposits of
mudstone-dominated deep-lacustrine facies and sandstone-
dominated sublacustrine turbidite facies. This section is situated
at Loc. B451 of this study (Fig. 2) and corresponds to the Nam Chun
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Formation, although the section was assigned to the Huai Hin Lat
Formation by Phujareanchaiwon et al. (2021). Outcrops with sim-
ilar lithology are exposed in the eastern part of Lamnarai (Fig. 2,
Loc. B455).

3. Analytical methods for geochemical analyses and zircon U-
Pb dating

Twenty-one samples of clasts of volcanic rocks and ten samples
of basaltic rocks were crushed in preparation for geochemical anal-
ysis. The contents of major and trace elements were determined
from glass beads using X-ray fluorescence (XRF; Rigaku RIX3000)
at Niigata University, Niigata, Japan. Total Fe contents are given
as Fe,03. Loss on ignition (LOI) was measured by weighing samples
before and after 2 h of heating at 850 °C. Contents of Sc, Hf, U, and
REEs for the basaltic rocks were determined using inductively cou-
pled plasma-mass spectrometry (ICP-MS) with an Agilent 7500a
instrument housed at Niigata University. Samples were prepared
using a combined acid digestion procedure (HCl and HF). Analytical
accuracy, as estimated by deviations from geological reference
materials BHVO-2 (U.S. Geological Survey) and ]B-2 (Geological
Survey of Japan), was better than + 8 %. Analytical precision, esti-
mated from relative deviation values, was better than + 5 %.

U-Pb dating analyses were conducted on detrital zircons
selected from 10 samples of sandstone and conglomerate. Zircon
grains were picked at random, mounted on glass slides, and
embedded in petropoxy. Cathodoluminescence (CL) imaging was
performed using a scanning electron microscope (SEM; JEOL JSM-
6510) equipped with a CL system (Gatan Mini CL) at Shinshu
University, Japan, to observe the internal structures and zonation
patterns of zircons and to select suitable sites for U-Pb dating.
For the U-Pb age determinations, U-Pb isotope abundance ratios
were determined using a quadrupole-type laser-ablation (LA)-
ICP-MS instrument (Agilent7700x) housed at Nagoya University,
Nagoya, Japan, following the methods of Orihashi et al. (2008)
and Kouchi et al. (2015). Analyses were performed with a spot size
of 25 um, a repetition rate of 10 Hz, and an energy density of
11.7 J cm 2. A 213 nm solid state LA system (ESi/New Wave
Research NWR213) was used for ablation. Standard zircon 91,500
with a 238U-2%Ph age of 1062.4 + 0.4 Ma (Wiedenbeck et al.,
1995) was used for the normalization of NIST SRM 610 (Walder
et al., 1993), and the latter was used as the external standard for
age determinations. Accuracy was monitored through repeated
analyses of the PleSovice zircon standard (Slama et al., 2008). Ages
were calculated and Concordia diagrams constructed using Isoplot
v.4.15 (Ludwig, 2012). The majority of the detrital zircon U-Pb ages
were concordant within 2¢ analytical uncertainty. Discordant
data, anomalous isotopic data, and missed-shot data of the laser
beams were rejected. For this study, only concordant data were
used in the calculation of detrital zircon U-Pb ages. In this paper,
206pp 238(J ages are reported for zircons with ages of < 1000 Ma
and 2°7Pb/2%°Pb ages for zircons with ages of > 1000 Ma.

4. Descriptions of conglomerate and basaltic sandstone

Conglomerates associated with the Indosinian Orogeny are dis-
tributed in the Phetchabun-Lamnarai area and divided into three
types in this study: Type-1, Type-2, and Type-3 conglomerates.
Type-1 conglomerates are attributed to the Huai Hin Lat Forma-
tion, and Type-2 and Type-3 conglomerates are attributed to the
Nam Phong and Phu Kradung formations, respectively. The three
types of conglomerate, basaltic sandstone, and basalt are described
in this section.

In the study area, clasts within the conglomerates show weath-
ering from both past and present processes, making the identifica-
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tion of clast lithology during the field survey difficult because of
the strong weathering on clast surfaces and their variable color
ranging from red, brown, and gray to white. In order to rock-type
identification of volcanic clasts, we investigated the geochemistry
of fresh clast samples using diagrams of SiO,—(Na,O + K;0) (Le
Bas and Streckeisen, 1991), Nb/Y-Zr/Ti (Pearce, 2008, after
Winchester and Floyd, 1977), and Zr-Y (Barrett and MacLean,
1999) and compared the data with those from previous studies
of volcanic rocks from the Phetchabun Volcanic Belt, the Sukhothai
Arc, and post-collision tectonics (Fig. 4 and Supplementary Data 1).
These volcanic rocks show a wide variation ranging from basalt to
rhyolite (Fig. 4a and b) and from tholeiitic to calc-alkaline magma
series (Fig. 4c). The details show that felsic volcanic rocks dominate
in the Sukhothai Arc and post-collision volcanic rocks (Fig. 4a and
b). On the Zr-Y diagram, the volcanic rocks of the Sukhothai Arc
roughly plot in the tholeiitic to transitional field, whereas post-
collision volcanic rocks plot in the calc-alkaline to transitional field
(Fig. 4c). Almost data from the Phetchabun Volcanic Belt present
low Zr and Y values (Fig. 4c).

4.1. Type-1 conglomerate

Limestone conglomerates are representative of the surface geol-
ogy of the study area and are identified as Type-1 conglomerates in
this study. The Type-1 limestone conglomerates are well exposed
at the Phu Nam Yod site and in the surrounding area (Locs 448,
449, T1,and T19 in Fig. 2). Limestone clasts in the Type-1 conglom-
erates are usually of pebble and cobble size and are subrounded to
rounded (Fig. 5a and b). The limestones have been classified as
boundstone and packstone and contain abundant fossils of corals,
fusulinids, gastropods, bivalves, ammonites, protozoa, trilobites,
crinoid stems, sponge spicules, and ostracods (Paungya et al.,
2020; Khamfoo, 2022). These fossiliferous limestones were derived
from the Tak Fa Formation of the uppermost part of the Permian
Saraburi Group (our unpublished data). The composition of the
clasts is mainly limestone (>90 %), with minor sandstone, mud-
stone, and siliceous rocks. The siliceous rocks are usually black
and cryptocrystalline, with SiO, contents of > 95 wt%, and are clas-
sified as flint occurring within limestone, not pelagic chert (Fig. 5e
and Supplementary Data 1). Conglomerates are usually poorly
sorted and have a red sandstone matrix. Parts of the deposits with
abundant sandstone contain interbeds of conglomerate, locally
showing cross-bedding at Loc. 449 (Figs. 2 and 5c¢). The Type-1 con-
glomerates with strongly weathered angular basalt pebbles are
found at Loc. 380 (Fig. 5d). Geochemically, basalt pebbles plot in
the fields of basalt or andesite-basaltic andesite in an Nb/Y-Zr/Ti
diagram (Fig. 4b), and in the field of tholeiitic magma series
(Fig. 4c). Alkaline elements (Na,O and K,0) were not precisely ana-
lyzed because of alteration (Fig. 4a). This conglomerate also con-
tains pebbles of fine-grained porphyritic granite (Fig. 5f).

