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Abstract The Burma Terrane (Myanmar) played an important role in the India-Asia collision and moved
over 2,000 km northward on the Indian Plate during the Cenozoic, before colliding with the Asian
margin. However, the timing of this collision and its correlation to regional uplift phases, sedimentary
provenance, and basin development remain poorly constrained. We report sedimentological,
paleomagnetic, and geochronological data from the late Eocene to early Miocene strata of the Chindwin
Basin in the Burmese forearc, constraining the paleogeographic evolution of the Burma Terrane and the
Eastern Himalayan orogen. Our results highlight two unconformities of late Eocene-middle Oligocene and
latest Oligocene-early Miocene age, revealing a two-stage interaction of the Burma Terrane with the
Asian margin during its northward translation. The first unconformity follows rapid ~0.6 m/ky subsidence
in the Burmese forearc, as shown by magnetostratigraphy. The transition to a fluvial depositional
environment and the occurrence of reworked sediments at this first unconformity likely records the
commencing collision of India and the northern extent of the Burma Terrane with the Asian margin. The
second unconformity shows drastic changes in magnetic properties, mineralogy, and provenance, with
high-grade metamorphic grains and early Miocene apatite U-Pb and fission-track ages indicating that it is
coeval to a major deformation phase in Myanmar and the Eastern Himalayan orogen. It likely records

the indentation of the Burma Terrane into the Eastern Himalayan collision zone, forming the modern
Eastern Himalayan Syntaxis.

Plain Language Summary The evolution of the India-Asia collision and the resulting formation
of the dramatic Himalayan mountain chain are highly debated among geologists. One of the reasons

is that the easternmost extent of this mountain range is understudied compared to its central part. In
Myanmar, at the eastern end of the Himalayas, this is partly caused by political and scientific isolation over
the past 70 years, limited road access, and jungle covering much of the exposure. This study helps to
constrain the paleogeographic evolution of the Burma Terrane, the microplate including most of Myanmar.
To this end, we used a variety of methods including describing sedimentary deposits of the Burma
Terrane, dating these deposits and determining their corresponding source regions. With this new
information, we were able to determine that the deposition of these sediments occurred from ~40 to 23
million years ago but was discontinuous with two large hiatuses of millions of years long. Our results show
that these two hiatuses are a consequence of a two-stage process during the large northward motion

of the Burma Terrane involving (1) the first collision of India and the northern Burma Terrane with Asia and
(2) the indentation of Burma into the Himalayan collision zone.

1. Introduction

The Himalayan-Tibetan orogen, formed primarily as a result of the India-Asia collision, is widely recognized
as the archetype orogen for studying the evolution of continent-continent collision systems. Its complex
geodynamic history and profound influence on Asian paleoenvironments and climate have been described
by a diversity of studies (Dupont-Nivet et al., 2007; Kapp & DeCelles, 2019; Licht, van Cappelle, et al., 2014;
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Royden et al., 2008; Yin & Harrison, 2000). Yet the paleogeographic evolution of the Asian margin during the
convergence of India and Asia, as well as the timing of the collision itself, remain subject to debate (e.g., Hu
et al., 2015; Jagoutz et al., 2015; Replumaz et al., 2010, 2013; Royden et al., 2008; Shen et al., 2001; van
Hinsbergen et al., 2011, 2018; Westerweel et al., 2019). An important reason behind this ongoing debate is
that the ~1,500 km long eastern extent of the Himalayas in Myanmar remains understudied compared to
the central orogen in terms of timing of tectonic events, sedimentary sourcing and roles of different tectonic
terranes, resulting in a substantial spatial gap in our understanding of the India-Asia collision.

This is best illustrated by the Burma Terrane (BT, also called West Burma Block), a major tectonic terrane
comprising most of Myanmar. Fundamental aspects of the geological history of the BT remain debated,
despite it being key to the geodynamic evolution of the India-Asia collision (Licht et al., 2019; Westerweel
etal., 2019). Since the Neogene, its unique tectonic regime (Figure 1a) is characterized by hyper-oblique sub-
duction of the Indian Plate beneath the Burmese active margin to the west, causing sporadic volcanism along
the Wuntho-Popa Arc (WPA; Lin et al., 2019; Mitchell et al., 2012). In addition, it induced large-scale dextral
strike-slip displacements along the Sagaing Fault bounding the BT to the east, resulting in a northward trans-
current motion of the BT (Bertrand & Rangin, 2003; Mitchell et al., 2012; Morley, 2017; Morley et al., 2020;
Morley & Arboit, 2019; Rangin, 2018; Rangin et al., 2013; Socquet et al., 2006).

Recent paleorotation and paleolatitude data from paleomagnetism indicate that the BT was part of a near-
equatorial, isolated Trans-Tethyan Arc from the Late Cretaceous to the early Paleogene when India collided
with this Trans-Tethyan Arc (Westerweel et al., 2019). The paleomagnetic data also show that since the late
Eocene, the BT underwent over 2,000 km of northward translation alongside India from a near-equatorial
position (Westerweel et al., 2019). To the east, strike-slip motion along the Sagaing Fault, a precursor
thereof, or an India-Australia Transform separated the BT from the Indochina margin (Morley et al., 2020;
Morley & Arboit, 2019). This significant northward translation moved the BT from near-equatorial latitudes
toward the Eastern Himalayan collision zone. However, crucial questions such as the location and timing of
indentation of the BT into the collision zone and subsequent underthrusting, its interaction with India, as
well as the relation of these events to regional phases of uplift and exhumation remain unanswered within
this new tectonic context. Furthermore, the new tectonic context requires a re-evaluation of the provenance
of the Cenozoic sedimentary basins within the BT, because it shows that the BT was potentially isolated from
sedimentary sources in Asia and Indochina until the Eocene to Oligocene (Morley et al., 2020; Westerweel
et al., 2019).

In this paper, we study the Cenozoic sedimentary record of the Burmese forearc to constrain changes in
tectonic setting, sedimentary provenance and paleoenvironment during the ~2,000 km northward journey
from the equator toward the collision zone. To constrain the interaction of the BT with Asia and India,
we investigated a ~2-km-thick Eocene to Oligocene sedimentary section in the Chindwin Basin,
northwestern Myanmar, using results from sedimentology, magnetostratigraphy, magnetic properties, and
zircon U-Pb, apatite U-Pb, and apatite fission-track (AFT) dating. Our results enable us to evaluate the plate
tectonic and paleogeographic evolution of the Eastern Himalayan collision zone.

2. Geological Setting

Traditionally, the geology of Myanmar is subdivided into three broad N-S trending regions: the
Indo-Burman Ranges (IBR), the BT, and the Shan Plateau on the Sibumasu Block. In northern Myanmar,
these regions extend into the Eastern Himalayan orogen.

2.1. The BT

The BT forms the bulk of western and central Myanmar. Known basement units of the BT only crop out in
the IBR and in the Wuntho Ranges, the predominantly Mesozoic volcanic complex forming the northern
segment of the WPA (Mitchell, 2017; United Nations, 1978). Northeast of the Wuntho Ranges, the serpenti-
nites, and jadeites of the Jade Belt are only exposed at the northern edge of the Sagaing Fault (Figure 1a) and
have a poorly constrained emplacement age (Searle et al., 2017; Yui et al., 2013). East of the Jade Belt, the
Tagaung-Myitkyina Belt comprises Triassic to Jurassic metasedimentary rocks and Jurassic to Cretaceous
volcanics (Mitchell, 2017), notably the ~50 Ma Sodon Batholith that has been correlated with the WPA
(Lin et al., 2019).
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Figure 1. (a) Geological map of Myanmar and surrounding regions. Abbreviations: AI = Cretaceous-Paleogene Asian intrusives, BB = Baoshan Block,
CB = Chindwin Basin, CMF = Churachandpur Mao Fault, EHS = Eastern Himalayan Syntaxis, GA = Cretaceous Gangdese Arc, IBRB = Indo-Burman

Ranges basement, JB = Jade Belt, KBF =

Kabaw Fault, KLF = Kaladan Fault, LB = Lohit Batholith, MB = Minbu Basin, MMMB = Mogok-Mandalay-Mergui Belt,

PB = Pegu Basin, SB = Shwebo Basin, SF = Sagaing Fault, SP = Shilong Plateau, SPG = Songpan Ganze and Yangtze complexes, TB = Tengchong Block,
TMO = Tagaung-Myitkyina Ophiolite, WBO = Cretaceous Western Belt Ophiolite, WPA = Wuntho-Popa Arc, YTSZ = Yarlung Tsangpo Suture Zone. Dashed
black lines: Central Myanmar Basins. (b) Geological map of the study area around Kalewa in the Chindwin Basin (after Westerweel et al., 2019).

The Sagaing Fault and Mogok-Mandalay-Mergui Belt (MMMB) form the boundary of the BT with the Shan
Plateau, Sibumasu (Figure 1a). The MMMB is a metamorphic belt forming the southeast continuation of the
pre-collision Asian margin. The most prominent rocks of the MMMB include Cretaceous-Cenozoic intru-
sives with generally negative eHf(t) values, as well as regionally metamorphosed ophiolitic and sedimentary
rocks (Gardiner et al., 2018; Lin et al., 2019; Mitchell, 2017; Mitchell et al., 2012; Searle et al., 2017). The
MMMB records two main metamorphic events: A latest Cretaceous-early Paleocene phase of metamorphism
and partial melting, followed by a phase of high temperature metamorphism during the late Eocene-
Oligocene, suggested to be related to the India-Asia collision (Searle et al., 2007, 2017, 2020). Low tempera-
ture thermochronometers show a late Eocene-Miocene phase of rapid exhumation related to the strike-slip
deformation and extrusion of the MMMB (Bertrand et al., 2001; Bertrand & Rangin, 2003). Plate
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reconstructions suggest that the MMMB, including the Tengchong and Baoshan blocks, was extruded from
the Eastern Himalayan Syntaxis toward the southeast since approximately the late Paleogene (Li et al., 2018;
Tong et al., 2013; Westerweel et al., 2019).

