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Abbreviated title: Magmatic history of central Myanmar
Abstract:

The Burma Terrane is a microplate at the eastern edge of the Himalayan-Tibetan orogen, the origin of which
remains poorly understood. Its basement comprises metamorphic and igneous rocks forming the Wuntho-
Popa Arc (WPA) and has been correlated with Tibetan, Gondwana or Transtethyan rocks. Yet, little is
known about the magmatic history of the WPA. We report elemental and Sr-Nd isotopic compositions of
magmatic rocks, crystallization (zircon and apatite U-Pb) and exhumation (apatite fission-track) ages from

rocks and river sands, and structural measurements from the Wuntho Ranges, central Myanmar, where the



WPA is best exposed. We show that the WPA in the Wuntho Ranges is characterized by two magmatic
events at 108-90 Ma and 46-32 Ma. Magmatism is subduction-related for both events, characterized by
depleted Nd and Sr isotopic compositions, with more enriched values with time. Apatite fission-track data
suggest arc exhumation during the 39-22 Ma time interval, partly overlapping with the last magmatic event.
Structural data indicate NW-SE-striking tilting, folding, and thrusting that we associate with at least two
phases of deformation, in the Cretaceous and the late Paleogene. Correlating the WPA with Tibetan,
Gondwana or Transtethyan rocks based on its magmatic history remains ambiguous; however, models
arguing for a Transtethyan origin for the WPA are most compatible with our results combined with available

Burmese geological data.

keywords: Myanmar, Magmatism, Tibet, India-Asia Collision, Tra’>.>tniyan arc

1. Introduction

The Tibetan-Himalayan orogen is a puzzling assemblagr < individual terranes that have been shortened,
extruded, and sometimes subducted to accommodate > convergence between India and Asia (Fig. 1; Ding
et al., 2001). Documenting the affinity and history f these terranes is particularly critical to reconstruct how
the convergence has been accommodated alnng the Asian margin, a topic that is still controversial (e.g., Shen
et al., 2001; Royden et al., 2008; van Hi~..hei ;¢n et al., 2011; Replumaz et al., 2010; 2013; Kapp and

DecCelles, 2019).

Located at the southern edge of .~ vustern Himalayan Syntaxis, Myanmar hosts less deformed remnants of
these terranes that have only 1 >~ently been the focus of geological investigations. In particular, recent
paleomagnetic results showing late Cretaceous to Eocene equatorial paleolatitudes for parts of Myanmar
imply a complete revision of the number, location, and evolution of subduction zones and associated
magmatic arcs that accommodated India-Asia convergence (Westerweel et al., 2019). Myanmar is divided
into four provinces, from west to east (Fig. 2): (1) the Indo-Burman Ranges, corresponding to the
accretionary prism formed in the zone of Indian plate subduction below western Myanmar; (2) the Burma
Terrane, forming the bulk of central Myanmar and occupied by late Mesozoic — Cenozoic basins and
magmatic rocks; (3) the Mogok-Mandalay-Mergui Belt (MMMB), a roughly N-S trending belt of low- and

high-grade metamorphic, ultramafic, and Jurassic to Miocene S-type intrusive rocks; and (4) the Shan-Thai



Plateau, consisting of Paleozoic and Mesozoic meta-sedimentary rocks attributed to the Sibumasu Terrane of
Sundaland (Bender, 1983; Metcalfe, 2013). The origin of the Burma Terrane, its relationship to Tibetan
terranes, Sundaland, and the MMMB are very uncertain. Four types of models have been proposed for the

origin of the Burma Terrane (Table 1):

Model A. The first family of models proposes that the Burma Terrane belongs to Sundaland since at least the
early Mesozoic, either as part of Sibumasu, Cathaysia (remnants of which are found in West Sumatra), or a
combination of both. Since the late Triassic, the Burma Terrane built-up as a consequence of the long-term
outboard growth of the accretionary prism of Tethyan subduction along ne western edge of Sundaland.
These models are based on the correlation of Burmese magmatic rocks wiw: their counterparts along the
Asian subduction margin (Zhang et al., 2018; 2019; Li et al., 2020} The y are supported by the Cathaysian
affinity of some fossil invertebrates found in Burma Terrane P.:~0.0ic limestones (Myint Thein et al., 1982;
1987; Ueno et al., 2016; Metcalfe, 2013). In addition, Sevasti .no.= et al. (2016) argued that U-Pb age
distributions of detrital zircons in basement units of th2 .~ do Burman Ranges --namely the Pane Chaung
Formation and Kanpetlet schists-- support an ov:rall Sibumasu affinity (Sevastjanova et al., 2016); however,

this provenance interpretation has been rece: .*lv challenged by Yao et al. (2017).

Model B. The Burma Terrane is the late'ar ~oncinuation of the Lhasa Terrane of Tibet (e.g. Mitchell, 1993).
This model implies a distinct origin 1o the Burma Terrane and Sundaland, based on the uncertain existence
of a suture between the Burma Ten .~ and the Shan Plateau, that closed sometime between Jurassic and late
Eocene (Mitchell, 1993; ZJu ™ zu12; Mitchell et al., 2015; Ridd, 2016; Curray, 2005). This suture runs
between the Burma Terrane and the MMMB and is represented today by the Myitkyina Ophiolite Belt
(MOB, Fig. 2) in north Myanmar (Liu et al., 2016), and/or the cryptic Median Myanmar Suture zone, whose
location remains uncertain (Mitchell et al., 2015; Ridd, 2016). The MOB represents the closure of the
Mesotethys that separated the Lhasa Terrane from Sibumasu and the Qiangtang Terrane, its western
continuation in Tibet (Fig. 1; Liu et al., 2016). A Lhasa affinity for the Burma Terrane is also supported by
the presence of an additional ophiolite belt in Myanmar: the Western Ophiolite Belt (WOB; Fig 2), which
separates the Burma Terrane from the Indo-Burman Ranges. The nature of the WOB (accretionary or
obducted) is not clear (Morley et al., 2020), but the WOB is typically correlated to the Indus-Tsangpo Suture

Zone in Tibet (ITSZ; Mitchell, 1993; Mitchell et al., 2012; Liu et al., 2016). The ITSZ ophiolites are



interpreted as originated and emplaced in a supra-subduction setting along the southern Lhasa margin
(Maffione et al., 2015; Wang et al., 2017); the correlation between the WOB and the ITSZ thus supports a
Lhasa affinity for the Burma Terrane. Correlations between Burmese and Lhasa magmatic rocks have also

been used to argue for this scenario (Mitchell et al., 2012), a correlation that we will address in this study.

Model C. A third family of models proposes that the Burma Terrane and the core of the Indo-Burman Ranges
originated along the northern margin of Gondwana and drifted across the Tethys as part of a wide “Greater
Argoland” archipelago (Argoland referring to Gondwana-derived rocks in East Java and Sulawesi; Hall et
al., 2009), before becoming an intra-oceanic arc (Morley et al., 2020). This Gondwanan origin is supported
by an alternate interpretation of U-Pb age distributions of detrital zircor- fro.m basement units in the Indo-
Burman Ranges, interpreted as similar to several Gondwanan units fu.nu in the Himalayas (Yao et al.,
2017). This model is also supported by paleomagnetic data that 1. ~ate the Burma Terrane far from the Asian
margin at 100 Ma, as part of an intra-oceanic Transtethyan Arc ncssibly correlative with the Kohistan Arc in
Tibet or the Woyla arc of Sumatra (Westerweel et al., 2/11%). This model is, however, contradicted by the

Cathaysian affinity of Burma Terrane Paleozoic I'.i.ostu.es (Table 1).

Model D: The final family of models hypott.~sizes that western Myanmar is an assembly of at least two
terranes: a western block composed of the :0'e o7 the Indo-Burman Ranges, including its basement units,
named the Mount Victoria Block (Mitc. «ll, 1986; 1993; Mitchell et al., 2010; Acharyya, 2007, 2015; Maurin
and Rangin, 2009; Rangin, 2018), a1, the Burma Terrane itself, separated by the WOB. In these models, the
Mount Victoria Block is either pai. of the Greater Argoland archipelago or a small fragment of India
(Mitchell, 1981; Rangin, 2018). The Burma Terrane originated either as an intra-oceanic arc, or along the
southern margin of Sundaland, as a correlative to West Sumatra, where Cathaysian fragments are present
(Barber and Crow, 2009; Metcalfe, 2013) and later separated from the Asian margin by back-arc spreading,
during the episode of WOB and ITSZ ophiolite formation (Gibbons et al., 2015). The Mount Victoria Block
and the Burma Terrane collided at low latitudes during the Cretaceous (Morley et al., 2020). More complex
variations of this model with multiple blocks for the Burma Terrane basement have also been suggested
(Ridd et al., 2019; Aitchinson et al., 2019). There is, as yet, no clear evidence of thickened crust reflecting

accreted continental lithosphere around the Mount Victoria Block (Morley et al., 2020).

These models imply significantly different scenarios for the evolution of magmatism in Myanmar (Table 1).