In the subsurface of the Khorat Basin, conglomerates of the Huai
Hin Lat Formation are observed interbedded with sandstones. The
clasts of the conglomerates are composed of siltstone, limestone,
volcanic rock, and chert, with compositional variations between
well sites (Booth and Sattayarak, 2011). The basal part of the Huai
Hin Lat Formation at the Phu Wiang-1 well site contains
limestone-rich conglomerates with minor igneous and sedimen-
tary rocks, directly overlie platform carbonate deposits of the Per-
mian Saraburi Group (Booth and Sattayarak, 2011) and are
identified as Type-1 conglomerates.

4.2. Type-2 conglomerate
Type-2 conglomerates associated with the Nam Phong Forma-

tion contain clasts of varied lithology, including limestone, basalt,
andesite, dacite, sandstone, and mudstone and are generally of
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granule and pebble size. The clasts are typically subrounded,
although the volcanic rock clasts are subangular. The Type-2 con-
glomerates are usually interbedded with reddish-brown ferrugi-
nous sandstone. At Loc. 377, the conglomerate particles are
composed of various lithologies, including lithic sandstone, mud-
stone, basalt, andesite, dacite, and volcaniclastic rocks (Fig. 6a).
The conglomerate at Loc. 492 is characterized by the occurrence
of pebbles and cobbles of limestone and basalt (Fig. 6b). The basalt
pebbles and cobbles are commonly altered, containing minerals
such as prehnite and epidote (Fig. 6e). The conglomerate at Loc.
B500 contains granules and pebbles of limestone, basalt, andesite,
and dacite, and is interbedded with sandstone (Fig. 6¢c and d).
Under microscopic observation, plagioclase phenocrysts of basalt
and dacite clasts are usually fresh, whereas groundmass plagio-
clase is replaced by secondary calcite (Fig. 6f and g). Sandstone at
Loc. B500 consists of basaltic sandstone with abundant basaltic
fragments and has similar geochemical characteristics to those of
basaltic sandstone of the Nam Chun Formation (described below
in this section). Limestone pebbles at Loc. 492 and Loc. B500 con-
tain scarce Permian fusulinids (our unpublished data). Geochemi-
cal characteristics suggest that the clasts composed of volcanic
rocks range in composition from picro-basalt to trachyte or trachy-
dacite (Fig. 4a), from subalkaline basalt to rhyodacite (Fig. 4b), and
are classified mostly as tholeiitic magma series (Fig. 4c). These geo-
chemical data suggest similar characteristics to data from the
Phetchabun Volcanic Belt and the Sukhothai Arc.

In a previous study, Chonglakmani (2011) described conglomer-
ates of the Nam Phong Formation in the surface as containing peb-
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bles of quartz, brown and gray chert, and reddish-brown siltstone.
However, conglomerates of the Lower Nam Phong Formation have
not been identified in the subsurface of the Khorat Basin (Booth
and Sattayarak, 2011). The Upper Nam Phong Formation contains
conglomerate with thick-bedded to massive sandstone, with clasts
in the conglomerate being composed of quartz, chert, and a variety
of sedimentary, igneous, and volcanic rocks (Booth and Sattayarak,
2011). The observed lithological diversity of clasts of the Type-2
conglomerates in the surface indicates that they were sourced
from various provenances.

4.3. Type-3 conglomerate

Type-3 conglomerates are observed in volcaniclastic sequences
of bedded conglomerate and sandstone and are clearly exposed
along a railway in eastern Lamnarai (Figs. 2 and 7a; Locs. 488,
490, and 491). The Type-3 conglomerates comprise abundant sub-
angular to angular granules, pebbles, and cobbles composed of
andesite to dacite and contain clast-supported volcaniclastic rocks
and volcanic breccias (Fig. 7b). Volcaniclastic sandstones are typi-
cally interbedded with conglomerates (Fig. 7c). Type-3 conglomer-
ates are also found at Loc. 493, where they consist of dacite and
andesite granules, pebbles, and cobbles. Dacite and andesite clasts
typically contain phenocrysts of plagioclase, pyroxene, and horn-
blende in a fine-grained groundmass (Fig. 7e), with local alteration
to saussuritized plagioclase and chloritized hornblende. Geochem-
ical data reveal that the clast compositions of volcanic rocks range
from andesite, dacite to rhyolite (Fig. 4a) as well as andesite-basal-
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Fig. 5. Examples of the occurrence of Type-1 conglomerate. (a) Photograph of limestone conglomerate at the Phu Nam Yod site (Loc. 448). (b) Photograph of coral fossils in
limestone pebbles (Loc. 448). (c) Photograph of interbedded conglomerate and sandstone showing cross-lamination (Loc. 449). (d) Photograph of limestone conglomerate
with basalt pebbles (Loc. 380). (e) Photomicrograph of flint pebble (Loc. 448; left panel, plane-polarized light; right panel, cross-polarized light). (f) Photomicrograph of a
pebble of fine-grained porphyritic granite with plagioclase phenocryst (Loc. 380; cross-polarized light). Ba = basalt; Pl = plagioclase; Ss = sandstone.

tic andesite to rhyodacite (Fig. 4b). In addition, geochemical data
are classified mostly as calc-alkaline to transitional magma series
(Fig. 4c). These trends are similar to data from the post-collision
volcanic rocks, rather than the Phetchabun Volcanic Belt and
Sukhothai Arc.