The Burmese subduction margin, located west of the BT, formed during the mid-Cretaceous as evidenced by
emplacement of the Naga Hills-Kaleymyo-Andaman Ophiolitic belt (also called the Western Belt Ophiolite;
Figure la; Fareeduddin & Dilek, 2015; Licht et al., 2019; Morley et al., 2020; Pivnik et al., 1998; Singh
et al., 2016). This was followed by early Late Cretaceous Andean-type magmatism in the WPA. The
near-equatorial latitudes from paleomagnetic data from the early Late Cretaceous WPA rocks imply that
the BT was part of a Trans-Tethyan Arc at that time (Westerweel et al., 2019). Magmatic activity in the
WPA peaked at ~110-90 Ma, followed by a ~70-40 Ma subordinate stage indicating a decrease in activity
(Barley & Zaw, 2009; Gardiner et al., 2017; Mitchell et al., 2012; Wang et al., 2014; Zhang et al., 2017). The
WPA rocks are today exposed in the Wuntho Ranges, where only the ~110-90 Ma stage and a minor peak
in volcanic activity at ~42-36 Ma are present (Barley & Zaw, 2009; Gardiner et al., 2017; Licht et al., 2020;
Lin et al., 2019). The remaining part of the WPA is covered by Cenozoic sediments. The Paleogene sequence
of this sedimentary cover was partially eroded during a subsequent Oligocene phase of exhumation, as
shown by a large angular unconformity in seismic lines across the WPA (Zhang et al., 2017).

2.2. Indo-Burman Ranges

The Western Belt Ophiolite and the Kabaw Fault form the western boundary separating the BT from the IBR
(Figure 1a; Liu et al., 2016; Mitchell et al., 2012; Morley et al., 2020; Searle et al., 2017). The IBR constitute an
accretionary complex formed by subduction of the Indian Plate, separating the BT from the Indian Foreland
Basins and Bay of Bengal (Rangin, 2018). The IBR are divided into an Outer Wedge and an Inner Wedge
(Bannert et al., 2012; Brunnschweiler, 1966; Maurin & Rangin, 2009; Mitchell, 2017). The Outer Wedge con-
sists of a predominantly Neogene fold and thrust belt deforming the sediments of the Bengal fan with
Himalayan affinity (Betka et al., 2018; Najman et al., 2012; Rangin, 2018; Steckler et al., 2008).

The geology and deformation history of the Inner Wedge are more complex compared to the Outer Wedge.
The oldest basement units in the Inner Wedge (Triassic Pane Chaung Formation and Kanpetlet Schists) are
covered by a sequence of Upper Cretaceous-Eocene marine turbiditic rocks (Bannert et al., 2012; Maurin &
Rangin, 2009; Mitchell, 2017). These turbiditic rocks are unconformably overlain by late Eocene-early
Oligocene molasse deposits, indicating an initial uplift phase within the IBR at that time (Bannert et al., 2012;
Ghose et al., 2014; Morley et al., 2020). The IBR turbiditic rocks share the same petrography and zircon U-Pb
age distributions as coeval sediments in the Burmese forearc basin, indicating both have similar source
regions, likely including the WPA (Licht et al., 2019; Naing et al., 2014; Najman et al., 2020; Wang et al., 2014).
By contrast, more recent Neogene sediments in the IBR were likely supplied by Himalayan sources or uplift-
ing IBR basement (Naing et al., 2014; Najman et al., 2020). Recent low temperature thermochronological
data documented a major exhumation phase within the IBR during the latest Oligocene-earliest Miocene,
and a possible earlier event in the late middle Eocene (Najman et al., 2020). Changes of sedimentary facies
in the late middle Eocene in the forearc basin, indicating the onset of wide barrier-bound estuaries, were
interpreted as reflecting incipient IBR uplift (Licht et al., 2019).

There are differing interpretations on the cause for these uplift phases. It has been proposed that late middle
Eocene uplift of the IBR was the result of coupling with India (Aitchison et al., 2007; Morley, 2009; Morley
et al., 2020; Vérard et al., 2017) or an allochthonous terrane (Acharyya, 2007, 2015). Other studies have
argued that the uplift of the Inner Wedge was induced by the rapidly uplifting retro-wedge region of the
IBR formed due to hyper-oblique subduction (Licht et al., 2019; Maurin & Rangin, 2009; Nielsen et al., 2004).
Major strike-slip deformation in the IBR occurred since the Neogene, illustrated by the initiation of major
dextral faults such as the (South) Kabaw, Kaladan, and Churachandpur Mao Faults (Maurin &
Rangin, 2009; Morley et al., 2020; Rangin, 2018).

2.3. Eastern Himalayan Orogen

To the north, the transition from the BT to the Eastern Himalayan orogen is defined by the intersection of
the Sagaing Fault and the IBR (Lin et al., 2019; Mitchell, 2017; Mitchell et al., 2012). However, it is
unclear how much of the northern extension of the BT (i.e., Greater Burma) was shortened, subducted,
and underthrust in the Eastern Himalayan Syntaxis during its northward motion (Haproff et al., 2019,
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2020; Morley et al., 2020; Westerweel et al., 2019). At present, the orogen bends from ~E-W to ~NW-SE at
the Eastern Himalayan Syntaxis (Figure la). Prominent lithologies in the Eastern Himalayan Syntaxis
directly north of the BT include deformed metamorphosed rocks such as gneiss and schist, ophiolitic
mélange, and (meta)sediments and volcanic complexes such as the Late Jurassic-Cretaceous I-type
Lohit Batholith and the Jurassic-Cretaceous S-type Bomi-Chayu Batholith (Haproff et al., 2019; Lin
et al., 2019). Many of the intrusive units in the Eastern Himalayan orogen have also been correlated
with similar lithologies in Myanmar to the (south-)east based on age and eHf(t) values, notably the
Bomi-Chayu Batholith with the Dianxi Batholith in the MMMB or the Lohit Batholith with the WPA
(Lin et al., 2019; Mitchell et al., 2012). Important deformation phases in the Eastern Himalayan orogen
include an early Miocene phase of uplift and exhumation, as recorded by ~20-15 Ma activity along the
Lohit thrust (Haproff et al., 2019). This corresponds to a ~23-16 Ma phase of uplift and exhumation of
the Greater Himalayas across the entire Himalayan orogen (Garzanti, 2019; Vannay et al., 2004).
Additional rapid exhumation at ~14-17 Ma is reported from the Greater Himalayas along the Main
Central Thrust in the Eastern Himalayan Syntaxis (Godin et al., 2006; Kellett et al., 2013; Najman
et al., 2019). This early Miocene deformation phase led to the set-up of the modern Eastern Himalayan
Syntaxis, which sources the Yarlung Tsangpo Brahmaputra River flowing toward the Bay of Bengal
(Bracciali et al., 2015). Finally, this was followed by the intense late Miocene-Pliocene exhumation phases
in the Eastern Himalayan Syntaxis core (Bracciali et al., 2016; Lang et al., 2016; Najman et al., 2019; van
der Beek et al., 2019; Zeitler et al., 2014).

2.4. Central Myanmar Basins

The Central Myanmar Basins (CMB) on the BT developed as early as the Albian in forearc and backarc posi-
tions, subdivided by the WPA (Figure 1a; Bender, 1983; Cai et al., 2019; Licht et al., 2019; Pivnik et al., 1998;
Zhang et al., 2017). Seismic lines across the CMB show four regional unconformities, interpreted to reflect
deformation phases attributed to the Late Cretaceous, late Eocene, Oligocene, and late Miocene (Pivnik
et al., 1998; Zhang et al., 2017). The Oligocene unconformity is particularly well expressed (Rangin, 2018;
Zhang et al., 2017). Most basins experienced tectonic inversion starting in the late Miocene (Bertrand &
Rangin, 2003; Pivnik et al., 1998; Rangin, 2018; Zhang et al., 2017).

The Burmese backarc consists of the Shwebo Basin in the north and the Pegu Basin in the south (Figure 1a).
The Paleogene deposits in the Shwebo Basin are exclusively continental with southward prograding
fluvio-deltaic sequences (Thein & Maung, 2017), while those in the Pegu Basin have not been described.
Since the Neogene, both basins were characterized by southward prograding tidal-influenced estuarian
sequences, before being overlain by fluvial deposits of the Quaternary Irrawaddy Formation (Bender, 1983;
Khin, 1999; Pivnik et al., 1998; Thein & Maung, 2017). The Burmese forearc basins are commonly subdivided
into the Minbu (or Salin) Basin in the south, which has been relatively well documented due to its hydrocar-
bon potential (Pivnik et al., 1998), and the less well-documented Chindwin Basin in the north (Figure 1a). The
Burmese forearc basins are subject of this study and their geology will be described in further detail below.
2.4.1. The Minbu Basin

