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ABSTRACT

Despite decades of research, the mecha-
nisms and processes of subduction initia-
tion remain obscure, including the tectonic
settings where subduction initiation begins
and how magmatism responds. The Creta-
ceous Mawgyi Volcanics represent the earli-
est volcanic succession in the Wuntho-Popa
arc of western Myanmar. This volcanic unit
consists of an exceptionally diverse range of
contemporaneously magmatic compositions
which are spatially juxtaposed. Our new
geochemical data show that the Mawgyi Vol-
canics comprise massive mid-oceanic ridge
basalt (MORB)-like lavas and dikes, and sub-
ordinate island arc tholeiite and calc-alkaline
lavas. The Mawgyi MORB-like rocks exhibit
flat rare earth elements (REEs) patterns and
are depleted in REEs, high field strength el-
ements (except for Th) and TiO, concentra-
tions relative to those of MORBSs, resembling
the Izu-Bonin-Mariana protoarc basalts. Our
geochronological results indicate that the
Mawgyi Volcanics formed between 105 and
93 Ma, coincident with formation of many
Neotethyan supra-subduction zone ophiolites
and intraoceanic arcs along orogenic strike
in the eastern Mediterranean, Middle East,
Pakistan, and Southeast Asia. Combined
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with its near-equatorial paleo-latitudes con-
strained by previous paleomagnetic data, the
Wauntho-Popa arc is interpreted as a segment
of the north-dipping trans-Neotethyan sub-
duction system during the mid-Cretaceous.
Importantly, our restoration with available
data provides new evidence supporting the
hypothesis of a mid-Cretaceous initiation
of this >8000-km-long subduction system
formed by inversion of the ~E-W-trending
Neotethyan oceanic spreading ridges, and
that this was contemporaneous with the final
breakup of Gondwana and an abrupt global
plate reorganization.

INTRODUCTION

Development of the Himalayan-Tibetan oro-
gen resulted from multiple ocean closures and
terrane accretion events and culminated with
the early Cenozoic India-Asia collision (Fig. 1;
Kapp and DeCelles, 2019). The presence of a
near-equatorial, north-dipping intraoceanic sub-
duction zone within the Neotethys has long been
proposed (e.g., Proust et al., 1984; Searle et al.,
1987), but remnants of which are relatively spa-
tially localized and/or disputed. For example,
island arc relicts may be preserved along the Yar-
lung-Tsangpo suture between Indian and Asian
affinity rocks as distributed ophiolitic fragments
(e.g., Abrajevitch et al., 2005; Aitchison et al.,
2000, 2007). Abundant geological and geochro-
nological studies, however, show that a major-
ity of the Yarlung-Tsangpo ophiolites formed
synchronously during the Early Cretaceous
and were generated in a wide range of tectonic
environments, including mid-oceanic ridge,
forearc or back-arc basin, and intraoceanic arc
(Dai et al., 2013; Guilmette et al., 2012; Hébert

et al., 2012; Liu et al., 2016b; Maffione et al.,
2015a; Xiong et al., 2016; Zhang et al., 2019a).
Recent paleomagnetic data indicate the Yarlung-
Tsangpo ophiolites developed at relatively high
latitudes of ~16.5°N (Huang et al., 2015), close
to the southern continental margin of Asia, rather
than a near-equatorial latitude (Abrajevitch et al.,
2005). Some have also suggested that the ophio-
lites formed the basement of the Xigaze forearc
basin along the southern Asian margin (Fig. 1;
Laskowski et al., 2019; Orme et al., 2015; Wang
et al., 2017a). The temporal association between
the formation of the Yarlung-Tsangpo ophiolites
and the initial breakup of East and West Gond-
wana has been linked to global plate reorganiza-
tion during supercontinent breakup (Qian et al.,
2020). Furthermore, it has been proposed that
Early Cretaceous ophiolite formation occurred
above a pre-existing subduction zone near the
southern margin of Asia, rather than intraoce-
anic subduction initiation (Butler and Beaumont,
2017; Dai et al., 2013; Maffione et al., 2015b;
Xiong et al., 2016; Qian et al., 2020).

The mid-Cretaceous Kohistan-Ladakh arc
in the westernmost India-Asia collision zone,
located between the western Himalayas and the
Pamir orogen (Fig. 1), is generally interpreted as
an intraoceanic arc relict (Bouilhol et al., 2013;
Burg, 2011; Corfield et al., 2001; Garrido et al.,
2007; Jagoutz et al., 2015, 2019; Khan et al.,
1997; Mahéo et al., 2004; Petterson and Windley,
1991; Searle et al., 1999). Paleomagnetic results
indicate that the Kohistan-Ladakh intraoceanic
arc was isolated at near-equatorial latitudes
during the mid-Late Cretaceous (Ahmad et al.,
2000; Khan et al., 2009; Klootwijk et al., 1984;
Zaman and Torii, 1999) and was still active at a
paleolatitude of 8.1 £ 5.6 °N until at least Paleo-
cene time (Martin et al., 2020). The West Burma
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Figure 1. Schematic map of tectonics in the India-Asia collision orogen.