Volcaniclastic rocks are found at Loc. 488, where paleomagnetic
and U-Pb geochronological data were obtained by Yang et al.
(2019). Yang et al. (2019) proposed that this volcaniclastic con-
glomerate belongs to part of the volcanic sequence of the Phetch-
abun Volcanic Belt. However, on the basis of the geological map
(Fig. 2) and detrital U-Pb ages (described below in Section 5), the
volcaniclastic sequence, including Type-3 conglomerate, is desig-
nated as part of the Phu Kradung Formation in this study. Typical
sandstone beds of the Phu Kradung Formation are exposed at
Loc. 378 and show parallel bedding and cross-lamination
(Fig. 7d). The sandstone is composed of abundant lithic fragments
of volcanic rocks, quartz, and plagioclase (Fig. 7g). Type-3 con-
glomerate has not been identified in the subsurface of the Khorat
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Basin, except for thin conglomeratic channel-lag deposits in the
Phu Kradung Formation (Booth and Sattayarak, 2011).

4.4. Basaltic sandstone and basalt

Basaltic sandstones are newly defined here as a member of the
Nam Chun Formation. Occurrences of basaltic sandstone show
stratigraphic variation between sections and between outcrops.
Basaltic sandstone at Loc. B450 comprises a sequence of red silt-
stone and mudstone, basaltic volcaniclastic rock, and alternating
basaltic sandstone and mudstone from bottom to top (Fig. 8a).
The stratigraphy shows an unconformity between the basaltic vol-
caniclastic rock and alternating basaltic sandstone and mudstone.
Interbedded basaltic sandstone and mudstone are distributed at
and around Loc. B451 (Fig. 8b). This section was studied by
Phujareanchaiwon et al. (2021) and is composed of deposits of
mudstone-dominated deep-lacustrine facies and sandstone-
dominated sublacustrine turbidite facies. At Loc. B455, cherts are
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Fig. 6. Examples of the occurrence of Type-2 conglomerate. (a) Photograph of conglomerate with abundant sandstone granules and pebbles (Loc. 377). (b) Photograph of
interbedded conglomerate and sandstone (Loc. 492). (c) Photograph of interbedded conglomerate and sandstone (Loc. B500). (d) Photograph of pebbles of basalt and dacite
(Loc. B500). (e) Photomicrograph of altered basalt pebble with epidote and prehnite (Loc. 492). (f) Photomicrograph of basalt pebble with glauconite and amygdule replaced
by calcite (Loc. B500). (g) Photomicrograph of dacite clast (Loc. B500). Photomicrographs (e)-(g) taken under cross-polarized light. Ba = basalt; Da = dacite; Ls = limestone;

Cal = calcite; Ep = epidote; Glt = glauconite; Pl = plagioclase; Prh = prehnite.

interbedded with basaltic sandstone and basaltic siltstone (Fig. 8c
and d). As mentioned above, the basaltic sandstones are interbed-
ded with Type-2 conglomerate at Loc. B500. Under microscopic
observation, the basaltic sandstones are composed mainly of basalt
fragments, plagioclase, and clinopyroxene, with minor quartz
(Fig. 8e and f). Thin basaltic siltstones are locally interbedded with
the basaltic sandstones (Fig. 8g). Similar basaltic sandstones are
distributed in basin-fill sediments from the Sa Kaeo Back-arc Basin
(Hara et al., 2018).

Geochemically, the basaltic sandstones plot around basalt-an-
desite on the V-Cr-Th*10 ternary diagram (Hara et al., 2018) and
around basalt on the La-Th-Sc diagram (Bhatia and Crook, 1986),
suggesting direct supply from basalt (Fig. 9 and Supplementary
Data 2). Basaltic sandstones in the study area are characterized
by a greater abundance of basaltic fragments compared with
basin-fill sediments from the Nan and Sa Kaeo Back-arc basins
(Hara et al., 2018, 2021).
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In addition, minor basalts and dolerites are exposed near the
basaltic sandstones in this area. The basalts typically occur as mas-
sive or bedded lavas (Fig. 8h) and contain plagioclase and clinopy-
roxene phenocrysts in the groundmass. Euhedral plagioclase and
clinopyroxene indicate porphyritic textures frequently (Fig. 8i
and j). Geochemical data suggest similar characteristics between
the basalts and the basaltic sandstones (Fig. 10 and Supplementary
Data 2). The basaltic sandstones and basalts plot in the basalt to
andesite fields on the SiO, - (NayO + K;0) diagram (Fig. 10a; Le
Bas and Streckeisen, 1991). Plots of C1-chondrite-normalized rare
earth element (REE) patterns of the basaltic sandstones and basalts
are flat (Fig. 10b), displaying characteristics of N-MORB (N-type
mid-ocean ridge basalt). Three discrimination diagrams were used
to identify the tectonic setting of the basaltic sandstones and
basalts. On the Ti-V diagram (Shervais, 1982), the basaltic sand-
stones and basalts are scattered within the MORB and back-arc
basin basalt (BABB) fields (Fig. 10c). On the ternary 2Nb-Zr/4-Y
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Fig. 7. Examples of the occurrence of Type-3 conglomerate. (a) Photograph of an outcrop of conglomerate (Loc. 488). (b) Photograph of volcanic breccia of andesite and dacite
(Loc. 491). (c) Photograph of sandstone within conglomerate (Loc. 491). (d) Photograph of laminated sandstone (Loc. 378). (e) Photomicrograph of fresh andesite pebble (Loc.
488). (f) Photomicrograph of altered dacite pebble. (g) Photomicrograph of sandstone (Loc. 491). Cpx = clinopyroxene; Hbl = hornblende; Pl = plagioclase; Qz = quartz;
V = Lithic fragment of volcanic rocks. Photomicrographs (e)-(g) taken under cross-polarized light.

diagram (Meschede, 1986), the basaltic sandstones and basalts plot
in the N-MORB field (Fig. 10d). On the Nb/Yb-Th/Yb diagram
(Pearce, 2008), the basaltic sandstones and basalts plot with higher
Th/Yb ratios than those of the MORB-ocean island basalt (OIB)
array (Fig. 10e). A comparison between our new and available pub-
lished data from the Nan and the Sa Kaeo Back-arc basins and the
Pailin Crystalline Complex (Macdonald and Barr, 1984; Barr and
Macdonald, 1987; Hara et al., 2018, 2020) reveals that the basaltic
sandstones and basalts have similar geochemical characteristics to
those of some Nan Back-arc Basin basalts, Type-1 basalt of the Sa
Kaeo Back-arc Basin, and amphibolite of the Pailin Crystalline Com-
plex (Fig. 10b-e). The geochemical evidence suggests that back-arc
basin basalts were widely exposed in the study area, although
most of the basalts have been covered by younger sediments since
their eruption, and that the basaltic sandstones were derived from
these back-arc basin basalts.
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5. Detrital zircon U-Pb ages of sandstones and conglomerates