4



Two parallel magmatic belts extend N-S in Myanmar, following the Burmese subduction margin, with
different history and chronology: To the east, the Dianxi-Shan Scarp-Mergui Granite Belt, part of the “Tin
Belt” of Southeast Asia, spanning across the MMMB and mostly comprised of S-type granites, and to the
west, the Wuntho-Popa Arc (WPA), part of the Southeast Asian “Copper Belt”, extending across the Burma
Terrane (Gardiner et al., 2016; 2017). The history of magmatism along the DSMGB has been thoroughly
documented (Zaw, 1990; Barley et al., 2003; Searle et al., 2007; 2020; Mitchell et al., 2012; Zhang et al.,
2018; Lin et al., 2019); data from the WPA are rarer, but suggest periods of coeval magmatism in both belts

(Zhang et al., 2017a; Gardiner et al., 2017; Li et al.,2019; 2020).

Isotopic and geochronological correlations have been used to propose th~t beth the WPA and DSMGB
represent the southeastward continuation of Tibetan arcs across the <o e Himalayan Syntaxis (Fig. 1;
Zhang et al., 2017a; 2019; Lin et al., 2019; Li et al., 2020). The v."®A shares a similar depleted isotopic
signature in Nd, Sr, and Hf isotopes with the Gangdese Arc o1 e hasa Terrane and the easternmost
Gangdese plutons in the eastern Himalayan syntaxis, the L obit Batholith (Wang et al., 2014; Zhang et al.,
2017a; Lin et al., 2019). By contrast, the DMSGF », are. a similar enriched isotopic signature with the
Northern Lhasa Plutonic Belt and its continuation n. the eastern Himalayan syntaxis, the Bomi-Chayu
batholith (Mitchell et al., 2012; Lin et al., 25.™M. 1 has also been argued that these arcs share the same

episodes of magmatic flare-ups and lull; (e.; Zhang et al., 2019; Li et al., 2020).

Some studies have proposed that the NSIIGB and WPA reflect different coeval melts (Gardiner et al., 2015;
2017) and periods of advance ina . streat of the same Andean-type Arc (Zhang et al., 2018), similar to the
Gangdese Arc and Northern Lhsa Plutonic Belt (Chapman et al., 2017; Alexander et al., 2019). Other
studies have proposed that the belts correspond to two different arcs accreted during the late Cretaceous-
Paleogene (Jagoutz et al., 2015; Westerweel et al., 2019). Understanding the age and geochemical
relationship between these arcs and their relationship with Tibetan arcs would help us decipher the origin of
the Burma Terrane. However, this is hampered by the lack of geochronological and isotopic data from both

areas, particularly from the WPA which is poorly exposed and hard to access.

The paper investigates the magmatic history of the WPA in the Wuntho Ranges, where it is most exposed.
We provide new zircon and apatite U-Pb ages, apatite fission-track ages, Nd-Sr isotopic ratios and elemental

composition of rocks from the WPA. We then compare the WPA with the DSMGB and the Tibetan arcs,



discuss the potential correlation between Tibetan and Burmese magmatic rocks, and apply our new data to

test the viability of the four models proposed for the origin of the Burma Terrane.
2. Geological context

2.1 Western Myanmar and the Burma Terrane

The Burma Terrane forms the bulk of western Myanmar and is almost entirely covered by the Central
Myanmar Basins, a N-S trending belt of Late Cretaceous - Cenozoic sedimentary basins comprising two
lateral troughs of sub-basins located both east (in a backarc position) and west (in a forearc position) of the
WPA (Bender, 1983). The basement of the Burma Terrane crops out in s¢v~ral areas (Fig.1): the Wuntho
Ranges, where it comprises magmatic rocks of the WPA and Mesozoic me’amorphic rocks; the Jade Belt and
Minwun Ranges, where it is predominantly serpentinite and localy ).z ¢-bearing metamorphic rocks; and the
Tagaung-Myitkyina Belt, Kumon and Katha-Gangaw Range: whe re it is composed of Triassic to Jurassic

metasedimentary rocks and Jurassic to Cretaceous mafic . itons (Mitchell, 2017).

On its western margin, the Burma Terrane is sep?.a.>d »-om the Indian Foreland Basin and the Bengal Bay
by the Indo-Burman Ranges, which are interpretea . = the accretionary complex produced by subduction of
the Indian Plate beneath the Burmese activr 1, ~ra.n (Maurin and Rangin 2009; Bannert et al., 2011; Zhang et
al., 2017b). This accretionary complex ctar.>4 forming after forearc spreading at 120-130 Ma and the
subsequent development of the Certra Myanmar Basins (Bender, 1983; Pivnik et al., 1998; Liu et al., 2016;
Zhang et al, 2017b), but subduri.~n could have started earlier (Zhang et al., 2018). Most of the Indo-Burman
Ranges consist of Neogene h.malayan-sourced clastic sequences, but the inner wedge of the range comprises
early Cretaceous ophiolites of the WOB, Triassic metasediments that are covered by the Orbitolina-bearing
Paung Chaung Limestone, and Upper Cretaceous — Eocene marine turbidites (Maurin and Rangin, 2009;
Bannert et al., 2011). The Paung Chaung Limestone is widespread on the Burma Terrane, and dated as Upper
Albian-Cenomanian (Mitchell, 1993; Bannert et al., 2011). The origin of the Triassic metasediments is
uncertain (Sevastjanova et al., 2016, Yao et al., 2017); they may have formed an independent continental
fragment that accreted to the Burmese accretionary complex before the Upper Albian (see review in Morley

et al., 2020).

The eastern margin of the Burma Terrane and its transition to the MMMB is marked by MOB ultramafics in



northern Myanmar. In the south, this transition is hidden by Neogene fluvial deposits and is marked by the
trace of the Sagaing Fault (Fig. 2). The MMMB is a ~2000-km long belt of high-grade metamorphic rocks;
metamorphism is thought to start in the Cretaceous and reached its peak between 45-25 Ma (Searle et al.,
2007; 2020); MMMB rocks were later exnumed during the Oligo-Miocene (Bertrand et al., 2001; Bertrand
and Rangin 2003). The MMMB has been interpreted as the western margin of Sibumasu but it is not clear
when and if the Burma Terrane collided with the MMMB. Various unconstrained age estimates for collision
have been proposed, ranging from Triassic to Miocene, and the existence of a suture represented by the
MOB between both blocks has even been challenged (Mitchell, 1993; Metcalfe, 2013; Sevastjovna et al.,
2016; Zhang et al., 2018; Westerweel et al., 2019; Morley et al., 2020). To MMMB includes the Jurassic to
Miocene plutons of the DSMGB (Bertrand and Rangin 2003; Mitchell .+ a!, 2007, 2012; Searle et al., 2012;
Liu et al., 2016). The DSMGB includes plutons of the Dianxi Ba.now. in northern Myanmar and Yunnan,
Shan Scarp plutons in central Myanmar and the Mergui intru2'ves n southern Myanmar (Fig. 2). Zircon U-
Pb dating of the DSMGB yielded igneous ages at ~170 M.ic in central Myanmar (Barley et al., 2003; Searle et
al., 2020), 130-110 Ma in central Myanmar and the D nxi Batholith, forming the Cretaceous Mondaung-
Lawa Arc of Mitchell et al. (2020), 85-40 Ma for .* € most widespread plutons all along the DSMGB, and a
final 25-17 Ma magmatic event in central Mvan,mar (Fig. 2; Mitchell et al., 2012; Gardiner et al., 2017,
2018; Zhang et al., 2018). All of them sr.. v yZochemical evidence for some crustal contamination, with low
eNd (<0), zircon eHf, (<0) and high ” Sr/* sr isotopic ratios (>0.7065; Zaw, 1990; Mitchell et al., 2012;
Gardiner et al., 2017; Lin etal., 2029) Jurassic and Cretaceous plutons are almost all foliated, whereas

Cenozoic plutons are not 2y *an.x*.cally metamorphosed (Mitchell, 2017).

The Cenozoic deformation regime of Myanmar is a result of the hyper-oblique convergence of the Indian
Plate below the Burmese margin that drags western Myanmar northwards (Socquet et al., 2006; Rangin et
al., 2009; Morley, 2009). Since at least the Oligocene, the Sagaing Fault along the MMMB and the later
opening of the Andaman Sea, between Myanmar and Sumatra, have accommodated the strike-slip motion
(Morley and Arboit, 2019; Westerweel et al., 2019). The total dextral displacement of central Myanmar,
today a forearc sliver since the establishment of the Sagaing Fault along its modern trace, has been variously
estimated at 300-400 km to more than 2000 km (Mitchell, 1993; Curray, 2005; Zhang et al., 2018;

Westerweel et al., 2019).



2.2 The Wuntho-Popa Arc

The WPA consists of isolated Quaternary volcanoes and crater lakes spread over a ~1000 km N-S trend in
western Myanmar (Mounts Popa, Taungtalon, Loimye, and Monywa crater lakes) and Pre-Quaternary
igneous rocks. The youngest magmatic event is dated to the early Holocene and early to middle Pleistocene
(Maury et al., 2004; Lee et al., 2016; Belousov et al., 2018). Quaternary and pre-Quaternary rocks of the
WPA display low Sr isotopic ratios (*'Sr/*®Sr <0.708), high eNd and zircon eHf values (>0; Mitchell et al.,
2012; Zhang et al., 2017; Gardiner et al., 2017; Lin et al., 2019), which barely overlap with the more

enriched isotopic values of the DSMGB rocks.

In central Myanmar, Pre-quaternary WPA rocks are barely exposed an‘s cusist of isolated intrusives (Fig.

