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Abstract

The Triassic stratigraphic framework for the Song Da and the Sam Nua basins, north
Vietnam, suffers important discrepancies regarding both the depositional environments
and ages of the main formations they contain. Using sedimentological analyses and
dating (foraminifer biostratigraphy and U-Pb dating on detrital zircon), we provide an
improved stratigraphic framework for both basins. A striking feature in the Song Da
Basin, located on the southern margin of the South China Block, is the diachronous
deposition, over a basal unconformity, of terrestrial and marine deposits. The
sedimentary succession of the Song Da Basin points to a foreland setting during the late
Early to the Middle Triassic, which contrasts with the commonly interpreted rift setting.
On the northern margin of the Indochina Block, the Sam Nua Basin recorded the activity

of a proximal magmatic arc during the late Permian up to the Anisian. This arc resulted



from the subduction of a southward dipping oceanic slab that separated the South China
block from the Indochina block. During the Middle to the Late Triassic, the Song Da and
Sam Nua basins underwent erosion that led to the formation of a major unconformity,
resulting from the erosion of the Middle Triassic Indosinian mountain belt, built after an
ongoing continental collision between the South China and the Indochina blocks. Later,
during the Late Triassic, as syn- to post-orogenic foreland basins in a terrestrial setting,
the Song Da and Sam Nua basins experienced the deposition of very coarse detrital

material representing products of the mountain belt erosion.
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Nua Basin

1. Introduction

The present-day South-East Asia (SEA, Fig. 1A) comprises a collage of disparate
continental blocks (i.e., mostly the South China, Indochina, Simao and Sibumasu blocks)
and volcanic arcs (e.g., Ridd, 1971; Burrett, 1974; Metcalfe, 1988, 2011; Lepvrier et al.,
2004; Ferrari et al., 2008; Faure et al,, 2014; 2016; Burrett et al.,, 2014; Halpin et al,,
2015). These blocks and arcs were mainly amalgamated together during the late
Paleozoic - early Mesozoic, contributing to build up the present-day configuration of
SEA.

Despite numerous recent studies focused on the SEA geodynamics (e.g., Carter
and Clift, 2008; Cai J.-X. and Zhang K.-]., 2009; Metcalfe, 2011, 2013; Liu J. et al., 2012;

Cocks and Torsvik, 2013; Burrett et al.,, 2014; Lai C.-K. et al.,, 2014; Halpin et al., 2015



and references therein), many aspects of the late Paleozoic - early Mesozoic SEA
evolution remain debated. Among others, some controversies focus on the Indochina
Block and the South China Block (SCB) that represent two major continental units of
SEA. The divergences of opinion relate to the actual location of the ophiolitic boundary
between these blocks, the timing of the initiation of the oceanic closure, the polarity of
the involved subduction and the timing of the subsequent continental collision.

In northern Vietnam (Fig. 1B), a relative consensus prevails considering that the
Song Ma Ophiolitic Suture Zone (SMOSZ) represents a segment of the boundary between
the SCB and the Indochina Block (e.g., Ridd, 1971; Metcalfe, 1988, 2011; Lepvrier et al.,
2008; Vuong et al,, 2013; Faure et al., 2014; 2016, and references therein). The SMOSZ
has been proposed to extend westward (Fig. 1A), up to the Ailaoshan Ophiolitic Suture
Zone (e.g., Fan W. et al,, 2010; Lai C.-K. et al,, 2014; Roger et al.,, 2014; Faure et al., 2016)
and to the Song Chay Ophiolitic Suture Zone (Lepvrier et al,, 2011; Faure et al., 2014,
2016) before these distinct suture zones were offset by Cenozoic strike-slip sinistral
displacements along the Ailaoshan - Red River Shear Zone (e.g., Leloup et al,, 1995). A
contrasting scenario, also involving sinistral displacements along the Ailaoshan - Red
River Shear Zone, proposes an eastward prolongation of the SMOSZ up to the Dian-
Qiong - Song Hien Suture Zone (Fig. 1A; Cai J.-X. and Zhang K.-]., 2009; Halpin et al,,
2015).

A major debate about the geodynamic evolution of northern Vietnam concerns
the closure of the oceanic domain that once separated the SCB from the Indochina Block
and the continental collision that ultimately resulted from the closure. A Silurian-
Devonian age has been suggested (Thanh et al., 1996; Findlay and Trinh, 1997; Thanh et
al, 2011), but younger ages are also put forward. The collision has been thought to occur

during the Carboniferous (e.g., Metcalfe, 2011, 2012). A diachronous collision, beginning



during the late Permian to the east and occurring during the Early to Middle Triassic to
the west (present-day coordinates) has been suggested by Halpin et al. (2015). The
collision has also been proposed to occur during the Early Triassic (e.g., Lepvrier et al,,
2004, 2008; Kamvong et al., 2014), the Middle Triassic (e.g., Zhang R.Y. et al., 2013;
Faure et al,, 2014) or the Late Triassic (Liu J. et al., 2012; Roger et al., 2014). In addition,
Carter et al. (2001) and Carter and Clift (2008) proposed that a Triassic thermo-tectonic
event resulting from far field stresses reactivated an older suture zone between the
South China and the Indochina blocks, forming an intracontinental orogen in north
Vietnam. An alternative hypothesis, approaching that of an intracontinental orogeny, is
favored by Fan W. et al. (2010) who invoked the closure of a continental back-arc basin
that initially separated the SCB from the Simao-Indochina Block.

The vergence of the oceanic subduction that preceded the closure is also a matter
of debate. Relative to the present-day coordinates, a northward-directed subduction of a
slab attached to the Indochina plate has been proposed (e.g., Lepvrier, 2004, 2008;
Nakano et al,, 2010; Yan Q. et al., 2017). Alternatively, a slab attached to the South China
plate and plunging southward beneath Indochina, is generally favored (e.g., Lepvrier et
al, 2011; Liu J. et al,, 2012; Vuong et al,, 2013; Roger et al., 2014; Faure et al,, 2014,
2016; Lai C.-K. et al., 2014; Shi M.-F. et al., 2015). All these contrasted interpretations
bear important implications for the paleogeography of the east Tethyan domain during
the late Paleozoic - early Mesozoic. It concerns notably the existence and the extent of
an oceanic domain separating the SCB from the Indochina Block at that time.

The collision between the Indochina Block and the SCB, here referred to as the
Indosinian orogeny, has been originally identified as a tectonic event marked by folds
and nappes, sealed by an unconformity (e.g., Deprat, 1915, 1916; Blondel, 1929;

Fromaget, 1929, 1934a) called the “Indosinian unconformity” (see Lacassin et al., 1998;



and Lepvrier et al., 2004, for a concise review). Sediments sealing this unconformity
have been first attributed to the late Carboniferous (“Uralian” in the terminology used
during the beginning of the XX% century; Deprat, 1915, 1916) but were later
reattributed to the Late Triassic (e.g., Fromaget, 1929, 1934a). Additionally, at least two
different Upper Triassic unconformities (a Norian and a Rhaetian one) were recognized
during these pioneering works (e.g., Fromaget, 1934a). Then, an increasing number of
late Paleozoic - early Mesozoic unconformities have been reported in northern Vietnam
(Thanh, 2007). For instance, two Permian and four Triassic unconformities, excluding
the one separating the Upper Triassic from the Lower Jurassic deposits, are evidenced in
the Dien Bien Phu area (e.g., Tuyet et al., 2005b). Despite the importance of these
unconformities as a record of the Indosinian orogeny, they remain poorly documented
(Thanh, 2007). Particularly, the ages of these unconformities are not well constrained,
because most of the sealing sedimentary rocks lack stratigraphic fossils (as noticed by
Fromaget in 1934a). Therefore, the dating of these unconformities generally relies on
the identification of reworked material in the sediments sealing the unconformities (e.g.,
Fromaget, 1934a) or on lithostratigraphic correlations. Such methods inescapably lead
to doubtful dating and/or to large uncertainties on the ages of the unconformities (e.g.,
“upper Triassic to upper Cretaceous” was proposed for the Indosinian unconformity by
Lacassin et al., 1998).

Besides the actual difficulty to obtain reliable age constraints, sedimentary basins
are known to record the geodynamic evolution of their adjacent areas. The present
study provides an updated Triassic stratigraphic framework for the Song Da and the
Sam Nua basins, in order to discuss the overall geodynamic evolution for the Indochina

Block and the SCB, as well as the Indosinian orogeny that resulted from their collision.



2. Geological setting

2.1. Regional setting

The Song Da and the Sam Nua basins are located to the south and the north, respectively,
of the Nam Co - Song Ma Units (Fig. 1). The Song Ma Zone is composed by an ophiolitic
mélange comprising lenses of serpentinized peridotite, gabbro, plagiogranite, diabase
and basalt enclosed within metasedimentary rocks (e.g., Hutchison, 1975; Trung et al.,
2006; Thanh et al.,, 2011; Liu J. et al., 2012; Vuong et al;, 2013; Zhang R.Y. et al,, 2014;
Faure et al,, 2014). Geochemical analyses indicate-normal to enriched MORB affinities
(e.g., Trung et al., 2006; Zhang R.Y. et al., 2013, 2014) or supra-subduction zone ophiolite
affinities (Thanh et al, 2011) for the mafic rocks, attesting that the Song Ma Zone
contains relics of an oceanic paleolithosphere. The age of the mafic protolith (i.e., the age
of the oceanic crust) is contentious, but several radiometric results consistently point
toward Carboniferous ages (Table 1; Vuong et al., 2013; Zhang R.Y. et al,, 2013, 2014).

To the south of the Song Da Fault (Fig. 1B), the Nam Co Unit mainly comprises
metasedimentary rocks metamorphosed under greenschist to amphibolite facies
conditions (e.g., Zhang R.Y. et al., 2013; Faure et al, 2014) and exhibiting a NW-SE
trending foliation (e.g., Findlay and Trinh, 1997; Lepvrier et al., 1997). Towards the
southwest, both the Nam Co Unit and the Song Ma Zone experienced eclogite and high-
pressure granulite facies metamorphism (Nakano et al,, 2008, 2010; Zhang R.Y. et al,,
2013) that formed during the Middle to the Late Triassic (Table 1). The metamorphic
grade thus increases southwestward (Lepvrier et al,, 1997; Faure et al., 2014). Structural

evidences point to a top to the northeast shearing (Faure et al., 2014).



The Nam Co - Song Ma Units thus represent the internal zones of an orogen that
developed as a result of the collision between the Indochina Block and the SCB (e.g.,
Faure et al,, 2014). The ophiolites of the Song Ma Zone mark the boundary between the
Indochina Block to the south and the SCB to the north. The Sam Nua Basin is
consequently located on the northern margin of the Indochina Block, while the Song Da

Basin belongs to the SCB.

2.2. Song Da Basin

2.2.1. Tectonic setting

The Song Da Basin, as defined by Tri and Khuc (2011), is an elongated, NW-SE trending
basin, delineated by the Song Da Fault to the south, the Song Chay Fault to the north and
the Dien Bien Phu Fault to the west (Fig. 1B). The western termination of the basin is
masked by Quaternary alluvial deposits from the Red River (e.g, Thanh and Khuc,
2012). The present-day fault boundaries do not reflect the initial geometry of the basin
but correspond to Cenozoic, mostly strike-slip faults that reactivated Triassic structures
(e.g., Lepvrieretal.,, 2011; Roger etal., 2014).

The basement of the Song Da Basin is heterogeneous and includes various
Archean (Lan C.-Y. et al,, 2001) to Permian (e.g., Tri and Khuc, 2011; Thanh and Khuc,
2012) metamorphic and sedimentary rocks. The Song Da Basin is classically interpreted
as a continental rift, sometimes referred to as the Song Da - Tu Le Rift (e.g., Shi G.R. and
Shen S.-Z., 1998; Golotov et al.,, 2001; Balykin 2010; Anh et al.,, 2011; Tri and Khuc, 2011;

Metcalfe, 2012; Hieu et al, 2013, 2017; Tran et al, 2015). The extension of the



lithosphere associated with the rift formation has been proposed to evolve up to the
formation of an oceanic lithosphere within the Song Da Basin (Liu J. et al., 2012).

The interpretation of a rift setting for the Song Da Basin mostly relies on the
occurrence of alkaline basalts (e.g., Golotov et al.,, 2001) and granitoids (e.g., Hieu et al,,
2013), typical of the early stages of development of continental rifts. Alkaline'basalts are
frequently interbedded within the late Permian carbonate and terrigenous sediments
corresponding to the Cam Thuy, Vien Nam and Yen Duyet formations (e.g., Thanh and
Khuc, 2012; Fig. 2). The geochemical characteristics of these volcanic rocks (e.g., Hanski
et al., 2004; Balykin et al.,, 2010; Rossignol, 2015) relate them to the Emeishan Large
Igneous Province (ELIP). Accordingly, the rift is commonly regarded as a local
manifestation of the intracontinental emplacement of the ELIP (e.g., Shellnutt et al,
2008; Hoa et al., 2008; Tran et al., 2015). Alternatively, upper Permian to Lower Triassic
peralkaline and peraluminous granitoids, located to the north of the Song Da Basin (Fig.
1; Table 1), have been interpreted as intraplate magmatism in a back-arc setting

(Zelazniewicz et al., 2013).