East of the IBR and west of the WPA, the Minbu Basin (Figure 1) constitutes the southern Burmese forearc
basin separated from the Chindwin Basin by a small topographic high called the Pondaung Ranges
(Bender, 1983; Licht et al., 2019; Pivnik et al., 1998; Zhang et al., 2017). The sedimentary sequence of the
Minbu Basin (Figure 2) begins with the poorly exposed marine sediments of the Albian to Maastrichtian
Kabaw Formation (Bender, 1983; Cai et al., 2019). This is followed by a Paleocene to middle Eocene sequence
of shallow-marine siliciclastics alternating with sporadic continental deposits, consisting of the Paunggyi,
Laungshe, Tilin, and Tabyin Formations with poorly defined lithostratigraphic boundaries (Bender, 1983;
Licht et al., 2019). This sequence is followed by the middle to upper Eocene Pondaung Formation, which
is made of fluvio-deltaic sediments and has been dated at ~40 Ma (Jaeger et al., 1999; Licht, Cojan, et
al., 2014; Licht et al., 2015; Zaw et al., 2014). It is overlain by the upper Eocene Yaw Formation consisting
of shallow-marine sediments. All subsequent Oligocene formations in the Minbu Basin, the Shwezetaw,
Padaung, and Okhmintaung Formations are continuous and consist of fluvio-deltaic to predominantly mar-
ine facies toward the south (Bender, 1983; Gough et al., 2020). This sequence is covered by the lower and mid-
dle Miocene fluvio-deltaic deposits of the Pyawbwe, Kyaukkok and Obogon Formations; the sequence is
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I | Fm ?s £ into the Tonhe, Letkat, Natma, Shwethamin, and Irrawaddy Formations
- \ - § (Bender, 1983). The Tonhe Formation consists of thick packages of parti-
— DQ' \\ Yaw Fm § cularly coarse gravel and sand beds with thick sets of planar bedding and
— Yaw Fm GEJ trough cross-bedding, alternating with paleosols (Figures 3 and 4). It has
0] Pondaling Fm ',E ' % yleldeq an abundant .Ohgoce.:ne pollen assemblage (Lwin et all.z 2017),
— ) nrmS including Florschuetzia semilobata that suggests an upper Oligocene
1 els Tabyin Fm "~ 5 2 5 age (R. Morley, pers. com.). The subsequent Letkat, Natma, and
_| § = Tilinl Fm < § "é 8 2 Shwethamin Formations consist of afossiliferous fluviatile sandstones
| u § g 2 -g }‘% and pedogenised finer-grained sands and mudstones (Licht et al., 2019).
] o c G‘) 3 :(’ g Paleocurrents in the sandstones of the Letkat Formation cover a broad
50 2 Laungshe 2o & % < range of directions with an average SSW direction (Licht et al., 2019).
n S Fin z g - - The upper part of the Letkat Formation has yielded detrital zircons as
| © é young as 23-17 Ma, indicating a lower Miocene age or younger (Licht
] e @ et al., 2019; Wang et al., 2014). The base of the Irrawaddy Formation, also
] § ) named Mingin Gravels in the southern Chindwin Basin, has yielded fossil
60| & PaLl‘:r:ﬁgy' mammals indicating a middle Miocene (14-11 Ma) age, coeval to the
7 § Chinji fauna of Pakistan (Bender, 1983).
| Recent studies have suggested that the diverging stratigraphic record
NSNS OO RONNONNY between both forearc basins was caused by the onset of hyper-oblique con-
5o vergence at ~39-37 Ma, which resulted in the development of en echelon
70| §8 Kabal Fm pull-apart basins (Licht et al., 2019). The coeval motion of India and the
(Ma)_ BT from paleomagnetic data suggest that most strike-slip displacements

Figure 2. Synthetic log of the Chindwin Basin (modified from Licht

et al., 2019 based on our new magnetostratigraphic and geochronological

constraints) and Minbu Basin (after Cai et al., 2019; Zhang et al., 2019),

compared to periods of rapid subsidence in the Chindwin Basin
(>0.5 m/ky; after Licht et al., 2019; this study), the timing of uplift in the

Indo-Burman Ranges (IBR; after Licht et al., 2019; Morley et al., 2020;

Najman et al., 2020), WPA (Wuntho-Popa Arc; after Zhang et al., 2017), and

Mogok-Mandalay-Mergui Belt (MMMB; after Bertrand et al., 2001).

Unconformities constrained by this study are highlighted in red.

were concentrated east of the BT at that time (Westerweel et al., 2019).
The Chindwin Basin is interpreted as a pull-apart basin partly due to rapid
subsidence (~1.0 m/ky) during deposition of the Yaw Formation (Licht
etal., 2019). Around this time, there was also a change from primarily vol-
canic arc provenance in the Pondaung and Yaw Formations to increas-
ingly more input of metamorphic grains, possibly derived from MMMB
basement rocks (Licht et al., 2013, 2019; Wang et al., 2014).

3. Methods
3.1. Sedimentology

During five consecutive field seasons between 2015 and 2019, we described
deposits along a north-south trending portion of the Chindwin Basin north
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Figure 3. Composite log of the investigated section in this study, including the upper part of the Yaw Formation, the Tonhe Formation, and the Letkat Formation.
The first ~1,450 m of this section was already logged by Licht et al. (2019); during this study, it was extended upward for ~535 m and reinterpreted to include the
Tonhe Formation and two major unconformities (highlighted in red). Relevant maximum depositional ages from sandstone samples and age of the tuff layer
redated in this study are also shown (cf. Table S1). In the Paleosol column, black lines indicate histosols whereas red lines indicate ultisols and

vertisols. vis—very fine sand; fs—fine sand; ms—medium sand; cs—coarse sand; B—Boulder.

of the Kalewa Township (Figure 1b). Additionally, we used a composite section spanning the Yaw, Tonhe,
and Letkat Formations, composed of six stratigraphic sections (Figure 1b; from bottom to top: MD, MC,
MB, MA, LA, and LB sections). The five stratigraphic sections spanning ~1,450 m of the Yaw Formation,
the Tonhe Formation, and the base of the Letkat Formation (sections MD, MC, MB, MA, and LA) have
already been published, together with details on sedimentary facies (Licht et al., 2019). Here, we extend
our log by an additional 535 m covering the entire Letkat Formation up to the base of the Natma
Formation (section LB), measured at ~1 m resolution. We also distinguish between the Tonhe and Letkat
Formations, which were treated as a single unit in Licht et al. (2019). Detailed logs are available in
Figure S1 in the supporting information and are combined into a composite log in Figure 3.

3.2. Rock Magnetism

Paleomagnetic sampling was conducted in the lower ~1,450 m of the composite stratigraphic section, yield-
ing 582 conventional paleomagnetic core plug samples for magnetostratigraphy. In addition, 63 hand sam-
ples were obtained from the Letkat Formation (LA section) up until the top of the section (~940-1925 m)
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Figure 4. Relevant sedimentological observations from this study: (a and b) alternation of reds beds and gravel beds in the Tonhe Formation; (c) red mottles and
trace fossils Naktodemasis sp. (black arrows) in red beds of the Tonhe Formation; (d) quartz gravels and tree stem print (black arrow) in sandstones of

the Tonhe Formation; and (e and f) coarse sandstones of the Letkat Formation, with organic matter in the foresets. When the scale is not displayed, rock hammers,
pencils, compass, cars, and humans can be used for scale.

(Table S1). The magnetic properties of the different lithologies within the logged sequence were investigated
and compared with petrologic and mineralogic observations from thin sections.

Before demagnetization, the volume-corrected bulk magnetic susceptibility of every sample was measured
and plotted alongside the (magneto)stratigraphic results to constrain differences in magnetic properties
and mineralogy. Their anisotropy of magnetic susceptibility (AMS) was determined on a KLY3S AGICO
kappabridge to investigate the magnetic fabric. The AMS tensor could potentially be used to determine a
paleocurrent, if samples have strong anisotropy controlled by sedimentary deposition under high current
flow (Tauxe, 2010). However, in compressive regimes, the maximum axis K, of the AMS tensor will
gradually be aligned perpendicular to the direction of maximum compression (Kissel et al., 1986). Even
an incipient tectonic shortening creates a magnetic lineation parallel to fold axes (layer parallel shortening)
that usually fully overprints paleocurrent information.

To gain more insight into magnetic properties and mineralogy of the different units, additional types of
experiments were conducted for a selection of samples. Firstly, mass-corrected bulk magnetic susceptibility
versus temperature (K-T) plots were obtained by measuring the mass-corrected bulk magnetic at increasing
temperature steps up to 580°C on a KLY3-CS3 AGICO kappabridge for different lithologies. Isothermal
remanent magnetization (IRM) acquisition was done up until 2,400 mT for different samples to constrain
differences in grain size and content. Finally, we measured several magnetic hysteresis loops on an AGM
magnetometer.

To further investigate magnetic properties of the various lithologies by identifying their (magnetic) mineral-
ogy, polished thin sections were made from selected samples for observation under an optical microscope in
both transmitted light and reflected light. Samples were also analyzed with a scanning electron microscope
(SEM-JEOL JSM 7100F with energy-dispersive X-ray spectroscopy, Oxford EDS/EBSD) at Geosciences
Rennes. Additional petrology (e.g., grain counting) was already done in the preceding study from the same
stratigraphic section (Licht et al., 2019).
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3.3. Paleomagnetic Analysis

Orientation of 582 conventional paleomagnetic core plug samples in the first ~1,450 m of the composite stra-
tigraphic section was done using standard paleomagnetic field equipment and procedures, with both
magnetic and sun compasses (Table S1). Most of the collected samples are mudstones, siltstones, and sand-
stones with preference for the finest grained layers whenever possible. In addition, a portion of samples was
acquired in the siderite-rich carbonate layers of the Yaw Formation. The paleomagnetic results of the Yaw
Formation are already published in preceding research for calculating a mean direction (Westerweel
et al., 2019) and are herein interpreted for magnetostratigraphy.

On a 2G cryogenic magnetometer hosted in a magnetically shielded room at Geosciences Rennes,
stepwise demagnetization was conducted on these samples in order to isolate their characteristic rema-
nent magnetizations (ChRMs) from their total natural remanent magnetizations (NRMs). Both thermal
demagnetization, with increments of 20°C to 50°C up to 680°C, and 3-axis alternating field (AF) demag-
netization, with increments of 2.5-10 up to 120 mT, were used for this. During AF demagnetization, gyro
remanent magnetizations (GRMs) were canceled by measuring the magnetization after each axis of AF
demagnetization (Roperch & Taylor, 1986). The demagnetization of individual samples was plotted on
orthogonal demagnetization plots (Zijderveld, 1967), and their ChRM directions were isolated using
principal component analysis (Kirschvink, 1980) or in some cases a Fisher mean on the demagnetization
results (Fisher, 1953). Subsequently, these ChRM directions were corrected for the tilt of the sedimentary
bedding and then grouped based on polarity (normal or reverse) and data quality (Categories 1 or 2).
Samples are denoted as Category 1 when both the polarity and ChRM direction are well constrained,
while demagnetization is less stable in Category 2 samples, but the polarity can still be inferred.
Afterwards, the reversal angle of each sample, defined as the angular distance between the observed
direction in an individual sample and the mean paleomagnetic direction in normal polarity, was plotted
versus sampling level for constructing the magnetostratigraphic log. Subsequently, antipodal normal
(black) and reverse (white) polarity magnetozones could be distinguished by sequences of samples exhi-
biting the same polarity. Finally, these magnetozones could be compared with the latest Geomagnetic
Polarity Timescale (GTS16) (Ogg et al., 2016).