2), and poorly exposed schists and gneiss near Monywa (Mitchell, 201,). In northern Myanmar, where
deeply buried rocks have been exhumed along splays of the Sa7=ing Fault, pre-Quaternary rocks attributed to
the WPA and the basement of the Burma Terrane are exposec in ~he Tagaung-Myitkyina Belt and
surrounding ranges (Kumon and Katha-Gangaw), the 1a Y B :It, and Minwun Range (Fig. 2; Mitchell, 2017).
We cannot yet exclude that these areas are individua blocks of different origin subsequently accreted

together (Ridd et al., 2019). The geology of hese areas is described below.

In the Tagaung-Myitkyina Belt, WPA and 3 irra Terrane basement rocks include the Jurassic to lower
Cretaceous Ngapyawdaw Chaung Fo: ma.on, consisting of basalts, andesitic flows, rhyolitic tuffs and
volcaniclastics, as well as isolater Jurcsic (?) gabbros, diorites, and dacites (Mitchell 2017), including one
dacite dated at 171 Ma (Gerdi. er e al., 2018). North of the Tagaung-Myitkyina Belt, exposure of basement
rocks continues in the less stud’ad Katha-Gangaw and Kumon Ranges (Mitchell, 2017). To the south, the
Tagaung-Myitkyina Belt grades into the MOB, and the relationship between both belts is not clear. Zhang et
al (2018) reject the ophiolitic nature of the MOB and consider all MOB rocks as belonging to the Tagaung-
Myitkyina Belt, whereas Liu et al (2016) make a clear distinction between these rocks. Diorites near
Myitkyina at 171-173 Ma (Liu et al., 2016) are the oldest dated rocks attributed to the WPA (Mitchell,
2017). The nearby Sodon Batholith, at the transition between the Tagaung-Myitkyina Belt and MMMB, has
been assigned to the WPA due to its relatively depleted Hf isotope signature (zircon eHf values between -5
and +10) and has been dated at 51 Ma (Lin et al., 2019).In the Jade Belt, WPA rocks include mafic

volcaniclastics in the Jurassic to lower Cretaceous (?) Mawlin Formation and undated diorites (Mitchell,



2017). Jade-bearing metamorphic rocks in the Jade Belt are serpentinites in which jadeite occurs as dykes or
veins, and are attributed to the WPA,; they have yielded ages of 160-163 Ma (Shi et al., 2008; Yui et al.,

2013); metamorphic overgrowth in the same zircons was dated at 77 Ma (Shui et al., 2013).

The Minwun Range, located between the Wuntho Ranges and the Sagaing Fault, exposes patches of
Paleozoic and Mesozoic rocks attributed to the Burma Terrane basement and unconformably covered by
Cenozoic clastic rocks (Myint Thein et al., 1982; 1987; 2015). They include undated serpentinites,
crystalline rocks called the Mayathein Metamorphics which comprise gneisses, schists, migmatites, calc-
silicates, marbles and rare amphibolites, overlain to the west by disconti wous outcrops of Permian and
Carboniferous limestones, which in turn are overlain by the Kywethe C.nau g Limestones, highly silicified
volcanic rocks, and Jurassic-Cretaceous metasedimentary rocks ter fativ. ly correlated to the Ngapyawdaw
Chaung Formation of the Tagaung-Myitkyina Belt (United Net.2ns, 1979; Myint Thein et al., 1987). These
limestones are typically highly sheared and folded, suggestin, th it incorporation in a paleo-shear zone
predating the Sagaing Fault (Myint Thein et al., 2015) 1. so'ne places the Permian limestone has yielded
fossils that include bryozoan, brachiopods, crinr.d s 2ms, and fusulinids (Myint Thein et al., 1987; Ueno et
al., 2016). Significantly for paleogeographic -aconstructions, the fauna in the Carboniferous sequence has
warm water affinity (Myint Thein et al., 1€37); 1ecent investigations of the Permian limestones indicate they
too formed in a warm water environme,.* ana display biogeographic affinities with Cathaysia and West

Sumatra limestones (Barber and Crov. 2009; Ueno et al., 2016).

In central western Myanm~+. t, @« W PA straddles the middle of the Central Myanmar Basins (Fig. 2); pre-
Quaternary rocks are covered "~y Neogene fluvial sediment in most places. Granites and andesites sampled
by oil and gas exploration wells have been dated at 64-69 Ma (Zhang et al., 2017) and 102-106 Ma (Li et al.,
2013; Zhang et al., 2017). When exposed, pre-Quaternary rocks comprise I-type batholiths and andesitic
bodies punctuated with rarer S-type intrusions. Small intrusives are exposed around Mount Popa, Monywa,
and Salingyi and consist of felsic intrusives dated at 13-15 Ma (Mitchell et al., 2012; Lee et al., 2016; Lin et
al., 2019) and 98-105 Ma (Mitchell et al., 2012; Gardiner et al., 2017). Directly west of the Shan Scarp, the
Mokpalin granite, dated at 91 Ma (Mitchell et al., 2012), has also been attributed to the WPA as it exhibits a
characteristic depleted isotopic signature (Lin et al., 2019). The largest exposure of WPA rocks is found in

the Wuntho Ranges, the target area of this study.



The Wuntho Ranges are a 150-km long N-S trending belt of rugged terrain, with elevations up to 1300 m,
covered by dense forests. Igneous rocks are exposed along river beds and in isolated quarries. A simplified
geological map is provided in Fig. 3, and the regional stratigraphy in Fig. 4. The oldest units of the Wuntho
Ranges are the Shwedaung Formation, made of chlorite schists, tremolite schists, silicic tuffs, and the Hpyu
Taung Metamorphics, consisting of gneisses, mica schists, and amphibolites (Mitchell, 2017). The age of
these units is unknown; Mitchell (2017) correlates these units to Triassic (?) metamorphic rocks found as
basement in the Jade Belt and Tagaung-Myitkyina Belt. They form the exposed metamorphic root of the
Burma Terrane and have been proposed as a source and/or a lateral extension of the Upper Triassic

metasediment in the Indo-Burman Ranges (United Nations, 1978; Sevast,a.~ova et al., 2016).

The Mawgyi Volcanics, Maingthon Dacite, and Mawlin Formation .« the oldest volcanogenic units of the
Wuntho Ranges. The Mawgyi Volcanics comprise augite basalts .nd basaltic andesites, with rare pillow
lavas, sills and dykes. The Mawlin Formation is composed of \~lzaniclastics and less common andesite
flows that are affected in places by low-grade metamory nin and hydrothermal alteration (Westerweel et al.,
2019). They are intruded by the Maingthon Dacit.. "he >9e of these three units is uncertain, but they are
regionally correlated with the Jurassic to middle Ci.*aceous Ngapyawdaw Chaung Formation in the
Tagaung-Myitkyina Belt and the igneous pru: >liti, of the Jade Belt which dates back to middle Jurassic
(Mitchell, 2017). The only two published ay~s from the Mawgyi Volcanics are one whole rock Ar-Ar age of
101 Ma (Westerweel et al., 2019) a~d v e uncertain K-Ar age of 71 Ma (United Nations, 1978). These ages
are partly younger than overlyi~g anu Intruding units, and it is possible they were reset by the low-grade

metamorphism and hydrother, ~al alteration (Westerweel et al., 2019).

The Mawlin Formation is overlain by the Namakauk Limestone and Nankholon Formation, also grouped
under the Kondan Chaung Group (United Nations, 1978). The Namakauk Limestone is correlated with the
Orbitolina-bearing Paung Chaung Limestone found throughout the Burma Terrane, including in the Jade and
Tagaung-Myitkyina Belts, and dated to the Upper Albian — Cenomanian (Mitchell, 2017). The Nankholon
Formation includes mudstone, shales, and tuff, and has yielded two whole rock Ar-Ar ages of 91 and 85 Ma
(Turonian to Santonian; Westerweel et al., 2019). Similar to the Mawgyi Volcanics, there is evidence for
low-grade metamorphism and hydrothermal alteration in this formation which may have reset these Ar-Ar

ages (Westerweel et al., 2019).
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The Kanza Chaung Batholith is the best exposed pluton in the Wuntho Ranges and includes gabbros, I-type
diorites and granodiorites, as well as 2-mica granites in the northern part of the ranges. This batholith is
particularly well dated, with more than thirty U-Pb and Ar-Ar ages spanning 107 to 87 Ma (United Nations,
1978; Barley et al., 2003; Gardiner et al., 2017; Lin et al., 2019; Westerweel et al., 2019; Li et al., 2020). The

oldest age is from a gabbro dated at 106.7 + 0.5 Ma by zircon U-Pb dating near Shangalon (Li et al., 2020).

The Mansi Gale Group is only exposed at the margins of the Wuntho Ranges and encompasses all younger
volcaniclastic units. It is made of tuffs, volcanic conglomerates and volcanogenic sandstones. At the southern
margin of the Wuntho Ranges, in the Shangalon area, the Mansi Gale Group is intruded by Eocene-
Oligocene diorites and porphyries associated with copper mineralizatior 2nu “ated by U-Pb and K-Ar
between 40 and 31 Ma, with one older K-Ar age at 50 Ma (Barley et ! . 2u03; Gardiner et al., 2016; Li et al.,
2019). The Mansi Gale Group is covered by the Neogene fluviai .'eposits of the Mu Group, that laterally
grades into thicker Neogene fluvial units (Pegu Group and Irra.2udy Formation) in the Central Myanmar

Basins.