2.2.2. Stratigraphic framework

The Cam Thuy and Vien Nam formations (Fig. 2) rest unconformably on the basement of
the Song Da Basin. These formations mainly comprise volcanic rocks related to the ELIP
(Rossignol, 2015), volcaniclastic rocks and limestone lenses. A marine fauna, including
foraminifers (Appendix 1; Fig. S1), has been found in the limestone layers and indicates
a marine depositional environment during the Wuchiapingian (Tri and Khuc, 2011;
Thanh and Khuc, 2012; Fig. 2). This age is relatively coeval with the emplacement age of

the ELIP (e.g., Shellnutt et al., 2012).



The Yen Duyet Fm. (Fig. 2) overlies conformably the Cam Thuy Fm. and is
composed of different sedimentary rocks including limestone, shale, volcaniclastic rocks,
siltstone, sandstone, coal and paleosoils (Shi G.R. and Shen S.-Z.,, 1998). The latter
suggests a terrestrial depositional environment. However, the formation also yielded a
rich marine fauna, (Shi G.R. and Shen S.-Z., 1998; Tri and Khuc, 2011; Metcalfe, 2012;
Thanh and Khuc, 2012; Appendix 1), indicating a marine setting during the
Changhsingian.

The Co Noi Fm. (Fig. 2) overlies, probably unconformably, older formations
(Thanh and Khuc, 2012). However, its exact stratigraphic relationship with the
underlying formations remains unclear (Tri and Khue, 2011 - see the section 4.2. of this
study). The Co Noi Fm. comprises terrigenous detrital sediments, with a minor amount
of carbonates and volcaniclastic material (Tri and Khuc, 2011; Thanh and Khuc, 2012).
Various fossils, including bivalves, ammonoids, gastropods and echinoderm remains
indicate deposition during the Early Triassic in a marine environment. More precise
depositional environment is contentious. The Co Noi Fm. is indeed supposed to
correspond to turbiditic series (Faure et al.,, 2014), while Huyen et al. (2004) favor
estuarine series followed by increasing marine influences in the upper part.

The Co Noi Fm. is conformably overlain by the Dong Giao Fm. (Fig. 2), which
comprises limestones containing brachiopods, bivalves, ammonoids (Tri and Khuc,
2011; Thanh and Khuc, 2012; Appendix 1), foraminifers and stromatolites (Martini et al.,
1998). These fossils indicate a shallow marine environment during the Anisian (Martini
et al, 1998; Tri and Khuc, 2011; Thanh and Khuc, 2012). However, foraminifer
biostratigraphy suggests that the deposition of the Dong Giao Fm. may have initiated as

early as the Early Triassic (Martini et al., 1998).
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The hemipelagic marls, siltstones and claystones of the Nam Tham Fm. (Fig. 2)
overlie the Dong Giao Fm. (Tri and Khuc, 2011; Thanh and Khuc, 2012; Appendix 1). The
Nam Tham Fm. also comprises subordinate limestones and sandstones, and contains
bivalves and ammonoids indicating a Ladinian age (Tri and Khuc, 2011; Thanh and
Khuc, 2012; Appendix 1).

The Song Boi Fm. (Fig. 2) contains a basal conglomerate resting unconformably
on the older formations, followed by sandstones, siltstones and shales (Tri and Khuc,
2011; Thanh and Khuc, 2012). Bivalves (Thanh and Khuc, 2012) and ammonoid fossils
(Tri and Khuc, 2011) indicate a marine depositional environment and an early Norian
age, (this work, Appendix 1; Fig. S1).

Above, the unconformable Suoi Bang Fm. (Fig. 2) comprises a basal part
consisting mainly in detrital terrigenous sediments and containing bivalves,
brachiopods and ammonoids (Son et al.,, 2005; Tri and Khuc, 2011; Thanh and Khuc,
2012; Appendix 1). The upper part of the formation is composed of sandstones and
siltstones interbedded with coal seams and containing brackish-water bivalves and
plant fossils, to which a “sub-continental” depositional environment is attributed (Tri
and Khuc, 2011; Thanh and Khuc, 2012). On the basis of its paleontological content,
structural relationships with other dated units and regional lithostratigraphic
correlations, this formation is regarded as Norian - Rhaetian (Son et al., 2005) or as late
Norian - Rhaetian in age (Tri and Khuc, 2011; Thanh and Khuc, 2012; Appendix 1). The
plant fossil assemblage described from this formation (Tri and Khuc, 2011; Thanh and
Khuc, 2012) suggests that the deposition occurred, at least in part, during the Rhaetian

and/or the Early Jurassic (this work, Appendix 1; Table S1).
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2.3. Sam Nua Basin

2.3.1. Tectonic setting

The Sam Nua Basin (Fig. 1) is delimited to the south by the Song Ca Fault, to the north by
the Song Ma Fault and to the west by the Dien Bien Phu Fault, constituting an elongated
NW-SE trending basin. As for the Song Da Basin, the present-day boundaries do not
reflect the initial geometry of the basin, but correspond to younger deformations along
strike-slip faults (e.g., Jolivet et al., 1999; Roger et al.,, 2014; Wen S. et al,, 2015) offsetting
the Permian and Triassic structures.

The basement of the Sam Nua Basin comprises Neoproterozoic to late Cambrian
metasedimentary rocks that underwent high-grade metamorphism, and of late Silurian
to Early Devonian metasedimentary rocks of lower grades, although strongly deformed
(e.g., Tri and Khuc, 2011). Two contrasted interpretations are proposed to explain the
formation of the Sam Nua Basin, both relying on the geochemical characteristics of calk-
alkaline volcanic rocks interbedded with the sedimentary rocks infilling the basin.

The calk-alkaline volcanism is classically attributed to a late orogenic magmatic
activity, and thus points toward a late orogenic extensional setting (e.g., Lepvrier et al,,
2004; Hoa et al, 2008; Tri and Khuc, 2011). More recently, the same calk-alkaline
magmatic rocks have been interpreted as being emplaced in an arc setting (Liu ]. et al,,
2012; Faure et al, 2014; Shi M.-F. et al,, 2015). In such a case, the Sam Nua Basin
represent a foreland basin, located above an active subduction zone, in a convergent

setting.
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2.3.2. Stratigraphic framework

Deposition in the Sam Nua basin initiated with the Dong Trau Fm. (Fig. 3; Son et al,,
2005; Tri and Khuc, 2011; Thanh and Khuc, 2012), that rests unconformably on a
Proterozoic basement (Son et al., 2005). The Dong Trau Fm. is mainly composed of
volcaniclastic material (Tri and Khuc, 2011; Thanh and Khuc, 2012) with interbedded
calk-alkaline volcanic rocks (Trung et al.,, 2007; Shi M.-F. et al., 2015; Rossignol, 2015).
The depositional environment is poorly constrained as both marine (ammonoids,
bivalves, brachiopods; e.g., Son et al,, 2005) and terrestrial (plant remains; Thanh and
Khuc, 2012) fossils have been described in the formation. Based on its paleontological
content, an Anisian age (247.2 to 242 Ma) is attributed to the Dong Trau Fm. (Son et al,,
2005; Tri and Khuc, 2011; Thanh and Khuc, 2012; Appendix 1, section 2). However, Rb-
Sr radiometric dating (whole rock isochron method) of altered volcanic rocks yielded a
date of 218 + 10 Ma (Trung et.al.,, 2007; Fig. 3), which is inconsistent with the index
fossils found in this formation. Asthe Rb-Sr isotopic system is prone to resetting during
alteration, this age must be considered with caution. Also in contradiction with an
Anisian age, a rhyolite collected in the southeastern part of the Sam Nua Basin (Fig. 1A),
yielded a late Permian to Early Triassic age (251.9 + 1.7 Ma, U-Pb dating on zircon, Shi
M.-F. et al,, 2015; Fig. 3). Furthermore, the Dong Trau Fm. is crosscut by the Song Ma
Granite (Son et al., 2005), emplaced between 263 + 5 Ma and 239 + 6 Ma (Hieu et al,,
2017). The oldest intrusion age, at 263 + 5 Ma (Fig. 3), indicates that the deposition of
the Dong Trau Fm. could have actually started before 263 + 5 Ma, during the middle to
the late Permian (Fig. 3). There are therefore important discrepancies between the
Anisian biostratigraphic age inferred from the fossil content of the Dong Trau Fm. (Son
et al,, 2005; Tri and Khuc, 2011; Thanh and Khuc, 2012; Appendix 1) and ages obtained

from structural and geochronological evidences (Fig. 3).
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Above the Dong Trau Fm., the Hoang Mai Fm. (Fig. 3) is composed of limestones
containing a marine fauna. These fossils give an Anisian age for this formation (Tri and
Khuc, 2011; Thanh and Khuc, 2012; Appendix 1). Both formations are unconformably

overlain by the Suoi Bang Fm., which also occurs in the Song Da Basin.

3. Methodology

3.1. Field investigations and sampling

We surveyed 4 areas in the Song Da Basin, including, from the southeast to the
northeast: the Ninh Binh (Fig. 4A), Muong Khen (Fig. 4B), Mai Son (Fig. 4C) and Banh
Hinh (Fig. 1B) areas, and the Sop Cop area (Fig. 5) in the northern part of the Sam Nua
Basin. Field investigations were undertaken with two main objectives: (i) reconstruction
of the depositional environments-and (ii) sampling (see Appendix 2 for coordinates) for
dating purposes using biostratigraphy (foraminifers) or U-Pb detrital zircon
geochronology of sedimentary rocks to get maximum depositional ages.

Where feasible, sedimentological sections were described at the scale of 1:100.
Interpretation of raw sedimentological data was undertaken using sedimentological
analysis (facies analysis, petrographic study, paleontological content description, etc.).
The results were then integrated in order to reconstruct each individual depositional
environment.

Limestone samples have been collected from the best-preserved portions of the
outcrops avoiding, as much as possible, recrystallized and fractured lithologies. The
microfacies and biostratigraphic analyses in this work rely on the observation of more

than a hundred thin sections under transmitted light. Some samples were also observed
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using catholuminescence (CL) microscopy to reveal both specific sedimentological
features and microfossils invisible in transmitted light (Appendix 3). The microfacies
were determined according to the sedimentary components and textures using the

classification of Dunham (1962), supplemented by Embry and Klovan (1971).

3.2. U-Pb zircon geochronology

3.2.1. Analytical methods

The zircon grains were extracted following a classical mineral separation procedure.
They were handpicked under a binocular ‘microscope to produce the most
representative sampling, with the aim to avoid intentional bias (see, however, Slama and
Kosler, 2012 and Malusa et al., 2013, and references therein). Zircon grains were then
imaged by CL prior to be analyzed by Laser Ablation - Inductively Coupled Plasma -
Mass Spectrometry (LA-ICP-MS) in the Géosciences Rennes laboratory (see Appendix 3

for more information).

3.2.2. Data filtering, maximum age calculations and detection limits

A two-step procedure has been applied to derive maximum depositional ages from
sedimentary rock samples. The first step consisted in filtering the data based on their
probability of concordance (Ludwig, 1998; Nemchin and Cawood, 2005), calculated
using the relevant function in Isoplot/Ex 3.00 (Ludwig, 2012) and including decay
constant errors. The cut-off level applied to filter the data was 10% (e.g., Nemchin and
Cawood, 2005; Rossignol et al,, 2016). Hereafter, concordant analyses refer to those

exhibiting a probability of concordance = 10%.
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Concordant analyses were kept for the second step that consists in calculating the
maximum depositional age using the youngest cluster of at least 3 grains overlapping in

age at 2 0 (standard deviation), as proposed by Dickinson and Gehrels (2009), to ensure

a statistically robust estimate of the maximum depositional age. Maximum depositional
ages were calculated as the concordia age (Ludwig, 1998) of these youngest clusters
using Isoplot/Ex 3.00 (Ludwig, 2012) and are provided with 95% confidence limits.
Hereafter quoted dates are concordia ages.

To assess the representativeness of the filtered data sets, the detection limits (i.e.,
the relative proportions, expressed as the percentagesof the largest population of zircon
grains that are likely to remain undetected at a given confidence level; Andersen, 2005)
are provided. Detections limits, calculated following Andersen (2005) and Rossignol et

al. (2016), are provided for 1 grain and 3 grains at the 50% and 95% confidence levels.

4. Stratigraphy of the Song Da Basin

4.2. Co Noi Formation

4.2.1. Sedimentological analyses

Description. In the Ban Hinh area (Fig. 1B), the formation shows a clear unconformable
relationship with the underlying volcaniclastic rocks of the Cam Thuy Fm. (Fig. 6A to C).
The outcrop exposure was large enough to realize a sedimentological section for the

basal beds of the Co Noi Fm. (Fig. 7).
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Three main facies occur in the Co Noi Fm. at the Ban Hinh locality (Fig. 6A to C
and Fig. 7), including two conglomerate facies (Gt, Gh; Table 2) and one sandstone facies
(Sh; Table 2). The Gt facies, at the base of the formation, is mainly made up of large (up
to 20 cm in diameter), well-rounded boulders displaying a large range of volcanic
lithology, with mainly basaltic boulders and subordinate andesitic to rhyolitic pebbles.
The Gh and Sh facies are composed of clasts displaying finer grain-sizes, ranging from
gravel to pebble (Gh facies) and sand (Sh facies), showing similar lithologies to those
exhibited by the clasts within the Gt conglomerates. Occurrence of quartz and epidote
veins (Fig. 6A and 6B) indicates that these rocks underwent a greenschist facies
metamorphism in this area.