Detrital zircon U-Pb ages of sandstones were determined to
constrain the depositional age and provenance of each formation
associated with the Indosinian Orogeny. U-Pb dating was con-
ducted on zircons from 10 samples using LA-ICP-MS. The youngest
zircon U-Pb ages were used to constrain the maximum deposi-
tional age of each sample: the youngest single-grain (YSG) zircon
age, and the weighted mean age of the youngest cluster (YC) that
overlaps within 16 uncertainty (Hara et al., 2021). The ages were
calculated and concordia diagrams constructed with IsoPlot
v.4.15 (Ludwig, 2012) and Isoplot R (Vermeesch, 2018). In addition,
the “unmix age” function of IsoPlot v.4.15 (Ludwig, 2012) and the
“mixture model” function of DensityPlotter (Vermeesch, 2012)
were applied to samples 377, 449, 492, T1, and FW1, which have
multiple peaks in the youngest U-Pb age cluster. These estimated
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Fig. 8. Examples of the occurrence of basaltic sandstone and basalt. (a) Photograph of interbedded sandstone and siltstone (Loc. B450). (b) Photograph of interbedded
sandstone and siltstone (Loc. B451). (c, d) Photograph of interbedded sandstone and siltstone with chert (Loc. B455). (e) Photomicrograph of basaltic sandstone composed of
basaltic fragment and clinopyroxene with secondary calcite (Loc. B451). (f) Photomicrograph of basaltic sandstone composed of abundant plagioclase and minor quartz (Loc.
B450). (g) Photomicrograph of interbedded sandstone and siltstone (Loc. B455). (h) Photograph of basalt (Loc. B487). (i) Photomicrograph of basalt with clinopyroxene and
plagioclase phenocrysts (Loc. B487). (j) Photomicrograph of basalt with plagioclase phenocrysts (Loc. B495). Ba = basaltic fragment; Cal = calcite; Chl = chlorite;
Cpx = clinopyroxene; Ep = epidote; Pl = plagioclase; Qz = quartz. Photomicrographs (e)-(g) and (i)-(j) taken under cross-polarized light.

youngest ages are presented in Table 1. The youngest mixture 3. Cathodoluminescence images and Concordia diagrams of detrital
model ages are similar to the unmix ages. Isotopic data for the zircons are presented in Supplementary Data 4. Fig. 11 shows rel-
detrital zircon U-Pb dating are presented in Supplementary Data ative probability plots of all ages for the Huai Hin Lat, Nam Phong,

378
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and Phu Kradung formations and associated conglomerates com-
piled from this study and Hara et al. (2021). Almost of all of the
detrital zircons are characterized by multiple age clusters compris-
ing Triassic and Paleozoic, and minor Proterozoic and Archean
peaks (Fig. 11). These detrital zircons in Triassic sedimentary rocks
of the Indochina Block were sourced from the collision zone
between the Indochina and South China blocks, the Phetchabun
Volcanic Belt (Hara et al., 2021). Most of the zircons are younger
than 500 Ma (Fig. 11). Histograms and relative probability plots
for zircons with ages younger than 500 Ma are presented in Fig. 12.

5.1. Type-1 conglomerates

Sandstone samples (449, T1, and T19) were collected from
sandstone interbedded with Type-1 conglomerate and from sand-
stone matrix of Type-1 conglomerate at the Phu Nam Yod site. The
detrital zircons are not abundant within these samples. Most of the
detrital zircons separated from the samples can be grouped into
multiple age clusters; i.e., Permian to Triassic (300-217 Ma), Devo-
nian (400-350 Ma), and late Cambrian to Early Ordovician (500-
450 Ma), with minor Proterozoic and Archean peaks (Fig. 11).
The YC age is 250-217 Ma for the Huai Hin Lat Formation (Hara
etal, 2021) and 310-280 Ma for Type-1 conglomerate. The young-
est ages are 217 Ma (YSG) and 236 Ma (YC) for the Huai Hin Lat
Formation, and 242-229 Ma (YSG), 243 Ma (YC of sample T19),
and 261 and 251 Ma (unmix ages of samples T1 and 449, respec-
tively) for Type-1 conglomerates (Fig. 12 and Table 1). The YSG
ages for the Huai Hin Lat Formation and Type-1 conglomerates
are consistent with the Late Triassic depositional age inferred from
fossil data. In addition, the youngest ages of Type-1 conglomerates
are slightly older than those of the Huai Hin Lat Formation because
these conglomerates occupy the basal part of the formation.

5.2. Type-2 conglomerates

U-Pb ages of Type-2 conglomerates were obtained from three
samples (377,492, and FW1; Table 1). The dated samples were col-
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lected from sandstone interbedded with Type-2 conglomerate or
from sandstone matrix in Type-2 conglomerate. The detrital zir-
cons are not abundant within these samples. Detrital zircon ages
from Type-2 conglomerates are characterized by Triassic (250-
211 Ma), Carboniferous (350-300 Ma), and late Cambrian to
Ordovician (500-450 Ma) clusters, with minor Proterozoic and
Archean peaks (Fig. 11). The three samples of Type-2 conglomerate
show youngest ages of 211-202 Ma (YSG), 237-228 Ma (YC), and
217-216 Ma (unmix age) (Fig. 12). The youngest ages for the
Nam Phong Formation are 197 Ma (YSG) and 220 Ma (YC). The
YSG age for the Nam Phong Formation is Early Jurassic, which is
slightly younger than that indicated by fossil records (Hara et al.,
2021). However, only one zircon grain indicates the Early Jurassic,
the second YSG is 211 Ma presenting the latest Triassic. The depo-
sitional age of the Nam Phong Formation is assigned as the Rhae-
tian (latest Triassic), as determined by fossil evidence
(Chonglakmani, 2011). In addition, the YSG and unmix ages of
the Type-2 conglomerate are close to the Rhaetian (latest Triassic)
depositional age of the Nam Phong Formation.