The deformation history of the Cenozoic sedime its 1 ; described in the study of Zhang et al. (2017a), which
provides seismic data south of the Wuntho Fanges wnere magmatic rocks are buried by Cenozoic sediment.
The Cenozoic history of deformation infer: e’ 1. 2m the seismic data includes 1) Normal faulting
predominantly affecting the back-arc a.ving (he Late Cretaceous-Oligocene; fault-related section expansion
is greatest during the Eocene and On2ncene (T8 to T6 seismic horizons); 2) a first unconformity sometime
between the middle Eocene ar J ea.ly Oligocene (between the T6 and T7 horizons) associated with uplift of
the arc, which could be related o footwall uplift of the extensional faults at the western boundary of the
back-arc, coupled with magmatic activity; 3) An unconformity during the late Oligocene (above T6 horizon),
associated with E-W shortening and uplift of the arc; the uplift is concomitant with denudation of the arc and
is expressed by a 22 Ma apatite fission-track age in a diorite of the Kanza Chaung Batholith, sampled at the
bottom of an oil and gas exploration well (Li et al., 2013); 4) thrusting that post-dates the Miocene-Pliocene

boundary (T3 horizon). Some reactivation of normal faults during the Miocene is also inferred.

The only available map of the Wuntho Ranges is low resolution (1:250 000; United Nations, 1978; refined in

Mitchell, 2017); most of the ranges are covered by vegetation.

3. Methods
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We combined two approaches to document the history of the WPA in the Wuntho Ranges. First, we
observed freshly exposed igneous rocks in isolated quarries and river beds, where we measured bedding,
deformation and sampled for U-Pb dating of zircons, Sr and Nd isotopic composition and trace element
composition. Exposure was poor and fresh rock samples were often hard to get for some units (Paleogene
intrusives; 2-mica granite of the Kanza Chaung Batholith). Some of our samples have experienced some
degree of weathering; the location and nature of every sample is described in Supplementary Table 2. We
particularly focused on units that have not been dated in previous studies, including all the units predating
the emplacement of the Kanza Chaung Batholith. Unfortunately, these units are poorly exposed and we were
unsuccessful at dating the few sites with decent exposure: many of our sai.”les from these units, including
the Mawlin Formation (two samples), Maingthon Dacite (one sample), 12.ygyi VVolcanics (two samples),
Nankholon Formation (one sample) and Shwedaung Formation fune _nple) did not yield any zircon. In
addition, we sampled individual rivers draining the ranges fc. zirc: n U-Pb dating, apatite fission-track and
U-Pb dating. This approach allows us to document the r#.. 2 of igneous and exhumation ages where rocks

are covered, in the hope of capturing zircons and anau =s from the units that we did not succeed in dating.
3.1 Bulk elemental composition

Twenty-three samples were analyzed for ir ajur oad trace elements. Seven of them were powdered and
analyzed using an inductively-coupled-,lasma mass-spectrometer (ICP-MS) iCapQ and an ICP-optical
emission spectrometer iCap6500 at .= SARM (CRPG, Vandoeuvre les Nancy, France). The remaining
sixteen samples were powdere J an analyzed both by X-ray fluorescence analysis using a ThermoARL
Advant XP+ automated sequen. ial wavelength and by inductively coupled plasma-mass spectrometry using
an Agilent 7700 at the GeoAnalytical Lab of Washington State University (USA). Detailed data are available

in Supplementary Table 2.
3.2 Zircon U-Pb dating

Among all the units we sampled for U-Pb dating, we succeeded in extracting zircons from one granodiorite
of the Kanza Chaung Batholith (sample 1 in Fig. 3), one tuff layer from the Maingthon Dacite (sample 2 in
Fig. 3) and one volcanic conglomerate of the Mansi Gale Group (sample 3 in Fig. 3). We also sampled sands
from eleven rivers draining the Wuntho Ranges. The sampling locations and river drainage basins are shown

on Figure 3; with detailed results and GPS coordinates provided in Supplementary Table 3. Detailed
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analytical protocols and information about the data reduction schemes are provided in supplementary File 1.
Briefly, zircons were extracted by traditional methods of heavy mineral separation, including concentration
with a Holman-Wilfley gravity table, density separation with methylene iodide, and magnetic separation with
a Frantz Magnetic separator. U-Pb dates were generated via 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 TraceLab facility, with a spot diameter of 25 microns. Data reduction
was conducted with lolite, using their U_Pb_Geochron4 data reduction scheme to calculate U-Pb dates
uncorrected for common lead (Paton et al., 2010). Dating uncertainties for all samples were calculated using
a modified version of the method of Matthew and Guest (2017) that takes :~to account the impact of *’Pb
beam intensity on date uncertainties (Hortwood et al., 2016). The ten se>ardary zircon reference materials
during these sessions yielded deviations from TIMS ages of <19% in\..ust cases, and <2% otherwise.

Ages for the Kanza Chaung Batholith and Maingthon Dacite - amp es are weighted means using Tuffzirc
(Ludwig, 2003). The final age error calculated for each cw, ple is the quadratic sum of the uncertainty of

Tuffzirc age calculation and of the systematic uncertan, *v (~ 2.67% for the 2®U/*Pb ratios). Concordia plots

for these two samples are also available in Suppler. ~ntary Table 3.

3.2 Apatite U-Pb and fission-track datine

Detrital apatites were extracted from ri*-er sa.ds for apatite U-Pb and fission-track (AFT) dating. Only four
samples yielded apatites for dating. 2ou. types of dates were acquired simultaneously in the GeOHeLiS
analytical platform (Univ. Rer.ies, France), using an ESI NWR193UC Excimer laser coupled to a
quadrupole Agilent 7700x ICF MS that is equipped with a dual pumping system to enhance sensitivity
(Paquette et al., 2014). A 30 micron spot diameter was used with a repetition rate of 7 Hz during 30 seconds.
Detailed analytical conditions are found in Cogné et al. (2020). Results are synthesized in Table 2, detailed
data are available in Supplementary Table 4, Tera-Wasserburg diagrams for U-Pb ages and radial plots for

AFT ages in Supplementary File 2.

Data reduction for U-Pb dates was conducted with lolite (Paton et al., 2011), using the VisualAgeUcomPbine
data reduction scheme of Chew et al (2014). Ages were calculated using IsoplotR (Vermeesch, 2018) and
correspond to the lower intercept of discordia in Tera-Wasserburg (TW) plots. Initial common lead values
(*’Pb/*®®Pbi) were then calculated from the terrestrial Pb isotope evolution model of Stacey and Kramers
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(1975) for the TW age. A second discordia is anchored on the y-axis of the TW plot to this value. Both
anchored and unanchored discordia yielded similar results. The same ?°’Pb/*®Pbi value is used in lolite to
calculate a single grain date corrected for common lead (207CorrAge in Supplementary table 4, Chew et al.,

2014).

For fission-track dating, spontaneous tracks were revealed by acid etching with 5.5 M HNO; at 21°C for 20
s. The Grain mounting and etching procedures used are similar to the protocol described by Donelick et al.
(2005). Fission-track counting was performed using a Zeiss Axiolmager Z1m microscope equipped with an
Autoscan automated stage system. AFT data were obtained on the same spot as the U-Pb measurements
using the protocol of Cogné et al. (2020). Data reduction was conducter: c<iny; lolite with a modified version
of the Trace_Elements data reduction scheme (Woodhead et al., 205/, ~ogné et al., 2020) and an in-house
spreadsheet. AFT data were plotted in a radial plot to obtain the ~~T ages using IsoplotR (Vermeesch,

2018).
3.4 Nd and Sr isotopic composition

Isotopic ratios for Sr and Nd were measured for .= samples at the University of Washington Isotope
Geochemistry Lab using a Nu Instruments mulule-collector inductively-coupled-plasma mass spectrometer
(MC-ICP-MS). Sr and Nd column separ-=iar, ~.e described in Nelson (1995), and MC-ICP-MS analytical
procedures follow those in Gaffney ¢* al. (2007) for Nd and Brach-Papa et al. (2009) for Sr. Results are
summarized Supplementary Tabie ?. trgether with raw data. Errors shown in the table are within-run
statistics and represent err . ~ it <. last significant digits. The external reproducibility at 2¢ is Nd = +40
ppm; Sr= +40 ppm. Sr and Nu compositions are normalized to ®°Sr/®®Sr = 0.1194 and ***Nd/***Nd = 0.7219.

eng (0) is a deviation from chondritic *Nd/***Nd = 0.512638 in units of parts per 10*.

4. Results

4.1 Structural analysis

We synthesize our bedding and foliation measurements and field observations with previous
structural data from United Nations (1978) maps. Regionally, the Shwedaung Formation (Fig. 4) is

dominated by approximately N-S striking, sub-vertically dipping bedding and foliations (Fig. 5a). In the
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unconformably overlying Cretaceous volcanic and sedimentary units, the United Nations (1978) maps report
regional dips that are mostly between 45° and 25°, with a regional NE-SW direction which is also the

dominant trend of stratigraphic boundaries in the area (Fig. 3) compatible with our observations (Fig. 5b-d).