In the other studied localities, the outcrop exposures were too limited to make
sedimentological section. Alternating siltstone and fine-grained, bioturbated, sandstone
layers with ripple marks crop out in the area of Mai Son (red circled capital letter C in
Fig. 1B; Fig. 4C). In the Muong Khen area (red circled capital letter B in Fig. 1B; Fig. 4B),
the Co Noi Fm. consists of sandstones exhibiting trough cross-stratification (facies St,
Table 2). Unidentifiable plant remains were also found in fine sandstone to siltstone
deposits of the Muong Khen area.

Petrographic investigations (Fig. 6D, E and F and Table 3) indicate that the Sh
facies sandstones are lithic arenites, mainly made up of poorly sorted, sub-angular to
sub-rounded rock fragments. These fragments originate from the reworking of
magmatic (granular, microgranular and weathered microlitic textures) and sedimentary
rocks (sparitic limestone, siltstone). From one locality to another, the sandstones
present variable feldspar contents, the feldspar being commonly weathered with a sub-

angular shape. In some localities, these sandstones classify as feldspathic arenites.
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Monocrystalline quartz grains, generally well-rounded, opaque minerals, chlorite,

epidote and zircon also occur in these arenites.

Interpretation. The depositional environment of the Co Noi Fm. corresponds to a-distal
braided plain with megaripple migration (Gt, St) and unconfined flow (i.e., sheetflood
tabular bed, Sh, Gh). At stratigraphically higher positions (localities of Mai Son and
Muong Khen), the deposits of the Co Noi Fm. are indicative of more distal and less
energetic depositional environments such as flood plain or lacustrine settings.

The Early Triassic age attributed to the Co Noi Fm. (Tri and Khuc, 2011; Thanh
and Khuc, 2012) is mainly based on marine fossils (e.g., ammonoids, Appendix 1).
However, our results from the sedimentological analysis indicate a terrestrial
paleoenvironment, implying that marine fossils cannot provide a reliable depositional

age for theses terrestrial deposits.

4.2.2. Geochronological analyses

Sample VN 12-14. The sample is a lithic arenite from the Muong Khen locality (Fig. 4B). It
yielded a large number of zircon crystals that are mainly sub-rounded to sub-angular,
with a few euhedral grains. In reflected light, the grains display a pale pinkish color and
show very contrasted brightness in CL, some grains having a strong CL intensity while
others are nearly non-luminescent. A total of 110 analyses on 104 grains were
performed (Fig. 8A). Thirty-three grains (34 analyses) are concordant, resulting in
detection limits ranging from 2.1% for the DL1pL=0.5) to 17.9% for the DL3pL=095) (Table
4). The Th/U ratios, ranging from 0.40 to 5.24, are compatible with a magmatic origin

(e.g., Rubatto et al., 2002).
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The youngest cluster of grains from this sample gives a concordia date of 243.1 *
2.3 Ma (n=6, MSWD=0.86, probability=0.58), which is interpreted as the maximum
depositional age for this lithic arenite (Fig. 8B). Most of the other concordant dates
spread continuously from the maximum depositional age up to 274.0 = 6.5 Ma (Fig. 8A),
and the age distribution of this sample is centered on ca. 255 Ma (Fig. 9A). A unique
grain yielded a concordant date of 219.8 + 6.5 Ma that is younger than the retained
maximum depositional age, suggesting that the deposition of the sediment could be
younger (Fig. 8A and Fig. 9A). However, as only one grain gives a date of ca. 220 Ma (that
possibly results from a Pb loss) and as no separate aliquot have been analyzed to test
reproducibility, the statistical requirements are not met to confidently consider this date

as a maximum depositional age for the sample.

Sample VN 12-22. 1t is a feldspathic arenite from the Mai Son locality (Fig. 4C). A large
number of zircon grains, displaying rounded to euhedral shapes, were extracted from
this sample. In CL, most of the grains have a very faint brightness, and a few grains show
patchy luminescence. A total of 103 analyses from 102 grains were performed. Thirty-
one grainsare concordant (Fig. 8C), resulting in relatively low detection limits, ranging
from 2.2% for the DLi(pL=05) to 19.0% for the DL3pL=095) (Table 4). The Th/U ratios,
ranging from 0.30 to 1.67, suggest a magmatic origin for these grains.

The youngest cluster from this sample gives a concordia date of 237.3 * 2.4 Ma
(n=5, MSWD=1.12, probability=0.35), interpreted as the maximum depositional age (Fig.
8D). The other concordant dates are older and spread from the maximum depositional
age up to 273.2 + 6.3 Ma (Fig. 9B). The age distribution of this sample is unimodal and

centered on ca. 250 Ma (Fig. 9B).
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Sample VN 12-51. This lithic arenite was sampled at the Ban Hinh locality (Fig. 1B), ca.
10 m above the unconformity with the Cam Thuy Fm. (Fig. 7). A very limited number of
zircon grains (4), showing patchy luminescence brightness in CL, were extracted from
the sample and only two are concordant, resulting in very high detection limits
(DL1(pr=0.5) = 29.3%; DL1(pL=095) = 77.6%; Table 4). The Th/U ratios, ranging from 0.54 to
0.93, suggest a magmatic origin for these grains.

Repeated analyses on the grains extracted from this sample (Fig. 8E) allowed to
obtain 2 concordant analyses on 2 grains, defining a concordia date of 242.6 + 4.1 Ma
(MSWD=0.74, probability=0.53). This date is interpreted as the maximum depositional
age for this sample (Fig. 8F and Fig. 9C), although the statistical requirement of
minimum 3 grains in the cluster is not met. However, despite relying on only two grains,
this age is equivalent to the maximum depositional ages obtained from the other

samples of the Co Noi Fm.

4.3. Dong Giao Formation

4.3.1. Sedimentological analyses

Description. The Dong Giao Fm. includes the main limestone rocks resting upon the
aforementioned Co Noi deposits. The limestones are very thick and underwent
moderate deformation in the Ninh Binh area (Fig. 4A). The sedimentary succession
begins with 350 m of bioclastic black micrites, covered by 150 to 200m of grey
carbonate rocks containing oncoids and 50m of white bioclastic limestone. This
succession is in turn capped by a 150m thick grey to black limestone with ripple and

sole marks (Fig. 10).
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A detailed investigation allowed to define six members (a, b, ¢, d, e and f; Fig. 10)
within the Dong Giao Fm. in the Ninh Binh area. To the base, the member a consists of
finely laminated black mudstone showing, locally, bioturbations and microbialitic
structures (Martini et al. 1998). Ghosts of small benthic foraminifers also occur as well
as gastropod lumachelles. The overlying member b comprises homogeneous black
mudstone characterized by remnants of Dasycladacean algae (Teutloporella?), strongly
recrystallized. The member c¢ contains gray to dark gray homogeneous mudstone.
Subordinate are wakestone to packstone and packstone to grainstone with abundant
peloids, oncoids and various organisms, such as gastropods, bivalves, ostracods and
foraminifers. Member d is represented by gray grainstone with oncoids and peloids.
Less abundant are ostracods, fragments of algae and foraminifers. Member e is
dominated by white to grey bioclastic packstone, subordinately wackestone and
grainstone. Skeletal grains are foraminifers, remnants of echinoderms, bivalves and
ostracods. The uppermost member of the formation, member f, comprises boundstone
to rudstone limestones. The boundstone displays either a thrombolytic facies, in which
only some badly preserved foraminifers occur, or micropeloidal facies rich in
foraminifers. The rudstone is composed by large ossicles of echinoderms, serpulids,
bryozoans, algae, as well as fragments of sponges, bivalves and ostracods, in a

micropeloidal matrix.

Interpretation. The lithological characteristics and microfacies of the examined samples
indicate that the limestones originated on a wide shallow water carbonate shelf, under
low energy conditions. The presence of rudstone and boundstone facies, together with
the absence of reefal builder organisms (e.g., corals and sponges), suggests deposition

on a carbonate ramp located in a marginal basin that underwent a rapid subsidence,
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where algal buildups locally developed. An evolution from intertidal, rarely supratidal,

to subtidal conditions is observed from the base to the top of the Dong Giao Fm.

4.3.2. Foraminifers

In the Dong Giao Fm., the foraminifers are mainly present in the upper part of the
succession. They have been found in packstone and grainstone facies but also occur in
boundstones. The generally well-preserved foraminiferal association is of low diversity,
and characteristic of all the studied outcrops in the Song Da area, where limestones crop
out.

Among the porcelaneous forms, Citaella dinarica (former Meandrospira) is the
most distinctive and abundant species (samples V95; Fig. 11A and 11B) whereas
Postcladella sp. (former Cornuspira) (samples V140; V143; Fig. 11C, 11D and 11E) and
Hoyenella gr. H. sinensis (sample V144) are rare. The association also contains
Endotriada tyrrhenica (sample V78; Fig. 11F and 11G), a species with an agglutinated
wall. This foraminiferal association confirms the Anisian age already proposed by
Martini et al. (1998). Particularly, Citaella dinarica is indicative of the Middle Anisian
(Pelsonian - ca. 244.3 Ma to ca. 243.1 Ma; Li M. et al.,, 2018) as reported by many authors
in the Tethyan domain (Rettori 1995; Kobayashi et al. 2006 and references herein), as
well as in east and southeast Asia: Malaysia Peninsula (Gazdzicki and Smit, 1977;
Vachard and Fontaine 1988); north Vietnam (Martini et al. 1998); south China (Lin, ]. X.
and Zheng Y.M, 1978; He Y., 1984) and in Japan (Kobayashi 1996; Kobayashi et al., 2005,
2006). The Dong Giao Fm., older than ca. 243 Ma, conformably overlies the Co Noi Fm.

(e.g., Tri and Khuc, 2011; Thanh and Khuc, 2012; Fig. 2), which gave maximum
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depositional age of 237.3 + 2.4 Ma, resulting in a deposition age contradiction (see

discussion).

5. Stratigraphy of the Sam Nua Basin

5.1. Dong Trau Formation

5.1.1. Sedimentological analyses
Description. The Dong Trau Fm. unconformably lies on a high-grade metamorphic
basement that is crosscut by doleritic dykes (Fig. 12A), as previously reported by
Fromaget (1934b). The Dong Trau Fm. is strongly deformed (faulted and folded, Fig.
12B). The main facies were identified, but no reliable sedimentological log can be
provided. The formation is mainly composed of fine-grained siltstones, sometimes
intercalated with marls and coarse-grained volcaniclastic sandstones. The siltstones
display planar stratifications, which may locally be disturbed by decimetric volcanic
bombs (Fig. 12C), and contain a few unidentified plants remains and bivalves.
Sometimes, the coarser volcaniclastic sandstones and wackes exhibit asymmetric
current ripple indicative of unidirectional currents. Some coarse levels contain several
cephalopod remains (ammonoids and orthoconic nautiloids), the preservation degree of
which does not allow for a firm taxonomic determination.

The petrographical study reveals that the siltstones comprise rare rounded
quartz grains and angular, elongated to needle shaped and cryptocrystalline elements
that are interpreted as volcanic shards embedded within a silty matrix (Table 3). The

coarser layers enclose numerous lithic fragments, commonly rounded to sub-rounded
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weathered rock fragments, displaying various igneous textures ranging from granular to
microlitic. Monocrystalline particles are mainly angular to sub-angular, slightly
weathered feldspar grains (Fig. 12D), among which plagioclase is frequent. These
volcaniclastic sandstones and wackes also contain zircon grains and numerous corroded
quartz crystals with embayments (Fig. 12E), suggesting that they derive from felsic
volcanic rocks. The matrix is rich in fine-grained quartz and chlorite.

The Dong Trau Fm. also includes rhyolites (Rossignol, 2015). The rocks display
porphyritic textures with feldspar and quartz phenocrysts (Fig. 12F and 12G). The
quartz phenocrysts are commonly corroded, showing embayments against the
groundmass (Fig. 12F), typical for quartz crystals partly destabilized as the pressure
dropped during magma ascent. The feldspar phenocrysts consist of sericitized
plagioclase and perthitic orthoclase resulting from sanidine recrystallizations. The
groundmass is locally spherolitic to microgranular, suggestting that the rocks
underwent solid-state recrystallization. The accessory minerals are mainly opaque,

euhedral microphenocrysts and zircon (Table 3).