3.4. Zircon U-Pb Dating

To constrain the age and sedimentary provenance of the Chindwin Basin, one sandstone from the top of the
Letkat Formation was sampled for zircon U-Pb dating during this study (17letkat07). Detailed analytical
protocols and information about the data reduction schemes are provided in Text S1 and in Licht et al. (2020).
Briefly, zircon crystals were extracted by traditional methods of heavy mineral separation. U-Pb ages were
generated using laser-ablation inductively coupled-plasma mass-spectrometry (LA-ICP-MS), using an
iCAP RQ Quadrupole ICP-MS coupled to an Analyte G2 excimer laser at the University of Washington,
using a spot diameter of 25 microns. Data reduction was first conducted with Iolite, using their
U_Pb_Geochron4 Data Reduction Scheme to calculate U-Pb ages uncorrected for common lead (Paton
et al., 2010). In addition, age uncertainties for all samples were calculated with Matlab using a modified
version of the method of Matthews and Guest (2017) that takes into account the impact of 207Pb beam inten-
sity on age uncertainties. The 10 secondary zircon reference materials during these sessions yielded offset
around TIMS ages <1% in most cases, <2% otherwise.

Maximum depositional age for the detrital sample was calculated with multiple zircon ages using Tuffzirc
(Ludwig, 2003). We also recalculated the crystallization age of a tuff layer and seven maximum depositional
ages from the Yaw, Tonhe, and Letkat Formations in the same sedimentary section, already published in
Licht et al. (2019) (Table S2) based on recalculated age uncertainties. To this, we added additional maximum
depositional ages from Wang et al. (2014) and Cai et al. (2019) obtained elsewhere in the Yaw, Tonhe, and
Letkat Formations (Table S1). The final age error calculated for each sample is the quadratic sum of the
uncertainty of Tuffzirc age calculation and of the systematic uncertainty (~2.67% for the 23815 /29pb ratios;
same value used for the samples of Wang et al., 2014 and Cai et al., 2019). Age distributions of all selected
samples were compared on a multidimensional scaling (MDS) map, which is a visual way to assess the misfit
between age distributions using the Kolmogorov-Smirnov (KS) statistic as the dissimilarity measure
(Vermeesch, 2013).
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3.5. Apatite U-Pb and Fission-Track Dating

To further constrain the age, sedimentary sourcing and tectonic context of the Chindwin Basin, detrital apa-
tites were extracted from the same eight sandstones for apatite U-Pb and AFT dating during this study
(Table S3). Both types of ages were acquired simultaneously at the GeOHeLiS Analytical Platform
(Geosciences Rennes), using an ESI NWR193UC Excimer laser coupled to a quadrupole Agilent 7700x
ICP-MS. Detailed analytical conditions can be found in Text S1. A total of 120 grains were analyzed when-
ever possible.

Data reduction for U-Pb ages was conducted with Iolite, using the VisualAgeUcomPbine Data Reduction
Scheme of Chew et al. (2014) to calculate U-Pb ages corrected for common lead. Single grain ages and sub-
sequent population mean ages were obtained following two different methods. Single grain ages were deter-
mined following the iterative approach for 207Pb correction of Chew et al. (2011), using a terrestrial Pb
evolution model for the determination of common lead isotopic composition (Stacey & Kramers, 1975).
Population ages were calculated independently of single grain age calculation, using data uncorrected for
common lead. Age populations were first defined by identifying linear arrays of data in Tera-Wasserburg
(TW) plots using IsoplotR (Vermeesch, 2018). Per age population, 2°’Pb/?°*Pb ratio of each array was either
anchored at a value given by the single stage Pb evolution model of Stacey and Kramers (1975) or unan-
chored. Anchored and unanchored ages are coherent for all populations. The final age error is the quadratic
sum of the uncertainty of IsoplotR age calculation and of the systematic uncertainty (using the same values
as for zircon U-Pb ages, i.e., ~2.67% for the 23815 /2%pp ratios).

AFT data were obtained on the same spot as the U-Pb measurements using the protocol of Cogné et al. (2020).
Spontaneous tracks were acquired by acid etching with 5.5 M HNOj at 21°C for 20 s. Grain mounting and
etching procedure is analogous to the protocol described by Donelick et al. (2005). Fission-track counting
was done using a Zeiss Axiolmager Z1m microscope equipped with an Autoscan automated stage system.
Data reduction was conducted with Iolite with a modified version of the Trace_Elements DRS (Woodhead
et al., 2007) and an in-house spreadsheet. The different populations were then untangled using U-Pb data.
AFT data were plotted in a radial plot to get the AFT age of the population, using IsoplotR
(Vermeesch, 2018). All populations identified show a low degree of AFT single grain age dispersion.

4. Results
4.1. Sedimentology

Our 2010 m composite sedimentary log of the Yaw, Tonhe, and Letkat Formations is displayed in Figure 3.
Deposits and associated lithofacies of these formations have already been extensively described and illu-
strated in Licht et al. (2019) (section 2.4.2), only our new sedimentological observations are presented here.
In particular, previous studies near Kalewa have grouped both the Tonhe and Letkat Formations into a larger
Letkat Formation (Licht et al., 2019; United Nations, 1978; Zat & Aung, 2018; Zhang et al., 2019). However,
our observations show that the Yaw, Tonhe, and Letkat Formations all have distinctive features and are sepa-
rated by abrupt changes in sedimentary facies. The contact between the Yaw Formation and Tonhe
Formation is sharp, marked by the occurrence of two consecutive sandstone bodies with thick (>2 m) basal
lags including blocks of reworked sediment, altered siderite, and lignified fossil trunks. The shallow marine
to continental sedimentary facies of the estuarian Yaw Formation are replaced by solely continental fluvial
deposits in the Tonhe Formation and the subsequent Letkat Formation. The Tonhe Formation is ~250 m
thick and is particularly coarse, with gravel beds made of rounded quartz being common forming stacked
beds of trough cross-bedding. Gravel and sand beds are organized in 5- to 15-m-thick packages, each overlain
by a 1- to 4-m-thick paleosol profile resembling modern ultisols (Figures 4a and 4b). Paleosols are red to
brown, with gray, green, red, orange, and purple mottles, occasionally following root traces; parent sediment
is highly mixed, and peds are blocky; they sometimes display a high density of red adhesive meniscate bur-
rows, similar to ichnogenus Naktodemasis sp. (Figure 4c; Smith et al., 2008). Carbonated pedogenic nodules
are particularly small and have only been found in two beds at the top of the unit (<2 mm in diameter). Sparse
silicified and lignified fossil trunks can be found within gravel beds (Figure 4d).

The contact between the Tonhe and Letkat Formations is marked by the abrupt disappearance of gravel
beds. Gravels are sporadically present in the Letkat Formation but only reappear much later, ~500 m
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higher in the section, in isolated channel lags or as small lenses in bigger sand beds together with mud
breccias. The sandstone beds of the Letkat Formation are stacked sometimes over more than 60 m of
thickness without any change in facies or grain size (Figure 4e). Sands are rich in plant debris
(Figure 4f) and include rare rounded vertebrate bones and lignified wood pieces. Paleosols occur at a
much lower frequency than in the Tonhe Formation, every 50 to 200 m in the section, isolated or in
packages of 2-4 profiles. These paleosols are 0.5 to 1.5 m thick and resemble modern vertisols with brown
to gray with purple, red, and green mottles; parent sediment is finer (silt to very fine sand), highly mixed,
and peds are blocky or rounded. They include 0.5- to 1.5-cm-thick carbonated pedogenic nodules. The
transition to the overlying Natma Formation is marked by a sudden decrease in grain size, with pedogen-
ised brown to red clay and silt becoming the dominant facies; sandstone bodies in the Natma Formation
are commonly thinner (1-5 m thick), embedded into finer-grained material, and display inclined hetero-
lithic stratifications.

4.2. Rock Magnetism

4.2.1. Magnetic Properties

We measured the volume-corrected bulk magnetic susceptibility (SI) of our core plug samples before demag-
netization, as well as the 63 additional hand samples from the Letkat Formation (Table S1). The obtained
values were plotted against the (magneto)stratigraphic results, showing that the Yaw, Tonhe, and Letkat
Formations have distinct magnetic properties (Figures 5-7). Bulk magnetic susceptibilities of samples from
the Yaw Formation are of low magnitude in general, averaging around ~0.0002-0.0003 SI. Exceptions to this
are the siderite-rich rocks, which are easily recognized by much higher magnetic susceptibilities of around
~0.0015-0.0025 SI. K-T, hysteresis, and IRM plots (Figure 5) confirm these results, showing that the mag-
netic properties of most rocks in the Yaw Formation, especially the finer-grained and siderite-rich rocks,
are dominated by paramagnetic components with only a minor contribution of magnetite, which is the mag-
netic carrier based on stable demagnetizations above 400°C (Figure S2). Upon heating, the magnetic suscept-
ibility increases at ~370°C in many samples with paramagnetic characteristics, likely due to the
transformation of iron sulfide minerals, such as pyrite, to magnetite. An even larger increase in magnetic
susceptibility occurs in siderite-rich rocks above 400°C.

Measured bulk magnetic susceptibilities from the Tonhe Formation, mostly from siltstones and sandstones,
are distinct from those of the underlying Yaw Formation. In general, they are of an even lower magnitude
than in the Yaw Formation, averaging around ~4 * 10~ to 1.5 * 10* SI. These low values suggest only a
minor presence of magnetite. Nonetheless, IRM acquisition shows that magnetic remanence is still carried
by magnetite, although several finer-grained, pedogenised sandstone samples exhibit high coercivity phases
as well (Figure 5d).