Typically, bedding is difficult to identify in the Mawgyi Volcanics, but we observed bedding-cleavage
relationships within andesitic pyroclastic rocks in some quarries. The cleavage strikes in approximately the
same direction as bedding, and dips with respect to bedding can be slightly (c. 10°) steeper, shallower, or
similar, suggesting that the cleavage is axial planar, and that much of the bedding orientations were acquired
during deformation in a predominantly contractional setting (Fig. 5b). The presence of cleavage suggests
significant burial, probably to between 150-200° C (e.g. Engelder and M~rsi,~k, 1985). Remagnetizations
recognized in the Mawgyi Volcanics also support burial and metamu: cfusin related to the emplacement of
the Kanza Chaung batholith (Westerweel et al., 2019). Sub-verti.>! conjugate strike-slip faults (strike 044°
dextral, and 280° sinistral) were observed in one quarry in Ma. '« Volcanics; however, their structural
context and timing is uncertain. The Mawlin Formation (s «ffected by a broad NE-SW trending syncline,

where dips typically range between 50 and 20°, bu ~an e as high as 70° (United Nations, 1978).

Further detail on deformation affecting the Crc*aceous units was observed locally around Shangalon, where
we recorded structures in roadcuts that revea er extensive thrust and fold structures in the Maingthon Dacite.
The unit shows regular, thin (10-30 cin) 1.2 ‘ering, but is highly weathered, and the layering is laterally
discontinuous. Open to tight fold. ana disharmonic folds, with parallel to similar geometries, and
wavelengths in the order 0o me*ers .0 tens of meters characterize the section. Numerous small thrusts are also
present. Some NE-SW trendi~7, bedding was observed, but dominant bedding orientations are NNW-SSE
(Fig. 5¢). Most thrusts in the section strike NW-SE, although a few are oriented NNE-SSW (Fig. 5e-f). Fold
axes and hinges are oriented between N-S and NW-SE trends. The deformation is complex, and in one area,
a N-S striking thrust was observed to cross-cut NW-SE trending thrust structures. We were not able to make
observations over a large enough area to determine whether such complexities are local features, or part of a
more regional pattern. However, we suspect that there are two structural trends present in the Shangalon
section, and that the NW-SE trend is older than the N-S to NE-SW trend. Since the Maingthon Dacite is an
extrusive sequence, it is possible that the earlier NW-SE trend represents gravity-driven deformation on the

slope of a volcanic edifice. However, testing this hypothesis was not possible.
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The Late Cretaceous-Eocene Mansi Gale Group lies unconformably over the earlier sequences, and is
broadly folded on NE-SW trending structures (United Nations, 1978). Dips in the Oligocene sedimentary
section are variable, particularly close to major N-S trending dextral Cenozoic strike-slip faults. But overall
the Oligocene bedding exhibits NNE-SSW to N-S strikes and low (<40°) dips (Fig. 5d). More recent deposits
related to the fluvial Mu Group are affected by the same type of deformation found in the Neogene deposits
of the Central Myanmar Basins (Pivnik et al., 1998) which comprises intense folding, thrusting and strike-
slip faulting close to major fault zones; with increasing distance a range of structures of various orientations
have developed, including normal faults, folds and thrusts. Often faults may be related to classic strike-slip
R, R’, P and Y shear orientations, while folds have en-echelon buckle folu “rends (e.g. Sylvester 1988).

These structures have been related to the regional dextral strike-slip dei>rmation (Pivnik et al., 1998).
4.2 Major and Trace elements

Samples from the Mawgyi Volcanics and Mawlin Formation 2re ~ephrite to rhyolite in composition (Fig. 6a)
and belong to the tholeiite and calc-alkaline series (Fin. ¥'J). samples from the Kanza Chaung batholith show
gabbro to granite composition, and belong most'y to :he wnoleiite series with a few samples belonging to the
calc-alkaline series. Samples from Paleogen: intrusives include basaltic-andesite to trachyte compositions
and display K,O content that varies from c Ir-a.'.aline to tholeiitic, as previously observed by Li et al.
(2019); one sample taken from a mining nit near Shangalon displays unusually low K,O and high SiO,

content likely reflecting weathering \-ample “w” on Fig 6a and 6b).

The Mawgyi and Mawlin volc *nic samples show no or only slight light rare earth element (LREE)
enrichment (Fig. 6¢) and no ner ative Eu anomaly. On extended trace element diagrams (Fig. 6d), they
display weak positive Pb anomalies and negative Ti anomalies, and depletion of Nb and Ta compared to La
and K. These rocks have however been affected by some degree of hydrothermal alteration (Westerweel et
al., 2019), likely affecting mobile elements on REE diagrams. Enrichment in LREE is stronger in the Kanza
Chaung batholith samples (Fig. 6e), which display more well-marked positive Pb and negative Ti anomalies,
and depletion of Nb and Ta (Fig. 6f). Enrichment in LREE, anomalies in Pb, Ti, and depletion in Nb and Ta
are even more marked in Paleogene intrusives. Only one sample, from a 2-mica granite of the Cretaceous
Kanza Chaung Batholith has a strong Eu anomaly (Fig.6e). A second sample from the 2-mica granite

displays an unusually low REE concentration compared to other Kanza Chaung Batholith samples; this
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sample is a river clast and its mineralogy is predominantly quartz.
4.3 U-Pb zircon ages

Zircon age distributions of river sands are displayed in Figure 7. Sands from rivers a, b, and ¢ from the
Banmauk area (northern part of the ranges, Fig. 3), drain the Mawgyi Volcanics, granodiorites and 2-micas
granites of the Kanza Chaung Batholith. River drainages a, b and ¢ have similar age populations that cover
the 90 to 110 Ma time interval, with a weighted mean at ~ 100 Ma. The mean square weighted deviation
(MSWD) around the weighted mean for the 90 to 110 Ma zircon population, in these and the following
samples, is always > 3 and often >10, indicating that this population like'y includes a mixture of crystals
with several crystallization ages (e.g. Table 2). Sands from river d (Pirien. area, western part of the ranges)
display a much broader age population, including some young (~3( Ma, and old (> 1000 Ma, not shown)
zircons; the drainage basin of river d includes a broad range of **"ni.. and its western boundary includes the
Oligo-Miocene deposits of the Mu Group; it is thus likely tha* sume of these grains are reworked from more
recent fluvial deposits and do not reflect direct input fro.» thr. Wuntho Ranges. Sands from rivers e and f of
the same area, draining the Mansi Gale Group, I «ain jthon Dacite and Kanza Chaung Batholith, display the
same 90-110 Ma population, centered at 102 and 97 /a. Sands from rivers g, h, and i from the Wuntho area
(eastern part of the ranges), draining the M av g i Volcanics, Triassic metamorphic rocks and Kanza Chaung
Batholith, have the same age populatic.. cenwered at 94, 99, and 101 Ma. In addition, rivers g and i yielded
Pleistocene zircons (three zircons be. veen 64 ka to 192 ka; not shown). River i mainly drains Triassic
metamorphic rocks and yielde 1 tw.> Paleogene zircon grains (23 and 57 Ma) and only one pre-Cretaceous
zircon (not shown). River j drai1s the Eocene intrusives near the Shangalon area and yielded a population of
late Paleogene grains dated between 32 and 47 Ma, centered around 38 Ma, with a minor older population of
90-110 Ma grains. Finally, sands of river k, draining the Kanza Chaung batholith near Shangalon, have the
same 90-110 Ma population, with one late Eocene grain (37 Ma) and two pre-Cretaceous zircons (not

shown).

One sample from the Kanza Chaung Batholith has a U-Pb age of 97.1 + 2.6 Ma (MSWD = 1.9, n=33;
location 1 on Fig. 3). A U-Pb age of 105.8 + 2.8 Ma (MSWD = 2.6, n=34; location 2 on Fig. 3) was obtained
for a tuff sample from the Maingthon Dacite. Finally, the U-Pb age distribution of the zircons sampled from

a volcanic conglomerate layer of the Mansi Gale Group (location 3 on Figure 3) is displayed on Figure 7.

17



The sample yielded two early Oligocene zircons U-Pb dated at 31 Ma, one at 58 Ma, and a broad 90-110 Ma

population with two age peaks, at 96 and 103 Ma.
4.4 Apatite U-Pb and fission-track ages

Apatite U-Pb and fission-track ages of the four river sands that yielded apatites are displayed on Tera-
Wasserburg and radial plots in Supplementary File 2 and synthesized in Table 2, where they are compared

with weighted mean of the main population of zircon ages.

Rivers b and ¢ from the Banmauk area have consistent unanchored apatite U-Pb mean ages at ~93 and 94
Ma, five million years younger than the weighted mean of the zircon age .opulation. The MSWD around U-
Pb ages is much smaller than for zircon ages, suggesting they represen a si 1gle event. The younger apatite
ages and much lower MSWD compared to zircon ages suggest thal they represent a homogeneous late
cooling age rather than emplacement ages. Apatite and zircon u-"b inean ages of sands from river f and j are

statistically indistinguishable at 97 Ma and 38 Ma.