Interpretation. The Dong Trau Fm. corresponds to marine environments, as evidenced
by the presence of numerous marine organisms, such as ammonoids. Highly fragmented
and poorly preserved plant remains attest that these fossils are allochtonous. They
however indicate the relative proximity of a coastline, consistent with a rather shallow
marine setting. The occurrences of volcanic bombs and interbedded rhyolitic lava flows,
as well as rhyolitic quartz grains (i.e, quartz crystals with embayments), angular
feldspar fragments and volcanic shards clearly evidence that a proximal effusive to

explosive volcanism was coeval with sedimentation.
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5.1.2. Geochronological analyses

Sample VN 12-38. Ninety-nine grains were analysed for this volcaniclastic wacke.
Thirteen grains yielded concordant dates, implying high detection limits (Table 4),
ranging between 5.2% for the DLi(pr-0.5) and 41.1% for the DL3(pL-0.95). Most of the grains
are euhedral to sub-euhedral and display a pinkish color. Most of the grains are euhedral
to sub-euhedral and display a pinkish color while a few rounded to sub-rounded grains
are ranging from yellow to orange. Internal structures imaged by CL are diverse: patchy
to well-defined oscillatory zoning. The Th/U ratios range between 0.31 and 2.38,
suggesting a magmatic origin for all these grains.

Except a single grain giving a date of 1052.7 # 12.7 Ma (Fig. 13A), the concordant
grains yielded dates ranging from 272.0 + 6.4 Ma to 231.7 £ 5.7 Ma. Six analyses define
the youngest concordant cluster at 246.4 + 2.4 Ma (MSWD = 1.5; Fig. 13B). This date is
interpreted as the maximum depositional age for this wacke. The main population,
defined by 12 grains, exhibits an unimodal age distribution centered on ca. 246 Ma (Fig.

14A).

Samples VN 12-27 and VN 12-41 (rhyolites). As these samples display similar
characteristics regarding their zircon contents, they are presented together. Fifty
analyses and 59 analyses were performed for samples VN 12-27 (Fig. 15A) and VN 12-
41 (Fig. 15C), respectively. Most of the grains are slightly pinkish to translucent and
have an elongated euhedral shape, while a few grains are prismatic. In CL, the internal
structure is characterized by faint oscillatory or patchy zoning. A few zircon grains show
small inherited cores (not analyzed). All the grains have Th/U ratios higher than 0.1

(ranging between 0.27 and 1.39), suggesting a magmatic origin.
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Plotted in Tera-Wasserburg diagrams, the analyses spread along the concordia
line (Fig. 15A and 15C) following Pb loss trends. The observed spreading of the analyses
is thus interpreted as the consequence of variable lead loss. The main cluster of
concordant grains yield concordia dates of 248.3 + 1.6 Ma (VN 12-27; n = 15; MSWD =
1.3; Fig. 15B) and 246.7 £ 1.9 Ma (VN 12-41; n = 9; MSWD = 1.4; Fig. 15D). These dates
are interpreted as the emplacement ages for the rhyolites interbedded in the Dong Trau
sediments. Additionally, sample VN 12-41 also contains a concordant grain at 264.5+6.4

Ma interpreted as a xenocryst.

5.2. Suoi Bang Formation

5.2.1. Sedimentological analyses

Description. The Suoi Bang Fm: unconformably overlies the deposits of the Dong Trau
Fm. (Fig. 16A) and .comprises 9 main facies (Fig. 16, Table 2), among which
conglomerate facies are dominant (Fig. 16B and 17). Two main facies associations were
identified along a 200m thick section: the A1 (Gmm, Gh, Gt and Sm, Table 2) and the A2
(Gt, St, Sm, Fm and Fc, Table 2) facies associations.

In the A1l facies association, the Gmm and Gh facies represent debris flow and
upper flow regime deposits (Miall, 1996), respectively, typical of proximal alluvial fan
settings. The Gt facies is characteristic of 3D megaripples migration (Miall, 1996), while
the interbedded Sm facies corresponds to hyper-concentrated flows (e.g., Mulder and
Alexander, 2001) in which sand deposition is too rapid for bedforms to develop. Such

alternations are characteristic of distal alluvial fans (Blair, 1999; 2000; Nalpas et al,,
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2008) where channelized deposits progressively become prominent over unconfined or
poorly confined sheetflood deposits.

In the A2 facies association, the Gt and St facies correspond to sinuous crested 3D
megaripples, indicative of channelized deposits in braided rivers (Miall, 1996). In the
section, associated alluvial plains are mainly represented by the Fc or Fm facies, which
correspond to low energy suspension deposits, and Sm facies, attributed to overbanks
and waning floods. Fc facies generally contains organic matter. Toward the top of the
section, the reduction of the pebble sizes in the Gt facies, as well as the increasing
frequency of the finer-grained facies, illustrate that the depositional environment
became more distal (Fig. 17).

The petrographical analysis (Table 3) shows that the massive sandstones (Sm)
are mainly constituted by fine- to coarse-grained lithic arenites, with commonly sub-
rounded fragments displaying microlitic and microgranular textures (Fig. 16C). These
lithic arenites also contain isolated, commonly angular but also sub-rounded, quartz
grains. Rare isolated feldspars, white mica, chlorite, rutile, zircon and opaque minerals
are also present. The cross-bedded sandstones (St) and conglomerate matrix (Gt)
comprise well sorted, sub-rounded to sub-angular coarse isolated quartz grains and a
few rounded lithic fragments displaying microcrystalline textures (Fig. 16D). Accessory

minerals comprise rounded to euhedral zircon and rutile.

Interpretation. The Suoi Bang Fm. corresponds to an alluvial fan depositional
environment (Al facies association) evolving to a braided alluvial plain (A2 facies
association), in which the sediment supply decreased with time. Thus, the deposition of

the Suoi Bang Fm. unambiguously took place in a terrestrial setting. Therefore, the
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marine fauna described in deposits ascribed to the Suoi Bang Fm. cannot provide a

reliable age for the terrestrial deposits evidenced in this work.

5.2.2. Geochronological analyses

Sample VN 12-29. The sample is a lithic arenite sampled 5 m above the unconformity
with the Dong Trau Fm. (Fig. 17). It yielded a large number of rounded to euhedral
zircon grains ranging from slightly pinkish to nearly red. A total of 198 analyses on 196
grains were performed (Fig. 13C and 13D). Thirty-nine grains give concordant dates,
resulting in detection limits ranging from 1.8% for the DLi(pr-05) to 15.3% for the
DL3(pr-0.95) (Table 5). In CL, the internal structures vary from typical oscillatory zoning to
core-rim structure or lack any particular structure. The Th/U ratios, ranging from 0.14
to 2.50, are compatible with a magmatic origin, except one discordant grain exhibiting a
Th/U ratio of 0.06, which is possibly metamorphic.

The youngest cluster gives a concordia date of 226.1 + 3.0 (n = 3, MSWD = 1.03),
interpreted as the maximum depositional age of the basal beds from the Suoi Bang Fm.
(Fig. 13E) while most of the other concordant dates spread up to 260.0 + 6.2 Ma. The
main population (37 grains) is characterized by an unimodal age distribution, centered

on ca. 240 Ma (Fig. 14B). Only two grains yield older concordant dates (Fig. 14B).

Sample VN 12-31. This sample is a quartz arenite, the exact stratigraphic position of
which is unknown but is significantly higher in the Suoi Bang pile than the unconformity
and the VN-12-29 sample. It also yielded a significant amount of zircon grains
characterized by various sizes, shapes (from euhedral to well-rounded), colors (various

pinkish shades, brownish, violet, yellow, red and translucent), and CL internal structures
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(various brightness, inherited core with one to several overgrowths, or typical magmatic
oscillatory zoning), suggesting diverse origins. Most of the grains have high Th/U ratios
consistent with a magmatic origin, ranging between 0.1 and 6.0, although 3 grains
(among which 2 are concordant and display 644.4 + 11.0 Ma and 1159.4 + 9.2 Ma dates)
with ratios ranging between 0.03 and 0.09 could be metamorphic in origin.

Thirty-six out of the 116 analyzed grains (120 analyses; Fig 13F and 13G) yield
concordant dates, implying low detection limits with a DLjipr=05) of 1.9% and a
DL3(pL=0.95) of 16.5% (Table 5). The concordant dates range from the late Permian (258.6
+ 6.2 Ma) to the Neoarchean (2700.1 + 12.0 Ma), and define a polymodal age distribution
(Fig. 14C). The youngest cluster of 3 grains gives a concordia date of 266.5 + 3.7 Ma (n =
3, MSWD = 2.1), interpreted as the best estimate of the maximum depositional age for

this sample (Fig 13G).

6. Discussion

6.1. Stratigraphic evolution of the Song Da Basin and tectonic implications

6.1.1. Depositional environments and age of the Triassic formations

The sedimentary succession of the Co Noi Fm. investigated during this study
corresponds to terrestrial depositional environments, ranging from distal braided plain
to flood plain or lacustrine settings (Fig. 18A). These environments contrast sharply
with both the turbiditic environment suggested by Faure et al. (2014) and the marine
setting suggested by the occurrence of various marine fossils within deposits from other

localities assigned to the same formation (Tri and Khuc, 2011; Thanh and Khuc, 2012;
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Fig. 18B). The very contrasted depositional environments of the various deposits
attributed to the Co Noi Fm. highlight the need to reconsider its status as a single
formation (e.g., Huyen et al., 2004). As the dating of the Co Noi Fm. previously relied on
marine fossils (Tri and Khuc, 2011; Thanh and Khuc, 2012), the depositional age of the
terrestrial deposits from this study remains to be established.

The geochronological results obtained on the sandstones from the Co Noi Fm.
provide 3 maximum depositional ages of 243.1 + 2.3 Ma, 237.3 + 2.4 Ma and 242.6 + 4.1
Ma for this formation. Even if some localities underwent a greenschist facies
metamorphism, that could have enhanced Pb loss, the age density distribution for the
sample VN 12-22 is not skewed toward young ages (Fig. 9B), suggesting it provides a
reliable maximum depositional age, unaffected by Pb loss (Spencer et al,, 2016). This
maximum depositional age (237.3 + 2.4 Ma) indicates a Ladinian-Carnian or younger
depositional age for the terrestrial deposits of the Co Noi Fm.

The depositional environments for the Dong Giao Fm. correspond to a wide
shallow water carbonate shelf. Its deposition could have initiated as early as the Early
Triassic and resumed up to the Middle Anisian (Martini et al., 1998; Tri and Khuc, 2011;
Thanh and Khue, 2012 and new biostratigraphic data presented in this study). As the
Dong Giao Fm. conformably overlies the Co Noi Fm. (Fig. 2 and Fig. 4), implying the Dong
Giao Fm. is younger than the Co Noi Fm. The youngest maximum depositional age for the
Co Noi Fm. (237.3 + 2.4 Ma) is thus in contradiction with an Early Triassic to Middle
Anisian (i.e., older than 243 Ma) age for the Dong Giao Fm.

To overcome this inconsistency, there are two possibilites. Because of
deformation, the observed superposition (Fig. 2) could result, at least locally, from
tectonics that led to the formation of reverse series. Such an interpretation, which could

lead to reconsider the assumed stratigraphic superposition, is supported by the intense
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deformation that affects, at least locally, the basin, as attested by, recumbent folds in the
Son La area (Faure et al, 2014). However, structural and sedimentological analyses
clearly evidence at several locations that the Dong Giao Fm. conformably overlies the Co
Noi Fm. (e.g., Mong et al., 2004; Bao et al., 2004; Son et al., 2005, and Tuyet et al., 2005b;
Tri and Khuc, 2011; Thanh and Khuc, 2012). Consequently, we interpret the apparent
age paradox as resulting from the diachronous depositions of both the Co Noi and the
Dong Giao formations. This is consistent with the suggestion that the deposition of the
Dong Giao could have initiated as early as the Early Triassic (Martini et al., 1998) and
resumed at least up to the Anisian (Fig. 18A). It also implies that the Co Noi and the Dong
Giao sediments deposited coevally at different places, and corollary, diachronously at a
given place (Fig. 18A), which is consistent with the observation that the two formations
seal the unconformity at different places (e.g., Mong et al., 2004; Bao et al., 2004; Son et
al,, 2005, and Tuyet et al.,, 2005b). As the analysis of the regional maps also shows that
most of the Dong Giao deposits postdate the deposition of the Co Noi Fm., the hypothesis
that the Dong Giao Fm. also contains deposits that were emplaced after the Middle
Triassic cannot be discarded (Fig. 18A). It follows that the duration of the stratigraphic
gap sealed by both the Dong Gia and the Co Noi formations differ from place to place.
Some area might have been subjected to a short stratigraphic gap, while other areas
could have encountered a protracted stratigraphic gap that encompassed both the Early

and the Middle Triassic (Fig. 18A).