5.3. Phu Kradung Formation and Type-3 conglomerates

Detrital zircons from the Phu Kradung Formation (sample 378)
and Type-3 conglomerate (sample 491) were dated (Table 1). The
dated sample of Type-3 conglomerate was collected from sand-
stone interbedded with conglomerate. Almost all of the detrital zir-
cons from both samples show U-Pb ages younger than 500 Ma,
with a clear younger age population of the latest Triassic to Early
Jurassic (Figs. 11 and 12). In addition, sample 378 from the Phu
Kradung Formation shows a clear younger cluster of 270-240 Ma
(middle Permian to Early Triassic; Fig. 12). The youngest ages of
sample 378 are 180 Ma (YSG) and 201 Ma (YC) and those of sample
491 are 182 Ma (YSG) and 194 Ma (YC), indicating essentially iden-
tical ages for the Phu Kradung Formation and Type-3 conglomer-
ates. These ages are Early Jurassic and substantially older than
the Late Jurassic depositional age of the Phu Kradung Formation,
as determined by fossil data excluding palynological data
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2008). N- and E-MORB = N- and E-type mid-ocean ridge basalt, respectively; OIB = ocean island basalt; VAB = volcanic arc basalt; BABB = back-arc basin basalt; WPA = within-
plate basalt; WPT = within-plate tholeiite. C1 chondrite values are from McDonough and Sun (1995). N-MORB and E-MORB values are from Gale et al. (2013); OIB values are
from Sun and McDonough (1989); Sa Kaeo Back-arc Basin basalt values are from Hara et al. (2018); Pailin Crystalline Complex values are from Hara et al. (2020); and Nan
Back-arc Basin basalt values are from Macdonald and Barr (1984) and Barr and Macdonald (1987; black and white circles) and from Wang et al. (2020; black and white

rhombi).

(Meesok and Saengsrichan, 2011). In this study, the depositional
ages of the Phu Kradung Formation and Type-3 conglomerates
are estimated to be younger than 201-180 Ma, based on the YSG
and YC ages.

5.4. Basaltic sandstone
Detrital zircons of basaltic sandstone were collected from the

Nam Chun Formation (sample 451). The detrital zircons are not
abundant within these samples, usually presenting small grain size
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less than 100 pm. U-Pb ages of basaltic sandstone are character-
ized by a clear youngest age cluster of 240-200 Ma with minor
Ordovician ages (Fig. 12). The basaltic sandstone sample has
youngest ages of 206 Ma (YSG) and 216 Ma (YC) (latest Triassic;
Table 1). These ages are interpreted as the maximum depositional
age of the Nam Chun Formation, which lacks fossil evidence for its
depositional age. The ages estimated for the basaltic sandstone are
similar to those of Type-2 conglomerates. Basaltic sandstones of
the Nam Chun Formation are assumed to have the same deposi-
tional age as that of Type-2 conglomerates (latest Triassic).
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Table 1

Summary of samples and detrital zircon U-Pb ages.
Sample Conglomerate/Formation Latitude Longitude N YSG age n YC age Unmix age Mixture model age

Ma t 1o Ma t 1o Mat 1o Ma t 1o

449 Type-1 conglomerate 1530'58.75" 10055'56.09” 77 2365 51 272 +3 2512 252 +1
T1 Type-1 conglomerate 1530'36.12" 10056'52.04" 39 229+ 6 33 275+5 261+3 262 +2
T19 Type-1 conglomerate 1529'50.52" 10057'01.91” 39 242 + 4 2 243+ 6
377 Type-2 conglomerate 1525'10.85” 1012020.13” 74 206 £5 14 228 £ 4 217 £2 228 £ 1
492 Type-2 conglomerate 1513'05.93" 10118'47.91” 70 202 +5 47 234+3 216+ 2 216+ 1
FW1 Type-2 conglomerate 1511'38.76" 10121'03.06” 33 2117 19 237+9 216+ 6 215+3
B451 Nam Chun Formation 1646'43.29" 10107'02.18” 25 206 £ 6 13 216 £ 2
378 Phu Kradung Formation 1523'36.88” 10121'31.90” 73 180+7 12 201 +2
491 Type-3 conglomerate 1516'27.82" 10121'41.16" 57 182+7 40 194 £2
485 Khok Kruat Formation 1649'35.68" 10055'44.84" 72 1315 2 134+2

The “unmix age” and the “mixture model” age were calculated using Isoplot v.4.15 (Ludwig, 2012) and DensityPlotter (Vermeesch, 2012).
YSG = youngest single grain; YC = youngest cluster; N = number of concordant data; n = number of grains used for YC age calculation.

Khok Kruat Formation (Khorat Group)
N=72

Phu Kradung Formation and Type-3 Cg
N =125

Nam Phong and Num Chun fms, and Type-2 Cg
N =279

Relative probability

Huai Hin Lat Formation and Type-1 Cg
N =234

0 500 1000 1500 2000 2500 3000

U-Pb age (Ma)

Fig. 11. Relative U-Pb age probability plots for the Khok Kruat Formation and for the Huai Hin Lat, Nam Phong, Nam Chun, and Phu Kradung formations and their equivalent
conglomerates. Data are compiled from this study and Hara et al. (2021). Cg = conglomerate.
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Fig. 12. 2°°Pb/?38U age probability plots and distribution histograms for detrital zircons with ages of < 500 Ma. YSG = youngest single grain, YC = youngest cluster. Light-green,
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5.5. Khok Kruat Formation of the Khorat Group

Sandstone for detrital zircon U-Pb dating was collected from
the Early Cretaceous Khok Kruat Formation of the Khorat Group
along Route 12 (sample 485). The Khok Kruat Formation is gener-
ally composed of quartzose sandstone, siltstone, mudstone, and
conglomerate. Thick sandstone beds show predominant cross-
bedding structure. The depositional age of this formation has been
assigned as Aptian to Albian on the basis of fossil evidence
(Meesok, 2011). The sandstone is characterized by detrital zircon
ages ranging from 500 to 130 Ma, with Proterozoic and Archean
peaks (Fig. 11). The youngest detrital zircon U-Pb ages are
131 Ma (YSG) and 134 Ma (YC)—i.e., Valanginian to Hauterivian
(Fig. 12 and Table 1)—and are slightly older than the depositional
age of Aptian to Albian.