Apatite fission-track ages range between 39 and 27 M. All samples passed the y2 test suggesting that for
each sample there is only one age population of a.- tite, potentially derived from a limited area within the
drainage system of each river. The distributinn . © AFT ages does not display any clear geographical pattern;

for example, neighboring rivers b and ¢ '..>‘e ...ean AFT ages that are 12 Myr apart.
4.5 Nd and Sr isotopes

Strontium and Nd isotope date are "ummarized in Supplementary Table 2 and compared with previously
published data from the WPA a1d from the DMSGB (Fig. 8). The long-term trend for Nd-Sr isotopic values
in the Wuntho Ranges is towards more enriched values (higher ®’Sr/*Sr; and lower eNd,y) becoming more
distinct from typical Neotethyan ophiolite isotopic compositions with time (Fig. 8a). Mawlin Formation and
Mawgyi Volcanics samples have whole-rock ¥Sr/*Sry; ratios between 0.704 and 0.705, and eNd, between
+3.4 and +7; Kanza Chaung Batholith samples have *'Sr/**Sr ratios between 0.745 and 0.7056, and eNd,
between +0.7 and +4.7; Paleogene intrusives have *'Sr/**Sr, ratios between 0.753 and 0.7063, and eNd
between -1.7 and +3.1. The trend towards more enriched values is even better expressed when data from Li
et al (2019; 2020; Fig. 8a) is included. Neogene and Quaternary volcanic rocks have less enriched isotopic

values than Paleogene intrusives and fall within the range of Sr-Nd composition of the ca. 100 Ma Kanza

18



Chaung Batholith.

Regardless of their crystallization ages, WPA rocks are always less isotopically enriched than DSMGB rocks
(Fig. 8b; Zaw, 1990; Mitchell et al., 2012; Gardiner et al., 2017; Lin et al., 2019). DSMGB rocks display
¥'Sr/*°Sr ratios commonly higher than 0.707 and eNd lower than -5; they also display a trend toward more
enriched values, with many late Cretaceous-Paleogene plutons (90-40 Ma) displaying higher 87S.r/868r(i) ratios

and lower ¢Nd than earlier plutons.
5. Discussion

5.1 Magmatic and deformation history recorded in the Wuntho Range>

Though weathering (for Paleogene intrusives), and potentially hydr~..~nal activity (for the Mawgyi
Volcanics and Mawlin Formation), had likely an impact on the ¢. mposition of some of our samples, trace
element characteristics (enrichment in LREE, positive Pb ana . ~nutive Ti anomalies, depletion of Nb and
Ta) for all samples analyzed here point to a subduction- el.ted origin for the Wuntho igneous rocks
(Hawkesworth et al., 1993). This feature was recry:.*zed for the Kanza Chaung plutons by Li et al. (2020)
and Shangalon Paleogene intrusives by Li et al. (2uv.:9); we extended these observations to the earlier Mawlin
Formation and Mawgyi Volcanics. All zirczi, rains from rivers draining the Mawlin Formation, Maingthon
Dacite, and Mawgyi Volcanics yield U-~b .es between 90 and 110 Ma, with no evidence for older age
populations. These zircon ages overlap vith the age range of the Kanza Chaung batholith, as does our new
age of 106 Ma for the Maingth~.. Dauite near Shangalon. Rocks from the Malwin and Mawgyi Volcanics
have slightly more depleted I~ and Sr isotopic signatures than those of the Kanza Chaung Pluton (Fig. 8a).
We thus propose that the Mawlin Formation, Maingthon Dacite, and Mawgyi Volcanics are
contemporaneous with the early phase Kanza Chaung magmatism (~105 Ma) and represent the associated
volcanic rocks of the oldest Kanza Chaung plutons. We cannot exclude the possibility that the Mawgyi
Volcanics extends deeper in time, as proposed for its correlative units in the Jade and Tagaung-Myitkyina
Belts (Mitchell, 2017). However, the exposed units of the Mawgyi Volcanics include rocks of andesitic to
rhyolitic composition that commonly yield zircons; therefore, the near-absence of pre-110 Ma zircons in the

Wauntho river sediments make older ages for these lithologies less likely.
The absence of pre-Cretaceous zircons in river sediments raises questions regarding the nature, age, and
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thickness of the arc metamorphic basement in the Wuntho Ranges. A detailed study of the metamorphic units
of the WPA was beyond the scope of our sampling; however, our results show that the correlation between
Wuntho Basement units and metamorphosed units of the Jade and Tagaung-Myitkyina Belts (which yield
Phanerozoic zircons; Zhang et al., 2018) is not straightforward. These data also eliminate the Wuntho
Ranges as a potential source for the pre-Cretaceous zircons found in the Pane Chaung Formation of the Indo-

Burman Ranges (Sevastjanova et al., 2016) or in the Central Myanmar Basins (Licht et al., 2019).

Neodymium and Sr isotopic compositions show a long-term younging trend towards more enriched values
(higher 87Sr/868r(i) and lower eNd) from the Mawgyi Volcanics to Paleogene intrusives, in parallel with
increased LREE enrichment. Neodymium and Sr isotopic compositions ~f ti,> Mawgyi Volcanics and
Mawlin Formation are particularly depleted but still differ from the .. e of values found in Neotethyan
ophiolites (Fig. 10), indicating some degree of slab-material addi.*an (slab-derived and/or sediment melts).
The increased range and more enriched Nd and Sr isotopic cor, ~csitions found in ca. 100 Ma Kanza Chaung
plutons and in later Paleogene intrusives indicate a high :r ueqree of a subducted component, and/or some
assimilation and crustal contamination of the oldr. \ ~eta.morphic basement in the arc lower crust (Chapman
etal., 2017). Li et al (2019) interpret the enriched I\ -Sr isotopic values found in Paleogene intrusives to
reflect the onset of underthrusting of Indiar <. ntnental crust below western Myanmar. Yet, the nature of the
crust currently subducted below northern v, anmar (oceanic or thinned continental) is unclear (Steckler et
al., 2016). The trend toward more e~ricad Nd-Sr isotopic compositions may reflect two other non-exclusive

processes:

(1) increased incorporation of 1.°dian-derived sediment on the Neotethyan slab into the subduction zone and

subsequent incorporation into the slab-component in arc volcanism;

(2) increased crustal assimilation of the arc metamorphic basement due to the thickening of the Burma

Terrane.

Miocene and Quaternary volcanic rocks from Mount Popa and Monywa areas have much more depleted Nd
and Sr isotope compositions (Fig. 8; Lee et al., 2016). These two volcanic areas are located south of the
Wuntho Ranges, where the Burma Terrane crust (Morley et al., 2020) and the offshore sedimentary cover
(Curray, 2014) are much thinner. Less crustal assimilation and/or contribution of a slab component can

explain the difference between Sr and Nd isotope compositions at these southern sites and in the Wuntho
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Ranges.

Finally, our apatite fission-track data highlight a phase of Paleogene cooling in the WPA. River j, which
drains Paleogene intrusives near Shangalon, yielded overlapping AFT, zircon, and apatite U-Pb ages at 35-38
Ma. This indicates that Paleogene intrusives were likely emplaced at much shallower levels than exposed
Cretaceous plutons. By contrast, AFT ages are much younger than zircon and apatite U-Pb ages for river b
(39 Ma), ¢ (27 Ma) and f (31 Ma). It is possible that the 39 Ma and 31 Ma AFT ages recorded in river b and f
resulted from regional thermal resetting following the Paleogene intrusive episode also recorded in river j,
though no Paleogene intrusives are recorded in these drainage basins. However, the large difference in AFT
ages (ca. 12 + 5 Ma) between the two northern samples (river b and c), A~soi~ their geographical proximity,
is not consistent with regional thermal resetting. We thus interpret tY.c.~ AT ages as representing
exhumation ages rather than thermal resetting. This phase of exh.mation would have started at least at 39
Ma and can be extended to 22 Ma after including the fission-ti.~¥ age of Li et al (2013) for the Kanza
Chaung south of the Wuntho Ranges. This time interval o: er'aps with the two phases of uplift of the WPA
identified in seismic lines: between the Middle E~.c.ne «d early Oligocene, and in the late Oligocene
(Zhang et al., 2017a). This suggests that our apatite fssion-track ages and the phase of E-W deformation
found in seismic lines all reflect the same v 'le =ocene to earliest Miocene deformation events.
Comparison of AFT ages between river b a, .1 ¢ suggests that this deformation was diachronous between both

sides of the range, though this remezins :n be confirmed with further sampling.

The difference in intensity anc’ oric1tation of the bedding measurements between Cretaceous and Cenozoic
units, indicate there has to be a: formation prior to the Cenozoic, and that deformation has an overall NE-SW
to NNE-SSW trend before correction of the ~60° clockwise rotation indicated by paleomagnetism
(Westerweel et al., 2019). The observed NW-SE-striking tilting, folding, and thrusting of Cenozoic beds in
the WPA is likely associated with the two Paleogene phases of uplift of the WPA coeval to our apatite
fission-track ages, with fold and thrust development likely belonging to the later event, associated with E-W

shortening (Zhang et al., 2017a).