6.1.2. The Song Da Basin: a foreland basin
The distinctive feature of the Song Da Basin is the deposition of strongly diachronous

formations (both the Co Noi and the Dong Giao) over a basal unconformity (Fig. 18A).
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The diachronous sealing of a basal unconformity by mostly terrestrial deposits is
common in foreland basins, where the forebulge region undergoes weathering, soil
formation and erosion of the basement (e.g., DeCelles and Giles, 1996; Sinclair, 1997;
Caravaca et al,, in press). The sealing of a basal unconformity by well-developed, purely
terrestrial deposits, nevertheless departs from the usual initial deposition of shallow
marine to tidal sediments, as observed in most foreland basins worldwide (e.g., Sinclair,
1997). However, it is worth mentioning that the only Lower Triassic deposits known in
the Song Da Basin are marine sediments, as evidenced by the occurrence of foraminifers
(Martini et al., 1998) and ammonoids (e.g., Tri and Khuc, 2011; Thanh and Khuc, 2012;
Appendix 1). Nonetheless, purely terrestrial deposits have also been evidenced at the
early stages of foreland basin infilling (e.g., Houseknecht, 1986; Catuneanu, 2004;
Caravaca et al,, in press).

In the Song Da Basin, assuming that the basal unconformity and associated gap
mark the transition from a passive margin to a foreland basin setting (Fig. 19A), this
major geodynamic change could have been initiated as early as the Changhsingian
(latest Permian). This is corroborated by the report of terrestrial deposits and paleosols
in the Yen Duyet Fm. (Shi G.R. and Shen S.-Z., 1998). Such timing is consistent with the
earliest (i.e., between ca. 266 and ca. 237 Ma; Lepvrier et al, 1997) syn-tectonic
metamorphic event experienced by the rocks constituting the internal part of the orogen
(Faure et al., 2014). In addition, at least two other younger unconformities are
documented in the Song Da Basin (Mong et al., 2004; Bao et al., 2004; Son et al,, 2005;
Tuyet et al,, 2005b; Tri and Khuc, 2011; Thanh and Khuc, 2012; Appendix 1). These
unconformities potentially witness protracted tectonic deformations affecting the Song

Da Basin during the Triassic.
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Assuming a proarc (i.e., localized in front of the orogenic belt, on the subducting
South China plate, see below) foreland setting, the main sourcing area for the Co Noi
sandstones would have been located on the SCB (Fig. 19B). The latter experienced
important volcanic activities associated with the Emeishan Large Igneous Province
(ELIP) event between ca. 260 Ma and 240 Ma (Shellnutt et al., 2008). The peak of the
volcanic activity occured between ca. 260 and 257 Ma (e.g., Shellnutt et al., 2012). This is
in agreement with the age distribution of sandstone samples collected in the Co Noi Fm,,
which are unimodal and centered on ca. 255 Ma and ca. 250 Ma (Fig. 9). The grain Th/U
ratios, as well as the occurrence of numerous reworked and weathered volcaniclasts in
these sandstones, suggest that these grains mainly originated from volcanic rocks.

The carbonate sedimentation (Dong Giao Fm.), directly sealing the basal
unconformity (Mong et al.,, 2004; Bao et al., 2004; Son et al., 2005, and Tuyet et al.,
2005b) or conformably overlying the Co Noi Fm. (Tri and Khuc, 2011; Thanh and Khuc,
2012), attests for the progressive drowning of the basin below sea level. Although
eustatism may account for relative sea level changes, it is likely that in the Song Da Basin
the drowning resulted, at least in part, from an increased flexural subsidence related the
topographic-load exerted by the adjacent thrust belt that was building at that time (e.g.,
Lepvrier et al., 1997; 2004; Nakano et al.,, 2008, 2010; Liu ]. et al,, 2012; Faure et al.,,
2014; Roger et al,, 2014; Zhang R.Y. et al,, 2013, 2014). This thrust belt results from the
collision between the SCB and the Indochina Block and corresponds to the Indosinian
orogen. Diachronous carbonate deposits, spanning from the Early Triassic up to the
Ladinian-Carnian in different locations of the Song Da Basin, constitute a common
stratigraphic signature of forebulge and back-bulge depozones in foreland basins
located in the tropical or sub-tropical climatic belts (e.g., DeCelles and Giles, 1996;

Sinclair, 1997; Maurizot, 2014; Caravaca et al., in press). These were the climatic
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conditions underwent by the Song Da Basin as it was located at tropical latitudes during
the Triassic (e.g., Li P. etal.,, 2004; Gilder et al., 2008).

From the Early to the Late Triassic, the Song Da Basin experienced progressive
and pronounced lithological changes. These modifications are marked by an increasing
siliciclastic input, partly constituted by immature sandstones made up of feldspar and
volcaniclastic particles (Thanh and Khuc, 2012). This progressive lithological shift from
calcareous to siliciclastic sedimentation initiated as soon as the Anisian in the upper part
of the Dong Giao Fm. (Thanh and Khuc, 2012) and continued throughout the Ladinian
and the Late Triassic (Nam Tham and Suoi Bang formations; Fig. 19C; Appendix 1). This
shift suggests a change in the lithology of the hinterland that sourced the basin, and/or
an increasing proximity with respect to the source area of siliciclastic detrital particles.
These siliciclastic inputs are interpreted to derive from the erosion of the thrust wedge,
as classically evidenced in a number of other foreland basins (e.g., Sinclair, 1997).

Finally, a large number of the discrepancies in the equivocal stratigraphic
framework that was in use for the Song Da Basin (Appendix 1) were probably rooted in
the significant diachronous deposition of the main formations constituting the basin
(Fig. 18A). The dating of the terrestrial formations that lack preserved fossils for
biostratigraphic dating, as well as a reevaluation of the age of the main marine deposits
from published data (Appendix 1) and newly collected samples provided new support to

overcome these initial stratigraphic discrepancies.

6.2. Stratigraphic evolution of the Sam Nua Basin and tectonic implications
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6.2.1. Depositional environments and ages of the Triassic formations

Dong Trau Fm. Numerous marine organisms, such as ammonoids, found within the
volcaniclastic sediments of the Dong Trau Fm., attest a deposition in a marine setting
(Fig. 20A). The volcaniclastic deposits comprise rhyolitic quartz grains (i.e., quartz
crystals with embayments), angular feldspar fragments and volcanic shards, along with
volcanic bombs and interbedded rhyolitic lava flows. These evidences indicate that
proximal effusive to explosive volcanism was coeval with sedimentation.

The emplacement of the rhyolites from the Sop Cop area, northern part of the
Sam Nua Basin, occurred during the Early to the Middle Triassic, at 248.3 + 1.6 Ma and
246.7 + 1.9 Ma. This is consistent with the maximum depositional age obtained on the
volcaniclastic wacke collected in the Dong Trau Fm. (246.4 + 2.4 Ma). These results are
also consistent with a rhyolite from the southeastern part of the Sam Nua Basin, which
gave an age of 251.9 + 1.7 Ma (Shi M.-F. et al., 2015). The depositional age of the Dong
Trau Fm. is thus consistent with the biostratigraphic age inferred from the ammonoid
content (Tri and Khuc, 2011; Thanh and Khuc, 2012, Fig. 2; Appendix 1). This is
furthermore consistent with the 239 + 6 Ma age obtained on the Song Ma Granite (Hieu
et al, 2017), intrusive within the Dong Trau Fm. (Son et al,, 2005).

The interpretation of the tectonic setting of the Sam Nua Basin during the Early to
Middle Triassic critically relies on the geochemical signature of calk-alkaline rocks,
among which the rhyolites interbedded within the Dong Trau Fm. (Lepvrier et al., 2004;
Hoa et al, 2008; Tri and Khuc, 2011). These geochemical signatures are however
ambiguous (e.g., Morris et al,, 2000; Hoa et al.,, 2008), resulting in opposite views about
the tectonic setting for the Sam Nua Basin at that time, some studies pointing to a late
orogenic basin (Lepvrier et al., 2004; Hoa et al., 2008; Tri and Khuc, 2011) while other

favor a foreland basin (Liu J. et al,, 2012; Faure et al., 2014, 2016; Shi M.-F. et al., 2015).
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Three independent observations made during this work allow to decipher between
these contrasted hypotheses.

First, the marine depositional environments of the Dong Trau Fm. are plausibly
expected to occur in the vicinity of volcanic arcs, while terrestrial deposits more likely
accumulate during the late orogenic stages of continental collisions. The marine deposits
of the Dong Trau Fm., which were coeval with a very proximal calk-alkaline magmatic
activity, are thus compatible with an arc related setting.

Second, the Dong Trau rhyolites and associated volcaniclastic rocks are strongly
deformed (Fig. 12B), as attested by the numerous folds and faults crosscutting the whole
formation. Thus, the Dong Trau Fm. underwent significant deformations that occurred
after its deposition, suggesting that the Dong Trau deposits were involved in at least one
orogenic cycle. This is in agreement with arc-related basins that formed before major
collisions. In contrast, intra-mountain late orogenic basins are expected to undergo only
minor deformations.

Third, the Dong Trau Fm. is stratigraphically located below the angular
unconformity with the Suoi Bang Fm., which also proves that the volcanism in the Dong
Trau Fm. was ‘emplaced before the major tectonic event responsible for the
unconformity. These evidences indicate that the Sam Nua Basin was probably located in
the immediate vicinity of a subduction related magmatic arc during the Early to the
Middle Triassic, as already suggested in various studies (Liu J. et al., 2012; Faure et al,,
2014, 2016; Shi M.-F. et al,, 2015; Hieu et al., 2017). A late orogenic setting (Lepvrier et
al., 2004; Hoa et al., 2008; Tri and Khuc, 2011) appears unlikely.

The occurrence of arc related magmatic rocks implies that a slab constituted by
an oceanic lithosphere was subducting to generate the calk-alkaline magmatism. This

requires that an oceanic domain, constituted by an oceanic lithosphere, separated the
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SCB from the Indochina Block, and was not totally consumed by subduction processes
when the calk-alkaline volcanoes were active, i.e,, during the Early to the Middle
Triassic. Hypotheses proposing that the SCB and the Indochina Block were separated by
a continental rift (e.g., Metcalfe, 2012), by a back-arc basin that developed over a
thinned continental crust (Fan W. et al, 2010), or that these blocks were already
amalgamated (e.g., Carter et al, 2001; Carter and Clift, 2008), do not explain the
occurrence of voluminous Early to Middle calk-alkaline magmatic rocks in the Sam Nua
Basin; consequently, these hypotheses are improbable.

The occurrence of arc related rocks in the Sam Nua Basin, to the south of the Song
Ma Ophiolitic Suture Zone, implies that the Triassic subduction was dipping toward the
southwest (present-day coordinates), beneath the Indochina block, as sugested by
several authors (e.g, Liu J. et al,, 2012; Vuong et al., 2013; Roger et al., 2014; Faure et al.,
2014, 2016; Shi M.-F. et al.,, 2015; Hieu et al., 2017). Corollary, this precludes the
hypothesis of a northward dipping slab beneath the SCB, as it has been advocated (e.g.,

Lepvrier et al., 2004; 2008; Nakano et al,, 2010; Yan Q. et al.,, 2017).

Suoi Bang Fm. The sedimentary succession of the Suoi Bang Fm. investigated during this
study exhibits terrestrial depositional environments, ranging from alluvial fan to a
braided alluvial plain (Fig. 20A). These environments contrast with the marine setting
suggested by the occurrence of various marine fossils within deposits from other
localities that are also assigned to the same formation (Tri and Khuc, 2011; Thanh and
Khuc, 2012; Appendix 1). However, this is in agreement with the report of coal seams,
brackish-water bivalves and plant fossils in the upper part of the formation (Tri and

Khuc, 2011; Thanh and Khuc, 2012).
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The maximum depositional age for the Suoi Bang Fm. (226.1 * 3.0 Ma) is
consistent with a Late Triassic to Early Jurassic depositional age, which is indicated by
the plant remains that occur in the Suoi Bang Fm. (Appendix 1; section 2; Table S1).
Additionally, this also agrees with available structural relationships with dated

magmatic rocks (Fig. 2; see, however, discussion in Appendix 1).

6.2.2. Age and significance of the major unconformity separating the Dong Trau from the
Suoi Bang formations
In the Sop Cop area (Fig. 5), the angular unconformity between the Dong Trau and the
Suoi Bang formations (Fig. 16A) formed between the Ladinian (Middle Triassic), and the
late Norian. The formation of the unconformity is therefore coeval with high-pressure
granulite facies metamorphic rocks (ca. 240 to 230 Ma; Table 1; Nakano et al,, 2010;
Zhang R.Y. et al,, 2013, 2014) cropping out in the Nam Co Unit, to the north of the Sam
Nua Basin.

The Suoi Bang sediments sealing the So Cop unconformity are particularly coarse
(up to 1m in diameter; Table 2), display angular shapes and are made up of the material
composing the underlying Dong Trau Fm. These features suggest that the detrital
particles were of local provenance and hint for sharp topographic gradients in the
adjacent watersheds of the Sam Nua Basin. The main population of detrital zircon grains
from the sandstone collected immediately above the unconformity (Fig. 17; sample VN
12-29) is characterized by an unimodal age distribution, centered at ca. 242 Ma (Fig.
14B). As this sandstone is volcaniclast-rich (Fig. 16C, Table 3), the grains likely derive
from the reworking of volcanic and volcaniclastic rocks comparable to those from the

Dong Trau Fm.,, located immediately below the unconformity, sustaining the hypothesis
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of proximal sources. In contrast, the zircon grains extracted from the sandstone (sample
VN 12-31) collected higher in the stratigraphic pile display a completely different age
distribution (Fig. 14C). This implies that the zircon populations originate from different
sources, which were, in addition, different from that of sample VN 12-29. Along with the
observed lithological dissimilarities in the Suoi Bang sediments, significant ‘changes in
the lithologies composing the detrital sources that fed the Suoi Bang layers must be
inferred. A large number of factors may account for such changes, including varying
zircon fertility in the source rocks (e.g., Amidon et al., 2005; Moecher and Samson,
2006), the reorganization of the drainage network (e.g.,, Thomas, 2011), changes of the
erosion rates (Amidon et al, 2005) and/or changes of the hydrodynamic sorting
conditions of the grains (e.g., Lawrence et al.,, 2011). Nothing indicates which of these
factors were prominent in the present case, but all involve significant evolutions of
landscapes and associated topographies that could result from tectonic events.