The transition to the Letkat Formation is even more abrupt compared to the Yaw-Tonhe boundary with a
sharp and significant increase in overall magnitudes of bulk magnetic susceptibility, averaging around
~0.001-0.003 SI. K-T, magnetic hysteresis, and IRM acquisition experiments on the predominantly sand-
stone lithologies of the Letkat Formation show that magnetic properties and remanence in this formation
are dominated by pseudo-single domain or multidomain magnetite, although IRM acquisition shows the
occurrence of high coercivity phases related to hematite in several samples, especially in finer-grained sands
where pedogenesis is observed (Figure 5d).

Before demagnetization (Figure S2), the AMS of all paleomagnetic samples was measured (Figure S3). In the
Yaw, Tonhe, and Letkat Formations, the obtained magnetic fabric is mainly oblate with the minimum axis
Kinin of the AMS fabric oriented orthogonal to the bedding. In addition, the maximum axes Ky,,x are oriented
~NNE-SSW, parallel to the fold axis of the stratigraphic section. These properties are typical for a sedimen-
tary AMS fabric with ESE-WNW tectonic shortening. Only the siderite-rich rocks in the Yaw Formation
depart from these trends, sometimes exhibiting an inverse AMS fabric which is often observed for this lithol-
ogy (Rochette, 1988). The AMS in the Letkat Formation is on average much higher compared to the under-
lying formations, with a few coarse-grained sandstone samples having P’ anisotropy values up to 1.6-1.8
(Figure 5b). This is probably related to an increase in magnetite content.

4.2.2. Petrologic and Mineralogic Observations

Optical microscope and SEM observations were made during this study to further investigate the inferred
(magnetic) mineralogy from the measured magnetic properties. Observations from sandstones, mudstones,
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Figure 5. Rock magnetic experiments showing differences in magnetic properties between the Yaw, Tonhe, and Letkat Formations. (a) Representative bulk
magnetic susceptibility (10-6 m3/kg) versus temperature (°C) plots (K-T plots) up to a maximum of 590°C, (b) plot of degree of anisotropy (P’) versus bulk
magnetic susceptibility (SI), (c) hysteresis loops, and (d) plots of isothermal remanent magnetization (IRM) acquisition.

and siderites in the Yaw Formation largely confirm the inferred (magnetic) mineralogy. Yaw Formation
lithologies typically contain large concentrations of siderite and organic material (Figures 6a—6c), and an
abundance of framboidal pyrite grains is often observed in and around these organic-rich parts (Figure 6a).
Furthermore, the fine- to coarse-grained sandstone parts consist of subangular and poorly sorted clasts,
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Tonhe Fm

Figure 6. Representative microscope images showing differences in mineralogy between the (a—c) Yaw, (d) Tonhe,
and (e-h) Letkat Formations. Sample name and scale are indicated per image. Mineral abbreviations (red):

Am = amphibole, Bt = biotite, Ep = epidote, Hem = hematite, Mag = magnetite, Mca = mica, Org = organic material,
Pl = plagioclase, Py = pyrite, Qtz = quartz, Sd = siderite.

mostly (polycrystalline) quartz, and a contribution of feldspars and micas, as well as several zircons, apatites,
and volcanic rock fragments. Quartz minerals often look recrystallized, exhibiting dissolution features at
their edges (Figure 6¢). These observations corroborate the strong paramagnetic behavior of the Yaw
Formation lithologies with only minor evidence for magnetite.

Like the Yaw Formation, sandstones from the overlying Tonhe Formation are comprised almost exclusively
of (polycrystalline) quartz minerals (Figure 6d). They are usually subrounded and poorly sorted. The biggest
grains are cemented by a finer-grained matrix, consisting of quartz or phyllosilicates. Especially in this
finer-grained matrix, oxidation features are present as well. However, in contrast to the Yaw Formation,
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Figure 7. Overview of stratigraphy, magnetic properties and magnetostratigraphy of this study: (a) formation depths and geochronology results (Table S1);

(b) bulk magnetic susceptibility (SI) log; (c) magnetostratigraphic results (left) and interpretation (right); (d) comparison with geomagnetic polarity timescale
(GTS16) (Ogg et al., 2016); (e) palynological age constraints from the Chindwin Basin: (1) = Meyeripollis naharkotensis, Cicatricosisporites dorogensis, and
Proxapertites operculatus (Huang et al., 2020); (2) = Florschuetzia semilobata (Lwin et al., 2017). Formation colors are identical to Figure 1b. Red lines highlight the
two unconformities constrained by this study of latest Eocene-middle Oligocene and late Oligocene-early Miocene age.

organic and sideritic material is lacking in the Tonhe Formation. Optical microscope observations show that
there is a near absence of opaque minerals such as magnetite. This is all in agreement with the low magnetic
susceptibilities, induced by only a minor presence of magnetite in the Tonhe Formation.

Sandstones from the Letkat Formation are composed of much coarser, less sorted, and more angular clasts
compared to the underlying formations (Figures 6e-6h). In addition to the minerals common in the under-
lying formations, the sedimentary composition of the Letkat Formation includes a significant amount of
high-grade metamorphic and ultramafic minerals, such as quartz, (perthitic) feldspar, biotite, muscovite,
epidote, and amphibole (Figures 6e and 6f). Fragments of high-grade metamorphic rocks such as schist
and quartzite can be identified as well. In contrast to Yaw sandstones, little to no organic and siderite mate-
rial is present. Large grains and concentrations of (occasionally oxidized) magnetite, sometimes alongside
titanite, rutile, ilmenite, and titanomagnetite, are easily observed in coarse-grained sandstones, often occur-
ring as thin bedded layers (Figures 6g and 6h). From this, it can be inferred that the highly degree of AMS in
the Letkat rocks are related to a highly anisotropic distribution of magnetite due to concentration of heavy
minerals by gravity separation during sedimentary transport instead of paleocurrents (Figure 5b), illustrat-
ing the difficulty in using AMS for reliable paleocurrent determinations. Our mineralogic observations are in
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good agreement with the obtained magnetic properties of Letkat rocks, confirming that they are dominated
by large grains of magnetite.

4.3. Magnetostratigraphy

In total, 298 demagnetized samples were sorted according to depth and data quality and subsequently used
to construct a magnetostratigraphic section (Figure 7 and Table S1). Rocks from the late Eocene Yaw
Formation (0-680 m) often yield stable demagnetizations with ChRMs that were mostly determined in
the temperature interval ~220°C to 460°C, with best-fitted lines anchored to the origin. The most stable sam-
ples are from fine-grained mudstone rocks and a few siderite-rich carbonate layers, whose ChRM directions
are in good correspondence with each other. Stable samples with coherent polarities and ChRM directions
were denoted as Category 1 in Figure 7, while samples with distinguishable polarities but less constrained
ChRM directions were denoted as Category 2. The remaining samples, often coarse-grained siltstones and
sandstones with persistent overprint of the magnetic signal in the present-day field, were not used for mag-
netostratigraphy. Despite these occurrences, the Yaw Formation exhibits well-defined antipodal normal and
reverse magnetozones. Rocks of both polarities exhibit similar magnetic behavior during demagnetization,
suggesting a detrital or early diagenetic primary origin for the ChRMs. Hence, the ChRMs were corrected for
the general tilt of our homoclinal sedimentary section (Azimuth/Dip = ~010/40E). This resulted in seven
distinct magnetozones for the Yaw Formation, which were labeled Y.n1-Y.n4 (normal) and Y.r1-Y.r3
(reverse).

The majority of samples in the overlying Tonhe Formation and especially in the Letkat Formation are char-
acterized by significant overprint of the magnetic signal (often by the present-day field), likely related to the
presence of multidomain magnetite in the coarse sandstones comprising the majority of lithologies in both
formations (section 4.2 and Figures 5 and 6). AF demagnetization was completely ineffective in removing
these overprints. Thermal demagnetization yielded a few stable samples, with roughly similar demagnetiza-
tions as those from the Yaw Formation (Figures 7 and S2). The resulting stratigraphic resolution was insuf-
ficient to build a magnetostratigraphic correlation for the Tonhe and Letkat Formations, but fortunately,
their ages could be reliably determined using other geochronological constraints (section 5.1).

4.4. Zircon U-Pb Dating

Youngest U-Pb age populations of detrital zircons from the Yaw, Tonhe, and Letkat Formation are displayed
in Table S1, alongside the recalculated volcanic tuff age in the Yaw Formation (Licht et al., 2019), which now
yields an age of 37.8 + 1.1 Ma (20; n = 14 zircons) (Licht et al., 2019). Kernel density estimates (KDE) and age
histograms of U-Pb age distributions of new sandstone sample 17letkat07 as well as published sandstones
from Licht et al. (2019) of the Yaw, Tonhe, and Letkat Formations are shown in Figure 8. These samples,
as well as additional samples from the Chindwin Basin (Cai et al., 2019; Wang et al., 2014; Zhang et al., 2019)
and modern river sediments in Myanmar (Garzanti et al., 2016) are compared on a MDS map to show
changes in provenance (Figure 9).

Yaw Formation and Tonhe Formation sandstones from the Chindwin Basin are dominated by Late
Cretaceous (~120-90 Ma), Paleogene (~60-40 Ma), and pre-Cretaceous zircon populations (Figure 8 and
Table S2). Samples from the Yaw and Tonhe Formations also yield a significant proportion of older zircons,
with two notable peaks at 500 and 1,200 Ma. Sandstones from the Letkat Formation appear statistically dif-
ferent from other sandstones on the MDS plot (Figure 9), with a prominent age population of Paleogene
grains but a smaller population of pre-Cretaceous grains compared to Yaw and Tonhe samples.

4.5. Apatite Dating

KDE and age histograms of apatite U-Pb age distributions of sandstones of the Yaw, Tonhe, and Letkat
Formations are shown in Figure 8. Determinations of U-Pb age population averages and uncertainties on
TW diagrams are displayed on Figure S4. AFT radial plots are displayed on Figure 10. In all cases, apatites
yielding the youngest U-Pb ages also yielded the youngest AFT ages (Table S1).

Apatite U-Pb and AFT ages of sandstones from the Yaw Formation are all older than the youngest zircon
ages and older than the age of the dated tuff. Given the thickness of the sedimentary sequence,
post-depositional annealing of tracks cannot be excluded for these two samples. However, the youngest
population in 16YADZ01 shows similar apatite U-Pb and AFT ages. Therefore, it is likely that annealing

WESTERWEEL ET AL.