5.2 The WPA: Continuation of the Gangdese Arc? Comparison with the DSMGB and the Lhasa

Terrane

The age population of zircons from river sediment derived from the Wuntho Ranges have the same two age
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peaks of ~90-108 Ma and 32-46 Ma identified in the crystallization age compilation (Fig 9a, b), as well as
river apatites showing ~95 Ma and ~38 Ma U-Pb populations. The oldest measured crystallization ages of
the WPA are 170-173 Ma in the Tagaung-Myitkyina and Jade Belts; they are coeval with the oldest
Mesozoic igneous rocks of the DSMGB (Fig. 9c; Barley et al., 2013; Searle et al., 2020). These early
Jurassic igneous ages are not observed in the Wuntho Ranges (oldest age: 107 Ma), which is noteworthy as it
remains unclear if the Tagaung-Myitkyina and Jade Belts are parts of the Burma Terrane (Ridd et al., 2019).
WPA crystallization ages at ~50 Ma and ~70 Ma in the Sodon Batholith and below the Eocene sedimentary
cover in the central Myanmar (Zhang et al., 2017; Lin et al., 2019) indicate continuous yet more sporadic
magmatic activity between the two high-flux events recorded in the Wuna.~ Ranges, which is not
uncommon within subduction-related arcs (Paterson and Ducea, 2015). Th7, compilation of igneous ages of
the WPA and DSMGB show a clear distinction between both arr.i: Iv.ogmatic lulls in the WPA were
associated with magmatic flare-ups in the DSMGB, and vice “‘erss  There is no evidence for coeval activity
of both arcs based on crystallization ages, unlike claimer. .. / others (Wang et al., 2014; Gardiner et al.,
2015). Wang et al., (2014) and Gardiner et al. (2015) *tribute Late Cretaceous — early Paleogene zircons
with depleted Hf isotopic signature found in cenu.” Myanmar Paleogene sediments to WPA igneous activity,
but the source of these zircons remains unclear ..~ they are not found in the Wuntho Ranges. They could be
sourced from WPA rocks now buried beio v !cogene sediments (Licht et al., 2013; Zhang et al., 2017a), or

from the eastern Himalayan Syntaxis ‘Robinson et al., 2014).

When compared with Tibetan i3, .~ou. age compilations, the chronology of magmatism onset, later high-flux
events and lulls in the WPA uoas not mirror the evolution of the Gangdese Arc, despite claims to the
contrary (Zhang et al., 2019, Li et al., 2020). First, none of the oldest igneous ages found in the Wuntho
Ranges or in the Tagaung-Myitkyina and Jade Belts are as old as the earliest record of magmatic activity
along the Gangdese Arc, where subduction-related magmatism is recorded as early as ~210 Ma and was
continuous for most of the late Triassic, Jurassic and early Cretaceous (Fig. 9d; Zhu et al., 2019; Kapp and
DeCelles, 2019). Later magmatic high-flux events in the WPA seem unrelated to the timing of Gangdese
flare-ups; Gangdese flare-ups are either ten million years younger (95-85 Ma) or older (60-52 Ma; Zhu et al.,

2019).

22



The oldest igneous ages in the DSMGB are roughly coeval with the onset of magmatism along the North
Lhasa Plutonic Belt, dated at 180-170 Ma. However, it is hard to draw a firm chronological correlation
between both arcs beyond the age of onset. Kapp and DeCelles (2019) identify flare-up events at ~115 Ma,
90 Ma and 15 Ma in the North Lhasa Plutonic Belt; the latter two events are obscured by the over-
representation of 125 Ma igneous ages in our compilation (Fig. 9¢). The DSMGB age compilation shows a
first peak of igneous ages at ~125 Ma, and continuous activity from 90 to 40 Ma, without clearly-defined

high-flux events during this time window, likely due to an undersampling of the arc.

There is thus no firm ground for a chronological correlation between Tibetan and Burmese arcs. Moreover,
the similar isotopic signature in Nd, Sr, and Hf shared by arcs of both th~<e «2as is not particularly

diagnostic, as near-trench arcs share similar depleted signatures wo”iu *viue (Chapman et al., 2017).
5.3 Testing the validity of the scenarios for the origin of the Ru, ma Terrane

Our comparison shows that the correlation of magmatic rock ., betv.een Myanmar and Tibet proposed to
support a Sundaland or a Lhasa origin for the Burma ~ e, 2 are unfounded (Models A and B, Table 1).
However, we do not reject the possibility that tt. »se wrcs have been parts of the same subduction systems in
the past. The lack of correlation between Mya."mar and Tibet could reflect along-strike variations of
convergence angle, magma addition rates, ar d «ither processes that control arc magmatic tempos along the
same subduction margins (Paterson a:«d L 'icea, 2015). In particular, the contrasting magmatic histories of the
WPA and DSMGB is compatible witr, the model proposing a Sundaland origin for the Burma Terrane
(Model A, Table 1), in which (We tv/o arcs are actually part of a single, complex arc developed along the
southwestern margin of Sundal.nd, with periods of advance and retreat (Zhang et al., 2018; Li et al., 2020).
Yet, these two models are mainly based on weak magmatic correlations and are therefore less persuasive,
particularly since they are contradicted by paleomagnetic data that require the Burma Terrane to be in the

southern hemisphere during the Late Cretaceous (Westerweel et al., 2019).

The Greater Argoland and composite models (models C and D), which are compatible with paleomagnetic
data, propose different origins for the Burma Terrane but the same Transtethyan nature for the WPA.
Multiple models and arcs have been proposed to explain Transtethyan arc rocks (Jagoutz et al., 2015; Kapp
and DeCelles, 2019). Catlos et al. (2018) propose onset of intra-oceanic subduction and suprasubduction

spreading that started arc activity at around 130 Ma, compatible with the oldest crystallization ages and the
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absence of older basement in the Wuntho Ranges and the age of WOB ophiolites. Few crystallization ages
are available for comparison with potential candidates for Transtethyan arc rocks, such as the Woyla Arc in
Sumatra (Barber et al., 2005; Advokaat et al., 2018) or the Spong Arc in western Tibet (Corfield et al.,
2001). The biggest dataset is from the Kohistan Arc (60 ages; Fig. 99g), interpreted to have initially formed as
an intra-oceanic arc between around 136 and 120 Ma with continuous magmatic activity from ~120 Ma to 20
Ma (see review in Petterson, 2019, Searle, 2019), though the oldest pluton of the arc is dated at 154 Ma
(Jagoutz et al., 2019). Mid-Cretaceous arc building in Kohistan rocks is locally important (Jijal complex:
118-91 Ma, Sapat Complex: 105-99 Ma, Chilas Complex: 86-81 Ma; Petterson, 2019), with some early
Palaeogene volcanism recorded (Bouilhol et al., 2013; Jagoutz et al., 2015, Collision with India is generally
proposed between around 64 and 42 Ma (e.g. Catlos et al., 2018; Petter_n 2019). The Kohistan Arc
displays the same long-term isotopic trend from depleted toward no: . ¢nriched values as the WPA, with a
more dramatic decrease of eNd values and increase of ®'Sr/**C +, v. lues after 50 Ma, interpreted as reflecting

Kohistan-India collision and onset of Indian crust undert.u . sting (Bouilhol et al., 2013).

The comparison between Transtethyan and WPA ... gn.otic features and chronology, though based on little
data, is thus compatible with the Greater Argoland «.~d composite models (models C and D). They are not
yet fully satisfactory. The Greater Argolanr: 1, "dei remains inconsistent with the presence of Paleozoic
limestones of Cathaysian affinity on the Bu.ma Terrane and a potential correlation with West Sumatra
(Barber and Crow, 2009). The com:ns,*= model could reconcile the Cathaysian affinity on the Burma
Terrane with the Gondwanan af7.~ivy of the Pane Chaung Formation and Kanpetlet Schist in the Indo-
Burman Ranges as part of the ~ostulated Mount Victoria Block (Yao et al., 2017; Morley et al., 2020). The
two crustal fragments may have amalgamated during the mid-Cretaceous following the development of the
Burma Terrane as an intra-oceanic arc. However, the composite model requires multiple sutures and
collision episodes between individual continental fragments for which evidence is elusive. Both models also
require a collision and reunification of the Burma Terrane with Sibumasu / Sundaland sometime after 100
Ma, the timing of which remains unconstrained. Late Cretaceous to Eocene (90-40 Ma) plutons of the
DSMGB have been interpreted as subduction-related (Zhang et al., 2018a; Gardiner et al., 2017), and
metamorphism and deformation along the DSMGB and Sibumasu margin have been proposed to reflect

collision and underthrusting of continental crust below Sibumasu since at least 45 Ma (Sautter et al., 2019;
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Searle et al., 2020). Paleomagnetic constraints (Westerweel et al., 2019) show low latitudes during the
Eocene, such that a possible BT-Sibumasu collision at 45 Ma may have occurred along the eastern Andaman
Sea. It could have reactivated subduction below the WPA, resulting in the magmatic flare-up at 42-36 Ma,
with the more recent magmatic events becoming rarer due to the oblique nature of subduction. Yet, this
explanation raises issues about the evolution of the Sibumasu margin in the eastern Andaman Sea area,
which experienced extension rather than shortening during that time interval (Morley and Alvey, 2015). Our
apatite fission-track data show WPA exhumation starting at ~ 39 Ma, but the seismic data of Zhang et al.
(2017a) instead indicate shortening in the late Oligocene (Zhang et al., 2017a), which could alternatively
represent the collision of the northern part of the Burma Terrane with Sitku.masu. However, most of the
shortening in the neighboring Central Myanmar Basins is associated wi " I .ate Miocene-Plio-Pleistocene

deformation (Pivnik et al., 1998; Ridd and Racey, 2015).