6. Reconstruction of the Indosinian Orogeny

The Indosinian Orogeny has been identified as comprising three
events during the Early to Middle Triassic (Event I), Late Triassic
(Event II), and Early to Middle Jurassic (Event IIT), as evidenced
by major unconformities within the Triassic to Jurassic sedimen-
tary rocks in the subsurface geology of the Khorat Basin (Booth
and Sattayarak, 2011). In this section, we reconstruct Indosinian
LII, and Il events on the basis of the occurrence and characteristics
of the studied conglomerates and their detrital U-Pb ages from our
investigation of the surface geology in the Phetchabun-Lamnarai
areas. In addition, we summarize the stratigraphy and youngest
detrital zircon U-Pb ages (Fig. 13), and also discuss the Indosinian
Orogeny with respect to sediment provenance and in the context of
collision and subduction tectonics that occurred in Southeast Asia.
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Fig. 13. Summary stratigraphic column showing depositional ages and detrital zircon U-Pb ages for the Indochina Block and related to the Indosinian Orogeny. Previous
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Thailand, Liu et al. (2018) for Northern Vietnam. An = andesite; Ba = basalt; Da = dacite; Fm = formation; Ls = limestone; Ss = sandstone; NP = Nam Phong; PK = Phu Kradung.

6.1. Indosinian I Event

In the subsurface study, the Indosinian I Unconformity is recog-
nized between the Permian Saraburi Group and the Late Triassic
Huai Hin Lat Formation (Kuchinarai Group in the subsurface geol-
ogy) and represents a hiatus during the Early-Middle Triassic
(Fig. 13; Booth and Sattayarak, 2011). This unconformity, which
is identified as a major unconformity in the subsurface geology,
is inferred to have formed by uplift and erosion associated with
compressional deformation of the Carboniferous and Permian plat-
form carbonates of the Saraburi Group (Booth and Sattayarak,
2011). These Carboniferous and Permian sediments are estimated
to have undergone more than 2000 m of erosion of the rock col-
umn (Minezaki et al., 2019). The Indosinian I Event, as deduced
from the vertical section corresponding to this unconformity, is
considered to have been the main tectonic event of the Indosinian
Orogeny. The Type-1 conglomerates were derived mostly from col-
lapse of the Permian carbonate platform during the Indosinian I
Event (Fig. 14). Minor clasts composed of igneous and sedimentary
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rocks within the Type-1 conglomerates were probably derived
from basement rocks of the Indochina Block.

The main event, Indosinian I, is inferred to have occurred during
the earliest Triassic to early Middle Triassic (Booth and Sattayarak,
2011) or the Middle to early Late Triassic (Morley et al., 2013;
Minezaki et al., 2019) on the basis of the associated geological
and tectonic events. In the present study, the Indosinian I Event
is represented by Type-1 conglomerate, which is composed mostly
of limestone with minor basalt, fine-grained porphyritic granite,
and sedimentary rocks. The youngest detrital zircon ages of
Type-1 conglomerates are 242-229 Ma (YSG) and 275-243 Ma
(YC). Adopting the detrital zircon YSG age as the depositional age
and fossil evidence, the Type-1 conglomerate is estimated to have
formed during the middle Late Triassic (Norian), which corre-
sponds to the period of the Indosinian I Event proposed by
Morley et al. (2013) and Minezaki et al. (2019).

The KKFTB in the southwestern Indochina Block consists of a
Permian carbonate platform with clastic rocks of the Saraburi
Group and was deformed during the Middle to Late Triassic stage
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Fig. 14. Schematic model of the formation of Type-1, Type-2, and Type-3 conglomerates during the Indosinian Orogeny. See the text for details (Section 6). Red arrows

present sediment supply direction.

of the Indosinian Orogeny (Morley et al., 2013). Results of struc-
tural analysis, zircon U-Pb ages, illite K-Ar ages, and calcite U-
Pb ages have allowed two stages of deformation to be identified
in the KKFTB, related to Indosinian I and II events, respectively
(Morley et al., 2013, 2022; Arboit et al., 2014, 2015, 2016a, b;
Hansberry et al., 2014, 2017; Simpson et al., 2021). The first defor-
mation stage is represented by predominant WNW-ESE-striking
thrust-and-fold structures resulting from collision between the
South China and Indochina blocks These structures have also been
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interpreted in ribbon continents and in Zealandia (Morley et al.,
2022). The second stage is represented by N-S-trending sutures
formed by collision between the Indochina and Sibumasu blocks.
In addition, the compression involved in the continental collision
formed horst-and-half-graben systems in Carboniferous and Per-
mian sedimentary rocks in the subsurface of the Khorat Basin,
showing NW-SE trends in the northeastern part of the basin and
E-W trends in the southern part (Minezaki et al., 2019). Thus,
the Indosinian I Unconformity was characterized by compression
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tectonics during the Anisian to Carnian as a result of collision
between the South China and Indochina blocks (Minezaki et al.,
2019).

At the time of the Indosinian I Event, the Sukhothai Arc along
the western Indochina Block underwent intensive igneous activity,
the development of forearc basins, and the filling of back-arc
basins with sediments (Hara et al., 2021). Paleo-Tethyan subduc-
tion is considered to be probably limited to tectonism involved
in the development of the Sukhothai Arc during this period and
did not affect the Indochina Block.

6.2. Indosinian II Event

The Indosinian II Unconformity was identified between the
Huai Hin Lat and Nam Phong formations (Fig. 13). The hiatus asso-
ciated with the Indosinian II Unconformity was a short period at
the Norian and Rhaetian boundary (Booth and Sattayarak, 2011).
The Indosinian II Event caused subsidence of half-graben basins
by the development of an extensional field in the Khorat Basin
and was weaker than the Indosinian [ Event (Booth and
Sattayarak, 2011; Minezaki et al., 2019). In this study, the Indosi-
nian Il Event is represented by Type-2 conglomerates in the surface
geology. The Type-2 conglomerates are characterized by clasts of
varied lithology, including limestone, sandstone, mudstone, basalt,
andesite, and dacite, implying variation in provenance. Geochemi-
cal data suggested that almost of volcanic clasts were provided
from both of the Phetchabun Volcanic Belt and the Sukhothai Arc
(Fig. 4c). The depositional age of Type-2 conglomerates is inferred
to be 211-202 Ma or younger, as indicated by the youngest detrital
zircon age estimated from the YSG ages (Fig. 10). This estimated
depositional age is Rhaetian, corresponding to the period of the
Indosinian II Event.