15 of 30



W]
A\J

ADVANCING EARTH
AND SPACE SCIENCE

Tectonics

10.1029/2020TC006413

Zircon U-Pb ages

Apatite U-Pb ages

I T | T T T I T | T I I T
(n=58)
17LETKATO07 M v i
Letkat Formation . )
1862 m
| N | S | N FE 50 100 150 200
0 100 200 300 400 500 600 700 O 100 200 300 400 500 600 700
U-Pb age (Ma) U-Pb age (Ma)
This study This study
T | T T T T | T | T
(n=114) (n=68)
16LETKAT ~60-40 Ma " s a9
Letkat Formation
1425 m ~120-90 Ma
el LA B0 0 ;i A A A0 150 20
0 100 200 300 400 500 600 700 O 100 200 300 400 500 600 700
U-Pb age (Ma) U-Pb age (Ma)
Licht et al. (2019) This study
T | T | T T T T | T T T | T I | T
(n=131) (n=66)
17LETKATO08 T T D
Letkat Formation
960 m
0 oma o 'y 0 50 100 150 200
0 100 200 300 400 500 600 700 O 100 200 300 400 500 600 700
U-Pb age (Ma) U-Pb age (Ma)
Licht et al. (2019) This study
T | T | T T T T | _1I T | T | T | T | T | |(n_I87)
16YADZ03 (n=109) ~35Ma S .
Tonhe Formation ~65 Ma (n=86 out of 87)
799 m 85 Ma
‘; iy IR o o oadlen M ':185 Ma 0 50 100 7?0;‘\ 200
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
U-Pb age (Ma) U-Pb age (Ma)
Licht et al. (2019) This study
T | T | T | T | T | T | T T T | T | T
n=105 (n=80)
16YADZ02 ~60-40 Ma ~500_7(00 Ma) e
Tonhe Formation h ‘ ~120-90 Ma frreboupren)
709 m ' -
Y | Al S
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
U-Pb age (Ma) U-Pb age (Ma)
Licht et al. (2019) This study
T | T | T T T | T T | T | | T
(n=123) (n=87)
16YADZ04 T v
Yaw Formation I
613 m
| o B Th-sag e o 50 0, 150 200
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
U-Pb age (Ma) U-Pb age (Ma)
Licht et al. (2019) This study
— T T — T T — T T T T T
(n=108) B (n=39)
16YADZ01
Yaw Formation ~60-40 Ma
base Yaw Fm. ”50'700 Ma

l i AT fiirfl
200 300 400 500 600 700

U-Pb age (Ma)

0 100

Licht et al. (2019)

200 300 400 500 600 700
U-Pb age (Ma)

0 100

This study

Figure 8. Kernel density estimators (KDE) and histograms (5 Myr bins) for individual sandstone samples of this study for
zircon U-Pb ages from this study (17letkat07) and Licht et al. (2019), as well as and apatite U-Pb ages from this study.

The kernel density bandwidth of each plot was determined with the plug-in bandwidth selection method of Botev et al.
(2010). Apatite U-Pb ages are 207-corrected ages for common lead; we excluded apatite ages with high age uncertainties

(2s > 50%) usually reflecting low U content.
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Figure 9. Multidimensional scaling map showing the dissimilarities .
between individual samples of this study and previously published samples 5. Interpl'etatlons

(Cai et al., 2019; Garzanti et al., 2016; Licht et al., 2019; 5.1. Age Model for the Chindwin Basin
Wang et al., 2014; Zhang et al., 2019). Axes are in dimensionless “KeS

units” (—1 < KS < 1) of dissimilarity between samples. Final “stress” value ~ An overview of the different age constraints from magnetostratigraphy,
is 0.11, indicating a “fair” fit (Vermeesch, 2013). Ranges of variation U-Pb and AFT dating, and palynology is presented in Figure 7. In the
for different units are highlighted by dashed lines. Yaw Formation, magnetozone Y.rl was anchored to the GTS16 (Ogg

et al., 2016) using the 37.8 + 1.1 Ma U-Pb age from the dated tuff layer,
correlating it with chron C17r.1r, which lies within the error range of the age of the tuff layer (Figure 7).
From this, the other magnetozones of the Yaw Formation could be straightforwardly correlated with the
GTS16, with the base of the section corresponding to chron C18n.1n and the top to chron C17n.1n, con-
straining the age of the section to ~38.4-37.2 Ma. The very base of the Yaw Formation is located at
~500 m below our composite log; a sandstone near the base of the formation yielded a youngest zircon dated
at 36.3 + 1.9 Ma by Cai et al. (2019), which is within error range of our magnetostratigraphic age interval.
The Pondaung Formation, just below the Yaw Formation, has been dated at ~40-39 Ma using a combination
of geochronology and biostratigraphy in the Minbu Basin (Jaeger et al., 1999; Licht, Cojan, et al., 2014; Licht
et al., 2015; Zaw et al., 2014); this age is in agreement with the youngest zircon of another sample dated at
39.0 + 1.3 Ma near the base of the Yaw Formation (Table S1). We thus assign an upper Bartonian age to
the Yaw Formation by combining our constraints from magnetostratigraphy, the dated tuff and detrital
zircon U-Pb dating. The magnetostratigraphic correlation confirms that the Yaw Formation was deposited
under rapid sedimentation and subsidence rates (~0.6 m/ky), similar to previous estimations (Licht
et al., 2019).

Above the Yaw Formation, our observations show sharp transitions in sedimentary facies, magnetic proper-
ties, mineralogy and maximum depositional ages at both the Yaw-Tonhe and Tonhe-Letkat boundaries
(Figures 4-10 and Table S1). These are interpreted as two depositional unconformities occurring in the
Chindwin Basin, separating the Tonhe Formation from the underlying Yaw Formation and overlying
Letkat Formation. Unfortunately, these unconformable contacts, alongside the large effect of overprint of
the magnetic signal in the Tonhe and Letkat lithologies, make it difficult to extend our magnetostratigraphic
correlation from the Yaw Formation upward. Yet we can observe a distinct change in maximum depositional
ages given by zircon U-Pb, apatite U-Pb, and AFT dating results between the three formations (Figures 3, 7,
8, and 10 and Table S1). The youngest age at the base of the Tonhe Formation is 28.5 + 2.4 Ma (AFT), while
the youngest age higher in the section is 24.2 + 1.8 Ma (AFT), both in agreement with the upper Oligocene
age for the Tonhe Formation from palynology (Lwin et al., 2017; R. Morley, pers. com.).
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The youngest AFT ages in the Letkat Formation are 19.0 + 1.7, 18.2 + 1.4, and 17.4 + 1.3 Ma; these ages are
in agreement with a zircon dated at 16.8 + 1.3 Ma at the top of the unit by Wang et al. (2014). The Letkat
Formation cannot be younger than 14-11 Ma, based on the mammalian fauna age of the Mingin Gravels
(Bender, 1983). This would thus indicate an upper lower Miocene (19-16 Ma) up to a lower middle
Miocene age (up to 16-14 Ma) for the Letkat Formation. Two points suggest that the Letkat Formation does
not extend up to the middle Miocene and is upper lower Miocene only: (1) the Natma and Shwethamin
Formations form an additional 3-km-thick sequence of fluviatile deposits between the Letkat Formation
and the base of the Mingin Gravels (United Nations, 1978); if the Letkat extended up to the upper lower
Miocene, both units would require extremely high depositional and subsidence rates (>1.5 m/ky) to be
deposited before 14-11 Ma; (2) the very short time lag between apatite youngest U-Pb and AFT age popula-
tions (~2 Myr for the three samples) indicates high exhumation rates in the source areas and thus a short
delay between the youngest AFT age and the actual depositional age of the unit. In summary, these
constraints suggest significant depositional hiatuses before deposition of both the Tonhe and Letkat
Formations. The first unconformity should be of latest Eocene to middle Oligocene age, while the second
unconformity is likely of latest Oligocene to early Miocene age.

5.2. Changes in Depositional Environment

The combination and alternation of facies associations FA1 to FA4 in the Yaw Formation have previously
been interpreted as reflecting a barrier-bound, quasi-closed estuary (Licht et al., 2019), and our interpreta-
tions here are in line with this previous work. Facies association FA1 with black mudstones and siderite beds
reflects the subtidal, anoxic central basin depositional environment of the estuary (Anthony et al., 1996).
FA2 reflects near-shore environments, tidal flat, and intertidal marsh or freshwater lakeshore deposits dur-
ing periods of estuary closure (Licht et al., 2019). FA3 and FA4 are attributed to respectively bay-head deltaic
river distributaries and coastal swamps (paleohistosols).

By contrast, the Tonhe and Letkat Formations are characterized by pure fluviatile deposition, suggesting
complete overfilling of the Chindwin Basin. Thick, wide bodies made of trough cross-beddings lacking
any clear inclined heterolithic stratification, and sometimes capped by finer-grained sets of pedogenised
sands, suggest fluvial channel bodies typical of braided river systems (Leeder, 2009). Yet both fluviatile units
display clear differences. The Tonhe Formation, with its coarse channel bodies (commonly gravelly) regu-
larly alternating with thick ultisols, recalls braided channels in distal alluvial fans where channel avulsion
is common and can create such regular packages (Leeder, 2009). The Letkat Formation is more monotonous
and recalls long-term aggradation of a wide braided river and its floodplain; the replacement of ultisols by
vertisols in the rare pedogenised fine-grained deposits suggest a shift to a more seasonal or drier climate
at the time of deposition (Retallack, 2008).