6. Conclusion

We show that the WPA in the Wuntho Ranges is char.cte.:_ed by only two magmatic events at 46-32 Ma
and ~108-90 Ma, possibly extending to a few m.'lic 1 years before 108 Ma due to our inability to precisely
date the most mafic parts of the Mawgyi Volc.nics. We find no evidence for earlier magmatism or earlier
zircon ages in basement units, though Jurass ¢ i Jneous ages have been reported in other parts of the Burma
Terrane. Consistent with previous wa k (Cardiner et al., 2018; Li et al., 2019; 2020), we show that
magmatism is subduction-related for L._th these events, and is characterized by a depleted Nd and Sr isotopic
signature that tends toward mc e er riched values through time. We explain this isotopic trend either by
increased incorporation of Indi-.n-derived sediment of the Bengal Basin into the subduction zone or by
increased crustal assimilation due to the long-term thickening of the Burma Terrane crust. Apatite fission-
track data and field measurements, together with previous seismic imaging of the WPA (Zhang et al., 2017b)
indicate arc exhumation during 39 to 22 Ma, overlapping with the last magmatic event and a subsequent

phase of E-W shortening.

By comparing Tibetan and Burmese igneous rock ages, we find no support for a correlation between the
Gangdese Arc and the WPA, as argued by models associating the Burma Terrane with Sundaland or the
Lhasa Terrane. We show that models proposing an intra-oceanic origin for the WPA are both compatible

with the magmatic history of the Wuntho Ranges and supported by paleomagnetic data, though not
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completely satisfactory. The lack of available structural data to constrain the relationships between the
different regions of Myanmar, leaves considerable room for further interpretation regarding the origin of the

terrane.
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Figure Captions

Figure 1 (1 column). Schematic map of South and East Asia with major blocks (LT: Lhasa Terrane, QT:
Qiangtang Terrane; BT: Burma Terrane; ST: Sibumasu Terrane; I1B: Indochina Block; SC: South China
Block; SG: Songpan Ganzi Complex; WSB: West Sumatra Block) and magmatic arcs addressed in this paper
(KA: Kohistan Arc; GA: Gangdese Arc; NLPB: North Lhasa Plutonic Belt; SQT: Southern Qiangtang;

WPA: Wuntho-Popa Arc; DSMGB: Dianxi-Shan Scarp-Mergui Granite Belt; WA: Woyla Arc). Red lines
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indicate major faults; red arrows indicate the modern convergence of the Indian Plate. EHS: Eastern

Himalayan Syntaxis; ITSZ= Indus-Tsangspo Suture Zone.

Figure 2 (1.5 column). Schematic map of western Myanmar, with the main geological units, after Licht et
al. (2019), with published crystallization ages of Mesozoic and Cenozoic magmatic rocks of the WPA and
DSMGB (ages in millions of years). Data compilation available in Supplementary Table 1. WR: Wuntho
Ranges; JB: Jade Belt; TMB: Tagaung-Myitkyina Belt; WOB: Western Ophiolite Belt; MOB: Myitkyina
Ophiolite Belt (dashed blue line); LB: Lohit Batholith; MR: Minwun Range; KR: Kumon and Katha-

Gangaw Ranges.

Figure 3 (1.5 column). Schematic map of the Wuntho Ranges with thr micin geological units, after United
Nations (1978), Mitchell (2017) and Westerweel et al (2019). Loce .ions of published U-Pb ages of Barley et
al., (2003), Gardiner et al (2016, 2017), and Li et al. (2019, 20°™ «.= indicated with yellow diamonds (ages
in white, in million years). K-Ar ages of United Nations (1972) «~d U-Pb ages of Lin et al. (2019) are not
displayed because they were not published with exact ¢ ~.di 1ates. Location of river sands samples in this
study are indicated by white dots (black lines: ri* er ¢ rainages; letters refer to rivers of Fig. 7); igneous
samples for geochemical analysis are indica:~d by black squares; black squares with numbers are igneous

samples dated by zircon U-Pb analyses.

Figure 4 (1 column). Stratigraphy in ithe *Muntho Ranges, after Mitchell (2017). Color coding is the same as

in Figure 3.

Figure 5 (2 columns). Ste..nu*= uisplaying strikes and dips for bedding, layering and foliation in (a) the
Shwedaung Formation, (b) Mawgyi Volcanics, Mawlin Formation, Nankholon Formation and Mamakauk
Limestone (c) Maingthon Dacite, (d) Upper Eocene - Oligocene outcrops of the Mansi Gale Group near
Shangalon (after United Nations, 1978 and our own field measurements). (e) and (f): structures in the

Maingthon Dacite near Shangalon (location 2 in Fig. 3).

Figure 6 (2 columns). Composition of samples from the Wuntho Ranges: (a) K20+Na20 versus SiO2
diagram (field for volcanic rocks from Lemaitre et al., 2005; plutonic rocks composition is also plotted for
comparison) and (b) K20 versus SiO2 diagram (field for magmatic series from Peccerillo and Taylor, 1976);
colored areas indicate published data from the Kanza Chaung Batholith (purple; Li et al., 2020) and

Paleogene intrusives (orange; Li et al., 2019); sample tagged with letter “w” has been affected by
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weathering. Chondrite- and primitive mantle-normalized element patterns for (c, d) Mawlin and Mawgyi
Volcanics, and (e, f) Kanza Chaung batholith and Paleogene intrusives; normalized to elemental

concentrations from Sun and McDonough (1989).

Figure 7 (1.5 columns). Age distribution for the eleven modern river sands and a volcanic conglomerate
sample from the Mansi Gale Group. See Figure 3 for location. Ages are weighted means over age

populations.

Figure 8 (2 columns). Whole rock initial Sr-Nd isotopic composition from the WPA (a), including
previously published data from Quaternary and Neogene volcanics (Mitrhell et al., 2012; Lee et al., 2016),
Paleogene intrusives (Li et al., 2019) and Kanza Chaung batholith (Li .ca» 2J20), compared with isotopic
composition range of Neotethyan ophiolites from Li et al (2020); P ‘e-k nza Chaung data refer to Mawlin
Formation and Mawgyi Volcanics; (b) comparison of WPA Sr Ma [~otopic data with published data from the

DSMGB (Nd-Sr data compilation available in supplementary Tacle 1).

Figure 9 (1 column). Comparison of (a) Wuntho rive z1. 221 U-Pb ages (this study), crystallization ages
from (b) the WPA and (¢c) DSMGB (igneous ag s ir clude Ar-Ar and K-Ar ages, zircon U-Pb ages of
individual plutons and intrusives, including a.*a from this study). For the WPA, ages coming from the
Tagaung-Myitkyina and Jade Belts are displ: yed in orange. These compilations are compared with those of
the (d) Gangdese Arc, (€) North Lhas 1 F..'tonic Belt, (f) Southern Qiangtang Arc, and (g) Kohistan Arc.
Data for the Gangdese Arc, North Lha .2 Plutonic Belt, and Southern Qiangtang Arc are from the Tibetan
Magmatism Database (Chenm n ar d Kapp, 2017) purged of redundancies; data from the Kohistan Arc are
from Jagoutz et al. (2019). Ane compilations are available in Supplementary Table 1. Red shades correspond

to the two main age populations identified in the Wuntho Ranges.

Figure 10 (2 columns). Proposed scenario for the evolution of western Myanmar at 95 Ma (a) and 40 Ma
(b) for Greater Argoland and composite models (models C and D, Table 1). Reconstruction made with
GPlates software adapted from Westerweel et al. (2019). BT: Burma Terrane (in green), WSB: West
Sumatra Block (in pink) MVB: Mount Victoria Block (in orange), TH: Tethyan Himalayas, BB: Bengal Bay,
KA: Kohistan Arc, QT: Qiangtang Terrane, LT: Lhasa Terrane, KA: Kohistan Arc, SA: Spong Arc; SB:

Sibumasu, WA: Woyla Arc, SL: Sundaland. Red lines are transform boundaries.
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Table Captions

Table 1. The four families of models proposed for the origin of the Burma Terrane. For abbreviations see

main text.

Table 2: Synthesis of the U-Pb ages of the zircon main population, apatite U-Pb and fission-track ages for

the river sands yielding both apatites and zircons.
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weighted mean of main zircon age
population, age + 2s (Ma)

Apatites

U-Pb ages + 2s (unanchored; Ma)

Fission track ages + 2s (Pooled; Ma)

River b

98.9 + 2.7 (n=60, MSWD=21)

93.0+1.6 (n=107, MSWD=0.96)

38.8+3.0 (p(2)=0.47, n=107)

River ¢

99.4 + 2.6 (n=89, MSWD=4.2)

94.4+1.4 (n=117, MSWD=2.2)

26.6+ 1.5 (p(x2)=0.16, n=117)

River f

96.6 + 2.6 (n=114, MSWD=3.4)

96.7 £ 7.5 (n=28, MSWD=2.4)

31.0+4.9 (p(y2)=0.08, n=28)

River j

38.2 £ 1.0 (n=98, MSWD=6.3)

38.0+1.2 (n=114, MSWD=1.8)

35.3+2.3 (p(x2)=0.99, n=114)
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Graphical abstract

Highlights

e We investigate the history of the Wuntho-Popa Arc (WPA) in the Wuntho Ranges, Myanmar.
e The WPA is characterized by two high-flux events at 108-90 Ma and 46-32 Ma.

e Magmatism is subduction-related for both events.

e We identify two phases of deformation, in the Cretaceous and the 1. te Paleogene.

e QOur data are compatible with a Transtethyan Arc origin foi the  VPA.
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