A Middle Triassic (242-238 Ma) subduction-related igneous
event and a Late Triassic (229-220 Ma) post-collision igneous
event have been proposed on the basis of the geochemistry and zir-
con U-Pb ages of igneous rocks from the Sukhothai Arc (Qian et al.,
2016; Wang et al., 2018). The Late Triassic post-collision igneous
event is considered to have been caused by collision between the
Sibumasu Block, the Sukhothai Arc, and the Indochina Block
(Qian et al., 2016; Wang et al., 2018). However, turbidite- and
carbonate-dominant facies of the Song Group continued to be
deposited within the forearc basin of the Sukhothai Arc during
the Late Triassic (Hara et al.,, 2017). The turbidite-dominant Wang
Chin Formation of the Song Group has a depositional age of middle
Carnian to early Norian based on bivalves, ammonoids, and con-
odonts (Chonglakmani, 2011), and the detrital zircon YSG age for
the formation is Norian (Hara et al., 2017), although foraminifera
of Norian to Rhaetian age have been reported from limestone
(Miyahigashi, 2014). In addition, the deposition of basin-fill sedi-
ments within the Nan Back-arc Basin also continued into the mid-
dle Norian, as evidenced by detrital zircon YSG and YC ages (Hara
et al.,, 2021). Thus, the post-collision igneous event proposed by
Qian et al. (2016) must have started during deposition of the fore-
arc and back-arc sediments. Here, we accept the geological record
of sedimentary events associated with the development of the
Sukhothai Arc, meaning that the closure of the Paleo-Tethys
occurred around the Norian-Rhaetian boundary and that the
post-collisional event commenced after the Rhaetian. In addition,
the clasts with varied lithology and containing diverse and abun-
dant Paleozoic zircons were derived from basement rocks of the
Indochina Block and the Phetchabun Volcanic Belt, as well as the
Sukhothai Arc, all of which were uplifted during the Indosinian II
Event (Fig. 14). These sedimentological signatures suggest that
the Indosinian II Event was triggered by the closure of the Paleo-
Tethys and collision between the Sibumasu Block, the Sukhothai
Arc, and the Indochina Block, consistent with N-S-trending struc-
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tures in the Permian Saraburi Group (Morley et al., 2013, 2022;
Minezaki et al., 2019).

The basaltic sandstones of the Nam Chun Formation were
deposited contemporaneously with Type-2 conglomerates, as indi-
cated by the youngest detrital zircon ages of 216-206 Ma esti-
mated from the YSG and YC ages for this formation (Fig. 12 and
Table 1). The studied basaltic sandstones and basalts have similar
geochemical characteristics to those of Type-1 basalt of the Sa Kaeo
Back-arc Basin and amphibolite of the Pailin Crystalline Complex
(Fig. 10). The present study area is located in the western Indo-
china Block, behind the Nan Back-arc Basin. Our field observations
and geochemical results suggest that the basaltic sandstones were
derived directly from the Nan Back-arc Basin and that the associ-
ated basalts exposed near the basaltic sandstones may have corre-
sponded in nature with the Nan Back-arc Basin basalts. Thus, the
Nam Chun basaltic sandstones are interpreted as collapse sedi-
ments of the Nan Back-arc Basin that formed during the Indosinian
Il Event (Fig. 14). In summary, the Indosinian I Event involved
uplift of the Sukhothai Arc, the Phetchabun Volcanic Belt, the Indo-
china Block, and the Nan Back-arc Basin, followed by their collapse
and then commencement of collision between the Sibumasu and
Indochina blocks after closure of the Paleo-Tethys during the latest
Triassic (Norian-Rhaetian boundary).

6.3. Indosinian IIl Event

The Indosinian III Event is defined by the Indosinian IIT Uncon-
formity between the Lower and Upper Nam Phong Formation in
the subsurface of the Khorat Basin (Fig. 13). Lithologies of the
Lower and Upper Nam Phong Formation present similar associa-
tions of interbedded shales, siltstones, and sandstones, bounded
by a subhorizontal unconformity. The Indosinian IIl Event has been
identified on only a few seismic profiles in the Khorat Basin and
has not been associated with a major tectonic event (Booth and
Sattayarak, 2011; Minezaki et al., 2019). In addition, the Nam
Phong Formation has not been divided into Lower and Upper in
the surface geology. Although geological evidences are weak for
the Indosinian III Event, the intervening unconformity indicates a
prolonged hiatus of 45-50 Myr during the Early to Middle Jurassic
(Racey and Goodall, 2009; Booth and Sattayarak, 2011). Despite the
Indosinian Il Event being poorly understood, we focus here on
Type-3 conglomerates and the Phu Kradung Formation in the Lam-
narai area, which are interpreted as sediments produced during the
Indosinian III Event.

The Type-3 conglomerates are characterized by volcaniclastic
rocks and volcanic breccias composed of andesite and dacite from
granules, pebbles, to cobbles in size. Based on geochemical data,
almost of volcanic clasts were sourced from post-collision volcanic
rocks (Fig. 4c). The YSG age of detrital zircons constrain the maxi-
mum depositional age of this conglomerate to 182 Ma or younger
(Early Jurassic). In addition, sandstones of the Phu Kradung Forma-
tion, which contain abundant lithic fragments of volcanic rocks,
have a similar maximum depositional age of 180 Ma. These ages
are substantially older than the Late Jurassic-Early Cretaceous
depositional age estimated from fossils of the Phu Kradung Forma-
tion. These older ages suggest that syn-depositional zircons are
absent from the Phu Kradung Formation. However, the Early Creta-
ceous Khok Kruat Formation, which is stratigraphically the upper
part of the Phu Kradung Formation in the Khorat Group (Fig. 3),
contains Early Cretaceous zircons with a YSG age of 131 Ma and
a YC age of 134 Ma, as well as Jurassic zircons (Fig. 12). The pres-
ence of Jurassic to Early Cretaceous zircons in the Khorat Group
suggests that syn-depositional zircons may have been transported
into the Phu Kradung Formation at the time of sedimentation.
Assuming that the YSG ages are within the range of the deposi-
tional age, the Phu Kradung Formation may have been deposited
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during the late Early Jurassic. Accordingly, we propose that the
Indosinian III Unconformity occurred during the Early Jurassic
(201-182 Ma) after the deposition of the Nam Phong Formation
but before that of the Phu Kradung Formation, as estimated by
the youngest detrital zircon age. The duration of the hiatus corre-
sponding to the Indosinian IIT Unconformity is calculated at 20
Myr, based on detrital zircon U-Pb age clarified in this study.