Magnetic properties of these three geological units are also very different (Figures 5-7). The magnetic prop-
erties of the Yaw Formation samples do not evidence a significant contribution of magnetite to the magnetic
susceptibility, as it is mainly controlled by paramagnetic minerals. Framboidal pyrites are observed in SEM,
and magnetic susceptibility changes around 370°C suggest that pyrite transformed to magnetite upon heat-
ing. The main susceptibility peaks in the Yaw Formation (up to 0.002 SI) are however associated with side-
rite layers. Siderite also transforms to magnetite upon heating, and therefore, we cannot discard a siderite
presence in most samples. In addition, SEM images show dissolution features in quartz grains (Figures 5
and 6). There are three potential causes to explain the lack of magnetite in the Yaw Formation sediments.
The first one is a source poor in detrital magnetite. The second is the almost complete dissolution of
iron-bearing minerals, such as magnetite, resulting in the formation of pyrite. This is a common process
in anoxic depositional environments that are rich in organic material and sulfides (Roberts, 2015). Finally,
chemical weathering in the upstream areas could have supplied enough iron to the basin for the formation
of siderite-rich carbonate layers, possibly by dissimilatory iron reduction occurring in anoxic conditions
(Tang et al., 2018). Chemical weathering of magnetite was potentially prolonged by sediment recycling.
The magnetic properties of the Yaw Formation show that magnetite grains were not completely dissolved
or otherwise were formed anew by early diagenesis, as they preserve a primary paleomagnetic record,
evidenced by well-defined normal and reverse magnetozones with similar demagnetizations and no outliers
(section 4.3 and Figure 7).
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The magnetic and mineralogical properties of the Tonhe Formation indicate a clear disappearance of pyrite
and siderite (Figures 5 and 6), likely representing the shift from estuarian to a purely fluviatile environment
lacking anoxic conditions. This is even more apparent in the braided river depositional environment of the
overlying Letkat Formation, where magnetic properties are dominated by layers of large detrital magnetite
grains and occasionally the occurrence of hematite in finer-grained, pedogenised overbank deposits
(Figures 5-7). These changes in magnetic properties suggest a lack of anoxic conditions in contrast to the
Yaw Formation, implying that chemical alteration of (magnetic) minerals during diagenesis and recycling
played a much less significant role here (Roberts, 2015). This is further evidenced by the occurrence of larger
and more angular sedimentary clasts, also comprising less stable minerals, such as serpentinized olivine and
epidote (Figure 6).

Hence, the first unconformity between the Yaw Formation and Tonhe Formation shows an abrupt change
from an anoxic estuarian to a purely fluvial depositional environment. This change in sedimentation
conditions becomes even more pronounced in the braided river depositional environment of the Letkat
Formation.

5.3. Sedimentary Provenance

5.3.1. Yaw Formation

The bulk of detrital zircon and apatite U-Pb ages in the Yaw Formation, dated between 40 and 120 Ma
(Figure 8), correspond to the age span of volcanic activity in the proximal WPA (Zhang et al., 2017), suggest-
ing this arc was a dominant source for sediments in the Chindwin Basin until at least the late Eocene, as
already proposed in previous studies (Cai et al., 2019; Licht et al., 2019; Wang et al., 2014). However, the
Wuntho Ranges (northern segment WPA) directly east of the Chindwin Basin has a more limited volcanic
age range compared to the Yaw Formation, only yielding two age groups of ~110-90 and ~42-36 Ma
(Barley & Zaw, 2009; Gardiner et al., 2017; Licht et al., 2020; Lin et al., 2019). Furthermore, seismic interpre-
tations show large parts of the WPA were buried by Eocene sediments within the CMB (Zhang et al., 2017).
These observations suggest that the Yaw Formation, including its significant population of ~80-50 Ma zir-
cons (Figure 8 and Table S2), was not solely sourced by the WPA intersecting the CMB.

North of the BT, ~80-50 Ma volcanic ages are present in the Sodon Batholith and in the Lohit Batholith,
which are correlated with the WPA (Haproff et al., 2019; Lin et al., 2019) and could potentially be located
in the reconstructed Greater Burma region as part of the Trans-Tethyan Arc (Figure 11a; Westerweel
et al., 2019). For these reasons, we propose that the exhuming northernmost perpetuation of the WPA, form-
ing a segment of the Trans-Tethyan Arc in the Greater Burma region, should have significantly contributed
to the late Eocene sediment supply of central Myanmar alongside the Wuntho Ranges (Figure 11a).
Similarly, pre-Cretaceous zircons in the Yaw Formation could have been supplied by exhuming basement
rocks in the Greater Burma region to the north, because the Eocene Phokphur conglomerates in the north-
ern IBR (Aitchison et al., 2019; Cai et al., 2019) and Eocene sediments in the northernmost Chindwin Basin
(Arboit et al., 2020) have comparable pre-Cretaceous age peaks as the Yaw Formation suggesting similar
sourcing (Figure 8). Yaw Formation sourcing from north of the BT could have occurred in the Burmese
backarc where sparse paleocurrent measurements suggest southward directed drainage systems since the
late Eocene (Figure 1la; Thein & Maung, 2017). In any case, apatite U-Pb and AFT ages for the Yaw
Formation are up to ~30 Ma older than the depositional age of the unit, suggesting that the Yaw
Formation sources were just starting to get exhumed and that deeply buried rocks had not been exposed yet.
5.3.2. Tonhe Formation

The zircon U-Pb age distributions from two sandstones of the Tonhe Formation are almost indistinguishable
from those of the Yaw Formation (Figure 8). However, the third uppermost sandstone displays an age
distribution that is statistically more similar to the Letkat sandstones. An increase in petrographic maturity
is shown by the presence of large quartz gravels and illustrated in sandstone grain-counting results (Licht
et al., 2019). Apatite U-Pb and AFT ages from the Tonhe Formation are also much younger compared to
those in the Yaw Formation, as well as volcanic ages in the WPA (section 5.3.1). They are also much younger
than zircon U-Pb ages in the Tonhe Formation itself, with AFT ages being almost coeval to the proposed
upper Oligocene age of deposition of the unit based on palynological evidence. Finally, the sedimentary
facies of the Tonhe Formation, corresponding to an alluvial fan setting, suggest a relatively proximal source.
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Figure 11. Paleogeography of the Burma Terrane at 40 (left) and 23 Ma (right). Reconstructions were made with GPlates software (Miiller et al., 2018), adapted
from Westerweel et al. (2019) and modified using new tectonic constraints from Morley et al. (2020) as well as deforming plate margins (Miiller et al., 2019)
for the Burma Terrane, Greater India, and Bay of Bengal. Abbreviations: BB = Bay of Bengal, BT = Burma Terrane, CB = Chindwin Basin, EAB = Eastern
Andaman Basins, EHS = Eastern Himalayan Syntaxis, GA = Gangdese Arc, GB = Greater Burma, GH = Greater Himalayas, IAT = India-Australia Transform,
IBR = Indo-Burman Ranges, LT = Lhasa Terrane, MB = Minbu Basin, MMMB = Mogok-Mandalay-Mergui Belt, SB = Sibumasu, SF = Sagaing Fault,

SL = Sundaland, TH = Tethyan Himalayas, TTA = Trans-Tethyan Arc, WPA = Wuntho-Popa Arc.

Together, this suggests the source remained the WPA and Greater Burma basement similar to the Yaw
Formation. Prolonged exhumation in the Greater Burma region exposed more deeply buried rocks by this
time, explaining the late Oligocene AFT ages that are close to the depositional age of the Tonhe
Formation (Figure 10 and Table S1). Furthermore, the transitional provenance of the Tonhe Formation in
between the Yaw and Letkat Formations and the observed increase in petrographic maturity could be
explained by reworking of sedimentary rocks from the exhuming margins of the Chindwin Basin (Figure 9).
5.3.3. Letkat Formation

The zircon U-Pb age distributions of the Letkat sandstones are significantly different from the underlying
formations, characterized by (1) a decreased contribution of older, pre-Cretaceous zircons; (2) an increase
of the Paleogene zircon age population; and (3) the presence of 27 to 17 Ma zircon U-Pb ages, younger than
the late Eocene magmatic event in the WPA (Mitchell et al., 2012; Wang et al., 2014; Zhang et al., 2017). This
isaccompanied by an increased occurrence of high-grade metamorphic grains (section 4.2 and Figure 6) and
negative ¢Hf(t) values (Wang et al., 2014; Zhang et al., 2019). Apatite U-Pb and AFT ages from Letkat sand-
stones provide the most interesting constraints on the age and source of these sediments, indicating rapid
exhumation during the early Miocene, with only ~2 Ma lag between these ages (Table S1).
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The presence of young Oligo-Miocene zircon ages indicates a contribution of the MMMB where these ages
are present (Mitchell et al., 2012). The MMMB was located in the Eastern Himalayan Syntaxis north(-east) of
the BT during deposition of the Letkat Formation (Figure 11b). Modern river sands from the Upper
Irrawaddy River draining the MMMB in northern Myanmar and in the Eastern Himalayan Syntaxis are
dominated by Paleogene grains (Garzanti et al., 2016), display young grains (30-17 Ma) and are notably poor
in pre-Cretaceous zircons despite draining pre-Cretaceous metamorphics, further suggesting that this area
could be an important source. The occurrence of ultramafic and high-grade metamorphic minerals, includ-
ing the abundance of large detrital magnetite grains, in the Letkat deposits (section 4.2.2) and the appear-
ance of Cenozoic zircons with negative ¢Hf(t) values also support input from the MMMB (Gardiner
et al., 2018). Finally, Ar-Ar ages on MMMB rocks in northern Myanmar and in the Eastern Himalayan
Syntaxis indicate early Miocene exhumation, coeval to AFT ages of Letkat sandstones (Bertrand et al., 2001;
Haproff et al., 2019). This is coeval with a major phase of shortening, thrusting and exhumation that has
been documented for the Himalayan orogen during the early Miocene (e.g., Garzanti, 2019; Vannay
et al., 2004). In the Eastern Himalayan Syntaxis directly north of the BT, this phase was even more rapid
and intense with similar short lag times as recorded by our apatite U-Pb and AFT ages in the Letkat
Formation (Table 1; Godin et al., 2006; Haproff et al., 2019; Kellett et al., 2013; Najman et al., 2019).