From the gap duration, the structural and sedimentological characteristics
exhibited by the Suoi Bang Fm., we conclude that the So Cop unconformity should be
considered as a'major unconformity in northern Vietnam. Overall, the above lines of
evidence suggest that the angular unconformity that separate the Dong Trau from the
Suoi Bang formations resulted from a major tectonic event that occurred after the
construction of a magmatic arc, while coeval ductile deformation and high-grade
metamorphic rocks formed (Lepvrier et al.,, 1997, 2004; Carter et al., 2001; Nakano et al.,
2008, 2010; Zhang R.Y. et al,, 2013). We thus argue that the So Cop unconformity is a
segment of the Indosinian unconformity that developed following the erosion of the

Indosinian mountain range.
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6.3. Comparison between the stratigraphic evolution of the Song Da and the Sam Nua
basins and implications for the Indosinian orogeny

From the late Permian (Fig. 21 and Fig. 22A) up to the Middle Triassic, the Sam Nua
Basin experienced the deposition of the volcaniclastic rocks of the Dong Trau Fm., as
well as rhyolites with subduction-related geochemical characteristics (Shi M.-F et al,,
2015; Rossignol, 2015). The Sam Nua Basin was, at that time, separated from the Song
Da Basin to the north by an oceanic domain, the remnants of which crop out in the
SMOSZ (Hutchison, 1975; Trung et al., 2006; Thanh et al;, 2011; Vuong et al., 2013;
Zhang R.Y. et al,, 2014; Faure et al., 2014). This oceanic domain probably existed since
the Carboniferous (Table 1; Vuong et al,, 2013; Zhang R.Y. et al,, 2013, 2014). Its exact
size remains unknown although regional to world scale paleogeographic models suggest
it was no more than a few hundred kilometers wide (Li P. et al,, 2004; Ferrari et al,,
2008; Cocks and Torsvik, 2013; Domeier and Torsvick, 2014). This ocean, sometimes
referred to as the Song Ma Ocean (e.g., Ferrari et al., 2008; Lai et al., 2014b), has been
attributed to a branch of the Paleotethys (e.g., Faure et al., 2014) but may also represent
an independent ocean, named the “Paleoasian ocean” by Domeier and Torsvick (2014).
These distinct interpretations illustrate the numerous, ongoing debates about the
paleogeography of the SEA during the late Paleozoic and early Mesozoic. The subduction
of this oceanic domain under the northern active continental margin of the Indochina
Block probably began as early as the end of the Cisuralian (early Permian), as shown by
the emplacement of magmatic rocks displaying subduction related geochemical
signatures in the Truong Song Belt (e.g., Liu et al.,, 2012; Hieu et al., 2017). In our studied
area, magmatic activity associated with this subduction occurred continuously from the
late Permian up to the Anisian (Middle Triassic), as evidenced by the intrusions that

compose the Song Ma Granite (e.g., Hieu et al, 2017; Table 1) and the associated
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volcanic activity preserved in the Dong Trau Fm. To the north, the Song Da Basin
experienced the emplacement of a variety of magmatic rocks related to the Emeishan
Large Igneous Province (e.g., Hanski et al,, 2004; Balykin et al., 2010) during the late
Permian.

During the Early to the Middle Triassic (Anisian, Fig. 21 and Fig. 22B), the Sam
Nua Basin was opened to oceanic influences as attested by the occurrence of marine
fossils preserved in the Dong Trau Fm. It was also related to a magmatic arc at the active
continental margin of the Indochina plate, since the Dong Trau deposits and associated
rhyolites witness a subduction that was active up to the Anisian. As a consequence the
basin plausibly occupied a forearc position with respect to the mountain belt. Further
north, the Song Da Basin experienced the deposition, over a basal unconformity, of the
Dong Giao and the Co Noi formations, corresponding, respectively, to platform limestone
(Martini et al, 1998) and . terrestrial deposits. These formations, deposited
diachronously in a foreland basin originated from the flexural response of the
lithosphere related to the building of the southward Indosinian orogen (Fig. 19). At the
end of the Middle Triassic, the oceanic domain that previously separated the Indochina
from the South China blocks was probably almost completely subducted (Fig. 22B).
Nonetheless, the closure of this oceanic domain could have occurred diachronously
(Halpin et al., 2015).

From the Ladinian to the early Norian (ca. 240 to 220 Ma; Fig. 21 and Fig. 22C)
the northern part of the Sam Nua Basin, and probably most of the present-day northern
Vietnam, including the Song Da Basin, underwent deformation and erosion that led to
the formation of the Indosinian collisional orogen. This erosional event led to the
formation of the Indosinian unconformity that developed coevally with high-grade

metamorphic rocks (Lepvrier et al., 1997; Nakano et al,, 2010; Zhang R.Y. et al,, 2013) in
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the Song Ma and the Nam Co units. Magmatic activity associated with the continental
collision occurred as early as the late Middle Triassic and continued throughout the
Norian (Table 1 and references therein, see also Appendix 1).

During the late Norian to the Rhaetian (Fig. 21 and Fig. 22D), the Sam Nua and
Song Da basins became syn- to post-orogenic foreland basin. These basins then
experienced the deposition of coarse, terrestrial deposits, constituting the Suoi Bang Fm.
that resulted from the erosion of the Indosinian mountain belt. The stratigraphic
frameworks of both the Sam Nua and the Song Da basins are thus in agreement with
most of the geological evidences attesting that the collision between the Indochina and

the South China blocks occurred during the Middle to the Late Triassic.

7. Conclusions

A revised stratigraphic framework has been established for the Song Da and the Sam
Nua basins, based on sedimentological and dating (U-Pb geochronology on zircon and
foraminifer biostratigraphy) analyses, This new stratigraphic framework has important
implications regarding the tectonic settings for both basins and allows us to reconstruct
the regional geodynamic evolution of the South China Block, where the Song Da Basin is
located, and the Indochina Block, where the Sam Nua basin developed. The major
outcomes of this revised stratigraphic framework are:

1. Strongly diachronous deposits of terrestrial (Co Noi Fm.) and marine (Dong Giao
Fm.) deposits over a basal unconformity occurred in the Song Da Basin during
the Early to the Middle Triassic. Such a sedimentary fill of the Song Da Basin is in
accordance with a foreland setting, and at odds with the commonly interpreted

rift setting for this basin during the Triassic. A proarc foreland setting on the
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southern margin of the SCB is furthermore consistent with the coeval
development of the Indosinian thrust belt to the south of the basin.

Discordant over a metamorphic basement, the late Permian to Middle (ca. 260-
242 Ma) Triassic deposits (Dong Trau Fm.) contains a significant amount of
volcaniclasts and interbedded rhyolites. The proximal volcanic activity was
related to an active magmatic arc at that time, located on the northern margin of
the Indochina plate. This shows that an oceanic domain was separating the
Indochina Block from South China Block before their collision. It also implies that
the subducting oceanic slab was dipping to the south, beneath the Indochina
plate. A forearc setting is inferred from the marine influences attested by fossils
such as ammonoids

The late Middle Triassic (Ladinian) to Late Triassic (Norian) is characterized by
an erosional event that resulted in the Indosinian unconformity, which is
ultimately related to the collision between the South China and the Indochina
blocks, due to the closure of an oceanic domain.

During the Late Triassic, the Song Da and the Sam Nua basins encountered
deposition of coarse, terrestrial sediments (Suoi Bang Fm.) originating from the
erosion of the Indosinian mountain belt. These deposits in the foreland of the belt
remain poorly dated, as terrestrial fossils preserved within this formation have a
limited stratigraphic resolution, and as only one maximum depositional age at ca.

226 Ma is available.
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Figures and tables caption

Figures

Figure 1. Simplified geological map of north Vietnam.

A. Tectonic subdivisions of southeast Asia.

The blocks are delimited by suture zones (definite or supposed): AS: Ailaoshan, CM:
Changning Menglian, DQ-SH: Dian-Qiong — Song Hien, JH: Jinghong, LP: Luang Prabang;
NU: Nan Uttaradit. Major Cenozoic faults: MY: Mae Yuam Fault, RRF: Red River Fault.
SCF: Song Chay Fault, SDF: Song Da Fault, SMF: Song Ma Fault. Circled black star:
location of a dated rhyolite in the extreme southern part of the Sam Nua Basin (251.9 +
1.7 Ma; Shi M.-F. et al,, 2015). Bold box refers to the area enlarged in Fig. 1B.

B. Simplified geological map of north Vietnam. The numbers refer to Table 1 for the
available dating results on igneous and metamorphic rocks.

Areas investigated in this study are denoted with a red-circled capital letter: A: Ninh
Binh (Fig. 4A); B: Muong Khen (Fig. 4B); C: Mai Son (Fig. 4C); D: Ban Hinh; E: Sop Cop
(Fig. 5). Geological background after 6 geological maps of north Vietnam at the 1: 200
000 scale: Khi Su - Muong Te (Tuyet et al., 2005a); Kim Binh - Lao Cai (My et al,, 2004);
Muong Kha - Son La (Son et al, 2005); Phong Sa Ly - Dien Bien Phu (Tuyet et al,,
2005b); Van Yen (Bao et al,, 2004); Ninh Binh (Mong et al., 2004), the geological map of

Laos (1: 1 500 000; United Nations publication, 1990) and the geological map of the
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Yunnan Province (1: 500 000; Bureau of Geology and Mineral Resources of Yunnan

Province, 1990).

Figure 2. Synthetic lithostratigraphic subdivisions of the Song Da Basin.

Compiled and simplified from Tri and Khuc (2011); Thanh and Khuc (2012) and this
work (Appendix 1). The early Norian age here assigned to the Song Boi Fm. is revised
according to the ammonoid fossil assemblage reported for this formation by Tri and
Khuc (2011) and Thanh and Khuc (2012). See Appendix 1 for further details.

The used stratigraphic chart is the International Chronostratigraphic Chart v2017/02
(Cohen et al,, 2013, updated). Perm.: Permian, Loping.: Lopingian, Ca.: Capitanian, Wu.:

Wuchiapingian, Ch.: Changsingian, In.: Induan, Ole.: Olenekian.

Figure 3. Synthetic lithostratigraphic subdivisions of the Sam Nua Basin.

Compiled and simplified from Tri and Khuc (2011) and Thanh and Khuc (2012), and
modified after geochronological constraints obtained by Hieu et al. (2017). The
stratigraphic subdivisions were established from regional lithostratigraphic correlations
and fossil contents. See text and Appendix 1.

Perm.: “Permian, Loping.: Lopingian, Ca. Capitanian, Wu.: Wuchiapingian, Ch.:

Changsingian, In.: Induan, Ole.: Olenekian.

Figure 4. Geological maps and cross-sections of investigated localities in the Song Da Basin.
Letters in this figure correspond to the red-circled capital letters in Fig. 1B.
A. Geological map of the Ninh Binh area.

B. Geological map (B1) and cross section (B2) of the Muong Khen area.
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C. Geological map (C1) and cross section (C2) of the Mai Son area.
Geological maps modified from Mong et al., 2004; Bao et al., 2004; Son et al., 2005, and
Tuyet et al., 2005b. No geological map available at appropriate scale for the Banh Hinh

area.

Figure 5. Geological map and cross-section of the Sop Cop area, northen part of the Sam Nua
Basin.

This area corresponds to the red-circled capital letter E in Fig. 1B.

A. Geological map, modified from Son et al. (2005).

B. Cross-section.

Figure 6. Field and thin section photographs of representative outcrops and samples from the
Co Noi Formation, Song Da Basin.

A, B. Photographs illustrating the unconformable relationship between the basement
(Cam Thuy Fm.) and the Co Noi Fm. at the Ban Hinh locality. B: view from the NE of the
outcrop illustrated in A, showing the Gt facies conglomerates (Table 2) of the Co Noi Fm.
overlying unconformably the volcaniclastic rocks of the Cam Thuy Fm.

C. Interpretation of A: the volcaniclastic mafic lappilistone of the Cam Thuy Fm. are
unconformably overlain by the Co Noi Fm. Pervasive quartz-epidote veins attest that
these rocks underwent a greenschist-facies metamorphism. Facies codes: Table 2.