In addition, in this study, the maximum depositional age of the
Phu Kradung Formation in the Lamnarai area has been revised to
the late Early Jurassic (Toarcian), inferred from the youngest zircon
YSG ages. The Early Jurassic Phu Kradung Formation in this area
probably corresponds to part of the Upper Nam Phong Formation
of the Khorat Basin in the subsurface, as the older limit of the depo-
sitional age of the Upper Nam Phong Formation is the Pliens-
bachian, as determined by palynological data (Racey and Goodall,
2009), suggesting a similar depositional age to that inferred from
our detrital zircon ages. Alternatively, the Early Jurassic Phu Kra-
dung Formation in the Lamnarai area could be assigned a new for-
mation name after further study.

A post-collision volcanic event took place between the Sibu-
masu and Indochina blocks during the Late Triassic (229-
220 Ma) in northern Thailand (Qian et al., 2016). As mentioned
above, the main post-collision event occurred later, as judged from
sedimentary evidence within the Sukhothai Arc. In addition, S-type
granitoids in the Main Range Province (or Central Belt) were
emplaced during the early Late Triassic to Early Jurassic (Cobbing
et al., 1986; Charusiri et al., 1993; Cobbing, 2011) and were gener-
ated as a result of collision between the Sibumasu Block, the
Sukhothai Arc, and the Indochina Block during 230-180 Ma
(Sone and Metcalfe, 2008), 219-198 Ma (Searle et al., 2012), or
227-200 Ma (Gardiner et al., 2016). Metamorphic rocks from the
Sibumasu Block and the Sukhothai Arc have yielded zircon U-Pb
ages of 230-185 Ma during the early Late Triassic to Early Jurassic
(Dunning et al., 1995; Kawakami et al., 2014). Recently, new radio-
metric data for the Late Triassic to Early Jurassic have been
reported for igneous rocks from the Phetchabun Volcanic Belt
(Nualkhao et al.,, 2018) and volcanic rocks from the Sukhothai
Arc (Srichan, 2019). K-Ar ages of igneous rocks were estimated
to be 221-171 Ma by Nualkhao et al. (2018). U-Pb ages of volcanic
rocks reported by Srichan (2019) range from 230 to 184 Ma and are
consistent with the youngest detrital zircon YSG and YC ages (201-
180 Ma) of Type-3 conglomerate and sandstone of the Phu Kra-
dung Formation. Thus, we consider that the post-collision magma-
tism occurred during the Hettangian to Toarcian (Early Jurassic). In
addition, Type-3 conglomerates were deposited after the Toarcian
(late Early Jurassic), that sourced directly from the Early Jurassic
post-collision volcanic rocks (Fig. 14).

6.4. Unresolved problem for the timing of the Paleo-Tethys closure

As mentioned above, we discussed that the Paleo-Tethys sub-
duction continued until the latest Triassic and that the post-
collisional event occurred during the Early Jurassic, based on sedi-
mentary records within the Indochina Block and the Sukhothai Arc.
Our tectonic conclusions are coincident with previous models pro-
vided from sedimentary rocks in subsurface and surface geology in
the Indochina Block(e.g., Booth and Sattayarak, 2011; Minezaki
et al., 2019; Morley et al., 2013, 2022). On the other hand, two
stages of igneous events have been accepted: 1) Middle Triassic
(242-238 Ma) subduction-related igneous event; 2) Late Triassic
(229-220 Ma) post-collision igneous event, based on the geochem-
istry and zircon U-Pb ages of igneous rocks from the Sukhothai Arc
(e.g., Qian et al., 2016; Wang et al., 2018). Assuming that the Indo-
sinian Orogeny was provided by these igneous events, the Indosi-
nian [ and II events were caused by the Paleo-Tethys closure and
the post-collision magmatism, and the Indosinian III Event might
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be related to the latest post-collision magmatism. However, this
tectonic history does not correspond to the sedimentary records
of the Triassic to Early Jurassic Khorat Basin in the western Indo-
china Block, the Permian to Late Triassic forearc and back-arc
basins in the Sukhothai Arc (Booth and Sattayarak, 2017;
Minezaki et al., 2019; Hara et al., 2021). In addition, the Early to
Late Triassic marine and hemipelagic sediments of the Mae Sariang
Group were deposited along the eastern margin of the Sibumasu
Block (Kamata et al., 2022; Srinak et al., 2007; Hara et al., 2021),
suggesting that the Paleo-Tethys was still opened between the
Sibumasu Block and the Sukhothai Arc during the Triassic. Thus,
timing of the Paleo-Tethys closure has unresolved problem
between sedimentary and igneous rocks. This problem is due to
the lack of studies linking geological phenomena between sedi-
mentary record and igneous activity. The igneous clasts within
the conglomerates might provide a clue to resolve this problem,
although further studies are needed.

7. Conclusion

We investigated the Indosinian Orogeny as recorded in the
western Indochina Block by conglomerates and detrital zircon U-
Pb ages from the Phetchabun-Lamnarai area, central Thailand.
We identified Events I, II, and IIl of the Indosinian Orogeny on
the basis of the surface geology. These events were associated with
Paleo-Tethyan subduction and micro-continental collision tecton-
ics. Our main conclusions are as follows:

1. The Indosinian I Event is represented by Type-1 limestone con-
glomerates, whose formation was a result of collapse of the Per-
mian carbonate platform. This event occurred during the Late
Triassic (Norian) and was triggered by collision between the
Indochina and South China blocks.

. The Indosinian II Event is represented by Type-2 conglomerates,
which are composed of various clasts and basaltic sandstones
derived from the collapse of the Sukhothai Arc, the Nan Back-
arc Basin, the Phetchabun Volcanic Belt, and basement rocks
of the Indochina Block. This event was caused by the closure
of the Paleo-Tethys and the commencement of collision
between the Sibumasu Block, the Sukhothai Arc, and the Indo-
china Block at the latest Triassic (Rhaetian).

. The Indosinian III Event is represented by Type-3 conglomer-
ates, which comprise volcaniclastic rocks and volcanic breccias
composed of andesite and dacite. This event occurred the late
Early Jurassic (Toarcian or younger) was associated with post-
collision magmatism that occurred between the Sibumasu and
Indochina blocks.
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