However, the MMMB largely lacks the ~100 Ma magmatic rocks that are prominent in the WPA. Because
this age is still significant in Letkat sandstone age distributions, the WPA probably remained a substantial
source in addition to the MMMB signal. This dual sourcing suggests the development of an integrated fluvial
system in the CMB in the early Miocene, draining north to south. This is in agreement with SSW paleocur-
rent measurements in the Letkat Formation (Licht et al., 2019), coeval provenance data in the Minbu Basin
showing a similar northern MMMB input (Zhang et al., 2019), and the sedimentary facies of the Letkat
Formation that recall the set-up of a wide braided river and its floodplain.

6. Implications for Regional Tectonic Evolution

We explore here potential tectonic control on sedimentation in the Chindwin Basin that may explain the
abrupt changes in sedimentary facies, magnetic properties, mineralogy, and provenance.

6.1. Late Eocene-Middle Oligocene Unconformity

The sedimentary facies, magnetostratigraphy, and provenance of the Yaw Formation record rapid subsi-
dence (~0.6 m/ky) in the Chindwin Basin during the late Eocene. Moreover, there is evidence for coeval
uplift in the WPA (Zhang et al., 2017) and incipient emergence of the IBR that sustained the quasi-closed
estuarine system of the Chindwin Basin (Licht et al., 2019; Najman et al., 2020). The rapid subsidence has
been related to pull-apart deformation of the Burmese forearc (Licht et al., 2019; Rangin, 2018). This is inter-
preted to relate to major dextral strike-slip displacement east of the BT, along a Proto-Sagaing Fault or India-
Australia Transform (Figure 11a; Morley et al., 2020; Westerweel et al., 2019).

The rapid subsidence is interrupted by the latest Eocene-middle Oligocene unconformity constrained by this
study. It marks the onset of an uplift phase in the northern BT sometime in this period, evidenced by the
occurrence of reworked sediments in the Tonhe Formation that were likely exhumed before (section 5.3.2
and Figures 3 and 7) and a late Eocene-Oligocene depositional hiatus observed within sedimentary
sequences along the WPA (Zhang et al., 2017). The unconformity is also coeval with a proposed uplift event
in the IBR (Licht et al., 2019; Morley et al., 2020; Najman et al., 2020), while continuous sedimentation pre-
vailed in the Minbu Basin to the south (Bender, 1983; Licht et al., 2019).

This uplift phase in the northern BT could be explained by the collision of India and the BT along the north-
ern segment of the IBR, recorded by Eocene emplacement of the Western Belt Ophiolite onto the Indian pas-
sive margin in the Naga Hills (Aitchison et al., 2019). However, the timing of this emplacement as suggested
by Aitchison et al. (2019) is likely earlier in the Eocene, which is more in agreement with an initial early
Paleogene (Paleocene-early Eocene) collision of India with the Trans-Tethyan Arc shown by plate recon-
structions (Westerweel et al., 2019). According to these reconstructions, this first collision is followed by
the collision of India, including the Greater Burma region, with the Asian margin during the late Eocene
(Figure 11a; Haproff et al., 2020; Morley et al., 2020; Westerweel et al., 2019). This is supported by the coeval
late Eocene onset of high temperature metamorphism along the MMMB (Searle et al., 2007, 2017, 2020) and
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late Eocene thrusting in the Eastern Himalayan collision zone north of the IBR (Haproff et al., 2020), which
these studies also attributed to the India-Asia collision. This together leads us to propose that the latest
Eocene-middle Oligocene unconformity from this study was induced by the onset of the collision of India
and Greater Burma with Asia in the Eastern Himalayas.

Furthermore, plate reconstructions suggest that deformation associated with this collision would have pro-
pagated from north to south starting in the late Eocene (Figure 11a; Morley et al., 2020; Westerweel
et al., 2019). This fits with the late Eocene setting of the IBR with ongoing continental collision in the north-
ern IBR (Aitchison et al., 2019), incipient emergence of the central IBR (Licht et al., 2019; this study), and no
or only localized uplift in the southern IBR (Gough et al., 2020). It also fits with the prevailing marine con-
ditions and ongoing subsidence in the Minbu Basin (Gough et al., 2020; Zhang et al., 2019), in contrast to the
latest Eocene-middle Oligocene unconformity to the north (this study). This southward propagating colli-
sion event in the BT and Eastern Himalayas is consistent with our proposition that the source for the Yaw
Formation includes WPA rocks that were presumably exhuming farther north in the Greater Burma region
that has now disappeared in the collision zone (section 5.3.1). This northern extent of the BT would have
entered the collision zone in the late Eocene as part of the Trans-Tethyan Arc, while the majority of the
BT comprising the CMB farther south was still separated from the Asian margin (Figure 11a; Morley
et al., 2020).

6.2. Late Oligocene-Early Miocene Unconformity

The latest Oligocene-early Miocene unconformity is characterized by significant changes in sedimentary
facies, provenance, magnetic properties, and mineralogy. Notably, there are abrupt shifts toward late
Oligocene-early Miocene zircon U-Pb and apatite U-Pb maximum depositional ages (Table S1), early
Miocene AFT ages (Figure 10), and braided river sandstones containing an abundance of metamorphic grains
and detrital magnetite (Figures 3, 6, and 7). Furthermore, it corresponds to a basin-wide late Oligocene angu-
lar unconformity on seismic lines (Zhang et al., 2017). The unconformity is coeval with pronounced exhuma-
tion in the IBR (Najman et al., 2020) as well as in the northern segment of the WPA (Li et al., 2013; Zhang
etal., 2017, 2019), indicative of a major deformation event. This period is a time of important regional defor-
mation and drainage reorganization across the entire Himalayan orogen, particularly around the Eastern
Himalayan Syntaxis (Garzanti, 2019; Godin et al., 2006; Haproff et al., 2019; Kellett et al., 2013; Najman
et al., 2019; Vannay et al., 2004), leading to the development of the modern Himalayan drainage systems
(Bracciali et al., 2015). In the Chindwin Basin, the early Miocene Letkat Formation records the first clear sedi-
ment input from rapidly exhuming, deeply buried metamorphosed rocks of the Eastern Himalayan Syntaxis,
evidenced by the appearance of early Miocene apatite U-Pb and AFT ages recording short lag times (sec-
tion 5.3.3), as well as sandstones rich in high-grade metamorphic grains.

Plate tectonic reconstructions (Figure 11b; Morley et al., 2020; Rangin, 2018; Westerweel et al., 2019) show
that the entire BT is indenting the Eastern Himalayan collision zone at the onset of the Miocene, squeezed in
between India and the Asian margin during its ongoing northward motion. Therefore, we propose that the
latest Oligocene to early Miocene unconformity constrained by this study is the result of this indentation,
enhancing orogenic build-up at the collision front, with shortening within the BT and potential underthrust-
ing of the Greater Burma region. This caused major uplift and exhumation in the Eastern Himalayan orogen
and the BT, notably the MMMB and the WPA (Godin et al., 2006; Kellett et al., 2013; Li et al., 2013; Najman
et al., 2019; Zhang et al., 2017), providing the dual sourcing of the Letkat Formation. Interestingly, plate
reconstructions show a similar timing of southeast-directed extrusion of tectonic blocks away from the
Eastern Himalayan Syntaxis, such as the Tengchong and Baoshan blocks (Li et al., 2018; Tong et al., 2013;
Westerweel et al., 2019). This is also coeval with phases of extrusion-related exhumation and shearing in
the northern MMMB (Bertrand et al., 2001; Bertrand & Rangin, 2003). We suggest that these events could
be a consequence of ongoing indentation of the BT (Figure 11b). These events would have slowed down
the motion of the BT relative to India, leading to more pronounced dextral strike-slip faulting in the IBR dur-
ing the Neogene (Rangin, 2018; Rangin et al., 2013).

7. Conclusions

Our new results from the late Eocene to early Miocene sedimentary infill of the Chindwin Basin in the
Burmese forearc constrain two unconformities that reveal a two-stage interaction of the BT with the
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Asian margin during its northward motion alongside India. Observations from sedimentary facies and mag-
netic mineralogy show that the first unconformity between the late Eocene Yaw Formation and late
Oligocene Tonhe Formation marks the transition of an anoxic estuarian to a purely fluvial depositional
environment, alongside a larger contribution of reworked grains in the sediments. This first unconformity
was determined to be of latest Eocene-middle Oligocene age, using a combination of magnetostratigraphy
and the appearance of ~29-24 Ma AFT maximum depositional ages in the Tonhe Formation.
Furthermore, our magnetostratigraphic results infer rapid ~0.6 m/ky subsidence of the Chindwin Basin dur-
ing deposition of the Yaw Formation. Cessation of subsidence recorded by the first unconformity was likely
induced by the initial collision of India, including the Greater Burma region (the northern extension of the
BT) and the northern IBR, with the Asia margin. Both the Yaw and Tonhe Formations have a differing zir-
con age record compared to the WPA directly east of the Chindwin Basin, suggesting that the exhuming
northern extension of the WPA in the Greater Burma region was an additional source region throughout
the Eocene and Oligocene.

The second unconformity of late Oligocene-early Miocene age is characterized by an abrupt shift toward
braided river sandstones rich in high-grade metamorphic grains and detrital magnetite, as well as the
appearance of early Miocene (~20-17 Ma) zircon U-Pb, apatite U-Pb, and AFT ages. Short lag times of
~2 Ma between the apatite U-Pb and AFT ages record rapid exhumation identical to major phases of thrust-
ing, exhumation, and extrusion in the Eastern Himalayan orogen and MMMB north of the BT. Furthermore,
this unconformity can be traced across the BT and corresponds to a phase of uplift and exhumation of the
WPA. Hence, this regional deformation phase is interpreted to result from the entire BT indenting the
Eastern Himalayan collision zone. Our findings support recent plate reconstructions showing that the BT
was part of a Trans-Tethyan Arc and moved at least 2,000 km northward alongside India since the late
Eocene.

Data Availability Statement

Raw data and additional files supporting our analyses and conclusions are in the Supporting Information,
separate supporting figure and table files, and are also available in the Mendeley Data repository at
https://doi.org/10.17632/2rmg5yw78k.1 (Westerweel, 2020).
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