D. Coarse-grained, calcite-cemented, lithic arenite (sample VN 12-51, plane-polarized
light) from the Ban Hinh locality, Co Noi Fm. 1: lithic fragment made up of sparitic
calcite. 2: sedimentary lithic fragment. 3: silty lithic fragment. 4: calcite-cemented lithic

fragment, possibly of intraformational origin.
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E. Feldspathic arenite (sample VN 12-22, plane-polarized light) from the Mai Son
locality, Co Noi Fm. 1: sub-rounded monocrystalline quartz grain. 2: weathered, sub-
angular alkali feldspar grain. 3: rounded volcaniclasts displaying various microlitic
textures and weathering.

F. Lithic arenite (sample VN 12-14, plane-polarized light) from the Muong Khen locality,
Co Noi Fm. 1: sub-angular weathered feldspar. 2: silty lithic fragment. 3: rounded
volcaniclasts displaying various microlitic textures and weathering. 4: polycrystalline

quartz grain.

Figure 7. Sedimentological log for the Co Noi Formation.

Sedimentological section of the Co Noi Fm. at the Ban Hinh locality (red circled capital
letter D in Fig. 1B) and location of the sample used for petrographic and
geochronological (VN 12-51; Fig. 8E and F) analyses. Facies codes: see Table 2.
Depositional environments correspond to unequivocal terrestrial environments; here a
distal braided plain with megaripple migration and unconfined flow. See text for

discussion.

Figure 8. Geochronological diagrams for the sedimentary rocks from the Co Noi Formation.
All the diagrams were generated using Isoplot/Ex 3.00 (Ludwig, 2012).

A, B. Lithic arenite VN 12-14, Muong Khen locality.

C, D. Feldspathic arenite VN 12-22, Mai Son locality.

E, F. Lithic arenite VN 12-51, Ban Hinh locality.
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Diagrams on the left (A, C and E) display all the analyses (except the few highly
discordant ones plotting out of the boxes). Diagrams on the right (B, D and F) focus on

the maximum depositional ages.

Figure 9. Histograms and age probability distribution diagrams for the sedimentary rocks
from the Co Noi Formation.

A. Muong Khen area.

B. Mai Son area.

C. Banh Hinh area.

The histograms were generated using an identical bin width. The kernel densities were
estimated using an identical bandwith (h) from the concordant detrital ages. The open
circles below each diagram denote the individual analyses used to generate the
diagrams (using Density Plotter 7.3; Vermeesch, 2012). Na: number of analyses, Ny

number of zircon grains.

Figure 10. Synthetic lithostratigraphic log for the Dong Giao Formation.

This synthetic log, along with samples used for the biostratigraphic determinations, was
derived from extensive investigations in the Ninh Binh area (Fig. 4A). Foraminifers from
samples V10 and V12 have already been described and illustrated in Martini et al.
(1998). Letters a to f refer to the members identified in this formation. See text for

detailed description.
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Figure 11. Representative foraminifers from the Dong Giao Formation.

A, B. Citaella dinarica Kochansky-Devide and Pantic, 1966, sample V95. Citaella dinarica
is indicative of the Middle Anisian (Pelsonian).

C, D, E. Postcladella sp., C, E: sample V143; D: sample V140.

F, G. Endotriada tyrrhenica Vachard, Martini, Rettori and Zaninetti, 1994, sample V78.

Scale bar is 100 micrometers. Sampling sites: Appendix 2.

Figure 12. Field and thin section photographs of representative outcrops and samples from
the Dong Trau Formation, associated rhyolites and Song Ma granite, Sop Cop area, Sam Nua
Basin.

A. Mafic dikes crosscutting the high-grade metamorphic basement.

B. Disharmonic folds within the Dong Trau Fm.

C. Volcanic bomb deforming silt layers in the Dong Trau Fm. interpreted as
corresponding to an explosive volcanic activity (fall deposit) coeval to the
sedimentation. Hammer for scale.

D. Volcaniclastic wacke (sample VN 12-38, plane-polarized light). 1: sub-angular,
weathered plagioclase. 2: chlorite. 3: rounded, weathered volcaniclast displaying a
microlitic texture.

E. Volcaniclastic wacke (sample VN 12-37, collected ca. 200 m to the south of the sample
VN 12-38, cross-polarized light). 1: corroded quartz with embayments. 2: strongly
weathered, rounded lithic fragments. 3: matrix comprising quartz and chlorite.

F. Porphyritic rhyolite (sample VN 12-27, cross-polarized light). 1: rhyolitic quartz
phenocryst with embayments against the groundmass. 2: crypto- to microcrystalline

groundmass, mostly made up of quartz and feldspar (devitrification).

66



G. Porphyritic rhyolite (sample VN 12-41, cross-polarized light). 1: perthitic orthoclase
(recrystallized sanidine) phenocryst. 2: spherulite from the groundmass
(devitrification). 3: see F-2. 4: euhedral plagioclase phenocryst. 5: euhedral opaque

microphenocryst.

Figure 13. Geochronological diagrams for the sedimentary rocks from-the Dong Trau and
Suoi Bang formations.

All the diagrams were generated using Isoplot/Ex 3.00 (Ludwig, 2012). Legend: see Fig.
8.

A, B. Volcaniclastic wacke VN 12-38, Dong Trau Fm. The dotted error ellipse
corresponds to a concordant analysis which is younger than the maximum depositional
age, interpreted as the result of Pb loss.

C, D, E. Lithic arenite VN 12-29, Suoi Bang Fm.

F, G, H. Quartz arenite VN 12-31, Suoi Bang Fm.

The diagrams on the left column (A, C, D, F and G) show all the analyses (except the few
highly discordant ones that plot out of the boxes). The diagrams on the right column (B,

E and H) focus on the maximum depositional ages.

Figure 14. Histograms and age probability distribution diagrams for the sedimentary rocks
from the Dong Trau and Suoi Bang formations.

A. Dong Trau Fm. Inset: histogram and age probability distribution between 200 and
300 Ma.

B. Suoi Bang Fm. Inset: histogram and age probability distribution between 200 and 300

Ma.
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C. Suoi Bang Fm.

The histograms were generated with an identical bin width, except for the insets in Fig.
16A and 16B. The kernel densities were estimated using an identical bandwith (h) from
the concordant ages. The open circles below each diagram denote the individual
analyses used to generate the diagrams (using Density Plotter 7.3; Vermeesch, 2012).

Na: number of analyses, Nz: number of zircon grains.

Figure 15. Geochronological diagrams for the rhyolite samples interbedded within the Dong
Trau Fm.

All the diagrams were generated using Isoplot/Ex 3.00 (Ludwig, 2012).

A, B. Dong Trau Rhyolite, sample VN 12-27.

C, D. Dong Trau Rhyolite, sample VN 12-41.

The diagrams on the left column (A and C) show all the analyses (except the few highly
discordant ones that plot out of the boxes). The diagrams on the right column (B and D)
display only concordant analyses and focus on the emplacement ages of the rhyolites.
Dark grey ellipses correspond to the concordant analyses used to calculate the
concordia date. Light grey ellipses correspond to concordant analyses not included in
the concordia age calculation. Light grey dotted ellipses are interpreted to correspond to

analyses that suffered Pb loss. Error ellipses are depicted at the 2 o level.

Figure 16. Outcrop scale and thin section photographs of representative samples from the
Suoi Bang Formation, Sam Nua Basin.
A. Unconformity between the Dong Trau Fm. (here represented by volcanic rocks) and

the overlying Suoi Bang Fm.
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B. Representative facies of the Suoi Bang Fm. Facies code: see Table 2.

C. Lithic arenite (sample VN 12-29, plane-polarized light). 1: angular, monocrystalline
quartz grain. 2: weathered and rounded volcaniclast displaying a microlitic texture. 3:
cryptocrystalline lithic fragments.

D. Quartz arenite (sample VN 12-31, cross-polarized light). 1: polycrystalline quartz

grain. 2: muscovite flakes. 3: microcrystalline lithic fragment.

Figure 17. Sedimentological log for the Suoi Bang Formation.

Sedimentological section of the Suoi Bang Fm. at the Sop Cop locality with structural
dips and sample location (VN 12-29). Here, the A1l facies association is lacking, and the
A2 facies association directly overlies the Dong Trau Fm. Facies codes: see Table 2.
Deposition unambiguously took place in a terrestrial setting, and the depositional
environments, interpreted from facies associations (see text), correspond to alluvial fan

depositional evolving to braided alluvial plain.

Figure 18. Revised and current Triassic stratigraphy of the Song Da Basin.

A. Revised stratigraphy. The revisions concern both the depositional environments and
the ages of some of the main formations of the basin.

B. For comparison, extracted from Fig. 2, the current lithostratigraphic subdivisions
(after Tri and Khuc, 2011; and Thanh and Khuc, 2012). Notice that the Nam Tham Fm.,,
which has not been investigated in this work, does not appear in Fig. 18A.

In.: Induan, Ol.: Olenekian.
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Figure 19. Integrated stratigraphic and structural framework for the Song Da Basin during
the Early Triassic.

A. Sedimentary fill of the Song Da Basin.

B. Proposed tectonic setting for the Song Da Basin during the Early Triassic.

C. Schematic chronostratigraphic representation of the sedimentary fill of the Song Da

Basin.

Figure 20. Revised and current stratigraphy for the Sam Nua Basin.

A. Revised stratigraphy. The revisions concern both depositional environments and the
ages of some of the main formations of basin. The depositional age of the Dong Trau Fm.
is deduced from interbedded volcanic rocks at 248.3 + 1.6 Ma and 246.7 + 1.9 Ma and a
maximum depositional age at 246.4 + 2.4 Ma (this study). As the Dong Trau Fm. is
crosscut by the Song Ma Granite, (Son et al.,, 2005), emplaced as early as 263 + 5 Ma
(Hieu et al.,, 2017) the deposition of the Dong Trau Fm. might have started during the
Guadalupian or before. The Suoi Bang Fm. deposited, at least in part, during the
Rhaetian-Early Jurassic (Table S1; Appendix 1). This is consistent with the maximum
depositional age of 226.1 + 3.0 Ma obtained for a sample collected in this formation (this
study) and other geochronological and structural constraints (Fig. 3, see however
Appendix 1).

B. For comparison, extracted from Fig. 3, the current lithostratigraphic subdivisions
(after Tri and Khuc, 2011; and Thanh and Khuc, 2012). Notice that the Hoang Mai Fm,,
which was not investigated in the present work, does not appear in Fig. 14A.

Perm.: Permian, Loping.: Lopingian, Ca.. Capitanian, Wu.: Wuchiapingian, Ch.:

Changsingian, In.: Induan, Ole.: Olenekian.
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Figure 21. Summary of the revised stratigraphic subdivisions of the Sam Nua and the Song Da
basin.

The letters A to D correspond to the time periods of the schematic cross-sections
presented in Fig. 22. Coordinates refer to the present-day datum. Wuchia.:

Wuchiapingian, Ch.: Changsingian, In.: Induan, Ole.: Olenekian.

Figure 22. Schematic geodynamic evolution model for northern Vietnam.

Schematic cross-sections showing the possible configuration of the South China and
Indochina plates during the late Permian to the Late Triassic.

A. Late Permian. A forearc position is inferred for the Sam Nua Basin as it was opened to
marine influences during the Early Triassic.

B. Middle Triassic. The Song Da Basin underwent flexural subsidence related to the
developing Indosinian thrust belt.

C. Late Triassic. Culmination of the Indosinian orogeny and formation of high-pressure
metamorphic rocks in the internal domains of the chain. The Sam Nua and Song Da
basins were subjected to intense erosion that lead to the formation of the Indosinian
unconformity (see text for discussion).

D. Latest Triassic (Rhaetian). The Sam Nua and Song Da basins became syn- to post-
orogenic foreland basins, mostly receiving the products of the erosion of the Indosinian

mountain belt.

Tables

71



Table 1. Compilation of selected radiometric dates.

Table 2. Description of the main sedimentological facies.

Table 3. Main petrographic features of the analyzed samples.

Table 4. Summary of the geochronological results.

Appendices

Appendix 1. Lithostratigraphic subdivisions and age constraints for the formations of the

Song Da and Sam Nua basins.

Appendix 2. Coordinates of analyzed samples.

Appendix 3. Analytical methods.

Appendix 4. Analytical results of LA-ICP-MS U-Pb zircon dating.

72



Table 1. Compilation of selected radiometric dates.

Symbol in Fig. 1 Rock type Isotopic system - mineral Age (Ma)® Reference

Protolith age of oceanic crust material

i Metagabbro Sm-Nd - Amp+Clz+WR 387 £56* Vuong et al., 2013

i Metagabbro Sm-Nd - Amp+Px+WR 338 +24* Vuong et al., 2013

jii Gabbro Sm-Nd - Amp+WR 332+ 45%* Vuong et al., 2013

iv Plagiogranite Crystallization age not determined — see below Vuong et al., 2013

v Pyroxenite U-Pb - Zrc 340+29 Zhang R.Y. et al,, 2014

Vi Amphibolite Sm-Nd - Amp+Ttn+WR 315+92 Vuong et al., 2013

vii Amphibolite Crystallization age not determined — see below Vuong et al., 2013

viii Metagabbro Sm-Nd - Ttn+WR 313 +32* Vuong et al., 2013

Peak metamorphism age

a Amphibolite U-Pb - Zrc 2458+ 1.7 Liu F. etal., 2013

b HP, HT metamorphic rock U-Pb - Zrc 245+5 Carter et al., 2001

c Migmatite U-Pb - Zrc 267+1and260+1 Zelazniewicz et al., 2013

d Micaschist Th-U-Pb - Mnz 220.1+3.5 Gilley et al., 2003

e Migmatite U-Pb - Zrc 264.4+13 Zelazniewicz et al., 2013

f Eclogite Th-U-Pb - Mnz 243 +4 Nakano et al., 2010

g Eclogite Th-U-Pb - Mnz 243 +4 Nakano et al., 2010

h Amphibolite U-Pb - Zrc 239.3+2.6 Zhang R.Y. et al,, 2014

i HP granulite*** nd Nakano et al., 2008

j Amphibolite U-Pb - Zrc 228.0+29 Zhang R.Y. et al., 2014

k Eclogite U-Pb - Zrc 230.5+£8.2 Zhang R.Y. et al,, 2013

v Plagiogranite - age of U-Pb - Zrc 22244 Vuong et al., 2013
metamorphic resetting

vi Amphibolite U-Pb - Ttn 265.4+3.7 Vuong et al., 2013

vii Amphibolite U-Pb - Zrc 241.3+53 Vuong et al., 2013

Crystallization age of magmatic rocks

1 Monzogranite U-Pb - Zrc 251.9+14 Liu H. et al., 2015

2 Granite U-Pb - Zrc 252.2+7.7 Usuki et al., 2015

3 Granite U-Pb - Zrc 259.0+3.5 Usuki et al., 2015

4 Alkali granite U-Pb - Zrc 260+3 Zelazniewicz et al., 2013

5 Granite U-Pb - Zrc 253+2 Hieu et al., 2013

6 Granite U-Pb - Zrc 253+2 Hieu et al., 2013

7 Granite U-Pb - Zrc 251+2 Hieu et al., 2013

8 Granite U-Pb - Zrc 2533+2.6 Usuki et al., 2015

9 Granite U-Pb - Zrc 257.7+3.7 Usuki et al., 2015

10 Granite U-Pb - Zrc 248.7+6.9 Usuki et al., 2015

11 Granite U-Pb - Zrc 256.3+6.0 Usuki et al., 2015

12 Granite U-Pb - Zrc 253.0+2.4 Usuki et al., 2015

13 Rhyolite U-Pb - Zrc 253.2+25 Usuki et al., 2015

14 Granite U-Pb - Zrc 252.3+5.2 Usuki et al., 2015

15 Granite U-Pb - Zrc 253.7+25 Usuki et al., 2015

16 Rhyolite U-Pb - Zrc 251.5+5.0 Usuki et al., 2015

17 Rhyolite U-Pb - Zrc 261.9+35 Usuki et al., 2015

18 Rhyolite U-Pb - Zrc 257.9+33 Usuki et al., 2015

19 Rhyolite U-Pb - Zrc 258.3+3.2 Usuki et al., 2015

20 Rhyolite U-Pb - Zrc 259.7+3.1 Usuki et al., 2015

21 Rhyolite U-Pb - Zrc 259.8+3.1 Usuki et al., 2015

22 Rhyolite U-Pb - Zrc 259.1+3.2 Usuki et al., 2015

23 Rhyolite U-Pb - Zrc 254.7+2.6 Usuki et al., 2015

24 Granite Pb-Pb - Zrc 227.7£9.6 Chen Z. et al., 2014

25 Rhyodacite U-Pb - Zrc 248 +2 Zelazniewicz et al., 2013

26 Granite U-Pb - Zrc 242.4+2.2 Hoa et al., 2008

27 Gabbro U-Pb - Zrc 275.5+4.6 LiuJ. et al.,, 2012

28 Gabbroic diorite U-Pb - Zrc 248.0+2.0 LiuJ. et al.,, 2012

29 Granodiorite U-Pb - Zrc 277 %2 Roger et al., 2014

30 Granodiorite U-Pb - Zrc 296 +3 Hieu et al., 2017

31 Granodiorite U-Pb - Zrc 2895 Hieu et al., 2017

32 Granite U-Pb - Zrc 230+1 Roger et al., 2014

33 Granodiorite U-Pb - Zrc 225+3 Roger et al., 2014

34 Granodiorite U-Pb - Zrc 229.3+3.1 LiuJ. et al.,, 2012

35 Granodiorite U-Pb - Zrc 242.2+13 Shi M.-F. et al., 2015

36 Monzonite U-Pb - Zrc 201.8+3.6 LiuJ. et al.,, 2012

37 Granodiorite U-Pb - Zrc 2334 Hieu et al., 2017

38 Granodiorite U-Pb - Zrc 2314 Hieu et al., 2017

39 Granite U-Pb - Zrc 244 +5 Hieu et al., 2017

40 Tonalite U-Pb - Zrc 2567 Hieu et al., 2017

41 Granite U-Pb - Zrc 2635 Hieu et al., 2017

42 Granite U-Pb - Zrc 2605 Hieu et al., 2017

43 Rhyolite U-Pb - Zrc 248.3+1.6 This study



44
45
46
47
48
49
50

Rhyolite

Granite

Diorite

Diorite

Granodiorite - tonalite
Granodiorite - tonalite
Granodiorite - tonalite

U-Pb - Zrc
U-Pb - Zrc
U-Pb - Zrc
U-Pb - Zrc
U-Pb - Zrc
U-Pb - Zrc
U-Pb - Zrc

246.7+19
239+6

262+4

2709+33
236.3+3.2
238.6+3.2
249.0+1.9

This study

Hieu et al., 2017
Hieu et al., 2017
LiuJ. et al., 2012
Wang S. et al., 2016
Wang S. et al., 2016
Wang S. et al., 2016

Zrc: zircon; Px: pyroxene; Ttn: titanite; Amp: amphibole; Clz: clinozoisite; Mnz: monazite; WR: whole rock.

®: uncertainties are given at the 20 level

*. isochron based on 2 points only; **: isochron based on 3 points;

determined.

reworked sample, collected as a pebble in a conglomerate; nd: not
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Table 2. Main sedimentary facies of the Song Da and Sam Nua basins.

Code Lithofacies Sedimentary structures Depositional processes
Siltstone and mudstone
Fm Relatively homogeneous clay to silt. Massive. Deposition from suspension.
Fc Blue to black clay, rich in organic matter. Planar lamination. Deposition from suspension.
Sandstone
Sm Fine to coarse sand, relatively well sorted, sub- Massive. Subaerial hyperconcentrated density
rounded to rounded grains with various mineralogy flow (Lowe, 1982; Mulder and Alexander,
and texture (lithic fragments, quartz). 2001); rapid suspension fallout (Postma,
1990).
St Coarse sand to gravel with sometimes scattered Through cross-stratifications Tractive current, upper part of the lower
rounded pebbles of quartz and siltstones. underlined by grain-size flow regime, 3D megaripple migration
variations. Erosive basal (Miall, 1996).
boundary.
Sh Coarse to very coarse sand, with some scattered Planar or sub-planar. Tractive current, upper flow regime

pebbles.

(Miall, 1996).

Conglomerate

Gmm  Very poorly sorted (cm to m in diameter) angular to
rounded pebbles and boulders, nearly monogenic
(rhyolitic clasts with a minor amount of quartz
pebbles). Matrix supported, with a coarse-grained
matrix.

Gh Poorly sorted (cm to min diameter) angular pebbles
and boulders, polygenic (quartz, siltstones, basaltic
to rhyolitic clasts). Clasts-supported with a sandy to
silty matrix.

Gt Sub-angular to rounded pebbles (cm to dm).

Erosional basal boundaries.

Crude horizontal
stratification. Normally-
graded

Through cross stratification
(L = pluri-metric, h =10 to 80
cm). Normally-graded.

Debris flow (Miall, 1996).

Upper flow regime (Miall, 1996).

Tractive current, upper part of the lower
flow regime (Miall, 1996).
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Table 3. Main petrographic features of the analyzed samples.

Sample

Petrography

Song Da Basin

Co Noi Formation

VN 12-14

Lithic arenite.

Rounded to sub-angular weathered alkali feldspar and plagioclase. Rounded and weathered volcaniclasts displaying
microlithic texture. Polycrystalline quartz grains. Monocrystalline and rounded to sub-rounded quartz grains.
Microcrystalline lithic fragments. Epidote, chlorite, opaque minerals, zircon grains. Calcite veins.

VN 12-22

Feldsapthic arenite.

Well-sorted (ca. 0.1 mm in diameter), sub-rounded to sub-angular elements. Monocrystalline, weathered feldspar
(alkali and plagioclase) grains, sub-rounded to sub-angular quartz grains. Lithic fragments of various origins
(volcaniclasts, sedimentary rock fragments?). Opaque minerals. Zircon grains.

VN 12-51

Calcite-cemented lithic arenite.

Coarse-grained, sub-rounded to sub-angular, poorly sorted lithic fragments. The lithic fragments are strongly
weathered and display various texture. When identifiable, some lithic fragments show microlitic or microgranular
textures. Silty lithic fragments. Spartic calcite lithic fragments. Opaque minerals. Rare zircon grains.

Sam Nua Basin

Dong Trau Formation

VN 12-38

Volcaniclastic wacke.

Monocrystalline, slightly weathered feldspar, monocrystalline, rounded to sub-rounded quartz grains, sometimes of
rhyolitic type (e.g., with embayment against volcanic groundmass-or sedimentary matrix). Weathered, rounded (mm to
cm in size) feldspathic lithic fragments with microgranular texture. These lithic fragments sometime contain zircon
grains. Calcite (sparitic and micritic forms). Matrix made up of quartz and chlorite. Zircon grains as accessory minerals.

Dong Trau Rhyolites

Rhyolite with porphyritic texture.

VN 12-27 Quartz phenocrysts with embayement against the groundmass. The groundmass contains crystallized area made up of
quartz grains showing equilibrated texture. A few opague minerals. Zircon grains.
Rhyolite with porphyritic texture.

VN 12-41 Perthitic orthoclase (recrystallized after sanidine) phenocrysts. The groundmass contains crystallized area made up of

quartz grains showing equilibrated texture and spherolites, also indicative of a crystallization of amorphous
groundmass. Opaque minerals. Zircons grains.

Suoi Bang Formation

Lithic arenite.
Well sorted (ca. 0.2 mm in diameter) lithic fragments displaying microcrystalline and microgranular textures.

VN12-29 Monocrystalline, mainly angular but sometimes sub-rounded quartz grains. Rounded, slightly weathered alkaline
feldspar and rare plagioclase grains. White mica (muscovite) flakes, opaque minerals, chlorite and zircon grains.
Quartz arenite.

VN 12-31 Well sorted, coarse (ca. 0.5 mm in diameter), sub-angular to sub-rounded quartz grains. Microgranular and

microcrystalline, commonly sub-rounded, lithic fragments. White mica flakes underlining the stratification. Zircon
grains displaying various shapes, from euhedral to rounded. Rutile, opaque minerals.
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Table 4. Summary of the geochronological results.

Sedimentary and volcaniclastic rocks

Probability of concordance = 10%, decay constants errors included

Sample N, N, Detection limits (%) Maximum depositional age
N DLigi=0s) | DLigpi=09s) | DLagpizos) | DLigpe0ss) gg:cordia +(20) |n | MSWD | Probability

Song Da Basin
Co Noi Formation
‘1’2] 12 1110 |104 |33 |21 8.7 8.1 17.9 243.1 23 |6 |086 |o058
;’;‘I 12- 1903 [102 |31 |22 9.2 8.6 19.0 237.3 24 |5 {112 |o3s
;’11‘1 122110 |4 |2 293 77.6 na na 242.6 41 |2 |o74 053
Sam Nua Basin
Dong Trau Formation
gg 12 199 |99 |13 |52 206 20.1 411 246.4 24 |6 |150 |o11
Suoi Bang Formation
‘Z’g 12- 1498 [196 |39 |18 7.4 6.8 153 226.1 30 |3 |103 |040
g’l\l 12- 1420 |116 |36 |19 8.0 7.4 165 266.5 37 |3 |21 0.068
Dong Trau Rhyolites

Na Nz | Concordia age +(20) |n MSWD | Probability
‘2”7“ 12- 150 |47 |2483 16 |15 |13 0.10
XI1\] 12- 159 |59 |2467 19 |9 |14 0.11

Na: number of analyses per sample; Nz: number of zircon grain analyzed per sample; N: number of concordant zircon grain; n:
number of analyses used to calculate the maximum deposition age (sedimentary rocks) or emplacement age (magmatic rocks); DL1:
detection limit for at least one grain; DL3: detection limit for at least three grains; p.: probability level assigned to the detection limits;
MSWD: mean square of weighted deviates. The MSWD and the probability given for the concordia ages are for both concordance and
equivalence.
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Highlights
e Revised Triassic stratigraphy for the Song Da and Sam Nua basins

¢ Song Da and Sam Nua basins: foreland basins during the Triassic

¢ The Song Da and Sam Nua basins document the South China = Indechina collision
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