Terrane (WBT) is juxtaposed between the Indo-
Burma ranges and the Sibumasu Terrane at the
eastern edge of the India-Asia collision zone
(Fig. 1). The Wuntho-Popa arc straddling the

850

WBT has been correlated to the mid-Cretaceous
intraoceanic Andaman-Woyla arcs (Li et al.,
2020b; Mitchell, 1993; Pedersen et al., 2010;
Plunder et al., 2020) or the Incetrus arc (Fig. 1;
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Hall, 2012, Sumatra). Recent paleomagnetic data
from igneous and sedimentary rocks indicate
that the Wuntho-Popa arc was located at near-
equatorial latitudes during the mid-Cretaceous
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to the mid-Eocene, and was disparate from the
southern margin of Asia at that time (Westerweel
etal., 2019). Alternatively, the Wuntho-Popa arc
is simply considered as the eastward continu-
ation of the Gangdese continental arc because
they both exhibit similar isotopic signatures of
juvenile crust (Li et al., 2020a; Lin et al., 2019;
Wang et al., 2014; Zhang et al., 2019b).

The synchronous construction of the Kohistan-
Ladakh arc and the Wuntho-Popa arc along the
near-equatorial latitudes favors a scenario in
which there was an active trans-Neotethyan
intraoceanic subduction system during the mid-
Cretaceous (e.g., Jagoutz et al., 2015; Westerweel
et al., 2019). A scenario in which there were
two north-dipping subduction zones within the
Neotethys during the mid-Cretaceous can better
account for the very rapid northward drift of the
Indian plate during the Late Cretaceous to early
Eocene time (Gibbons et al., 2015; Jagoutz et al.,
2015; van Hinsbergen et al., 2011). However, if
valid this scenario also raises the questions about
where and how the intraoceanic subduction sys-
tem began and how magmatism responded to
build these juvenile island arcs that are presently
>3000 km apart (Fig. 1). The geochemistry and
petrology of the Wuntho-Popa volcanic rocks
associated with new paleomagnetic constraints
(Westerweel et al., 2019) have not yet been
studied from a petrological perspective, but may
potentially record the protoarc magmatism asso-
ciated with the earliest stage of intraoceanic sub-
duction, like the Izu-Bonin-Mariana (IBM) pro-
toarc (Arculus et al., 2015; Ishizuka et al., 201 1a;
Reagan et al., 2010, 2019; Shervais et al., 2019).

Many ophiolites from the eastern Mediter-
ranean to the Middle East mostly formed in a
supra-subduction zone (SSZ) during the mid-
Cretaceous and have been generally ascribed
to intraoceanic subduction initiation within the
Neotethys (e.g., Dilek and Furnes, 2011; Dilek
and Thy, 2009; Guilmette et al., 2018; Maffione
et al., 2017; Moghadam and Stern, 2015; Searle
et al., 2015; van Hinsbergen et al., 2016, 2020).
An overall reassessment of the tectonic set-
tings for temporal coincidence between eastern
Mediterranean-Middle East SSZ ophiolites and
the Kohistan-Ladakh-Wuntho-Popa-Andaman-
Woyla island arcs is thus necessary for explaining
their origin. This study presents new geochemi-
cal and geochronological constraints for the
Wauntho-Popa arc and aims to better understand
subduction initiation within the Neotethys. It is
also unclear what geodynamic processes were
responsible for subduction initiation within the
Neotethys during the mid-Cretaceous. We then
speculate about potential causal links between
intraoceanic subduction initiation and global
plate reorganization related to final breakup of
Gondwana during the mid-Cretaceous.

Geological Society of America Bulletin, v. 134, no. 3/4

GEOLOGICAL BACKGROUND

The West Burma Terrane (WBT) is presently
located above a hyper-oblique subduction zone
where the Indian plate (probably both continen-
tal and oceanic crust) is being subducted beneath
the Indo-Burma ranges in the west (Zhang et al.,
2020, 2021; Zheng et al., 2020), and the Sagaing
Fault, an active large-scale dextral strike-slip
fault, in the east (Fig. 2A; Vigny et al., 2003).
The oblique subduction results in a northward
motion of the WBT relative to the Sibumasu
Terrane (Gahalaut and Gahalaut, 2007; Ni et al.,
1989). The western boundary of the WBT is
typically delineated by either another dextral
strike-slip fault (the Churachandpur-Mao Fault)
or the Naga Hills-Manipur-Kalaymyo ophio-
lites (Fig. 2A; also referred to as the Western
Belt ophiolites; Fareeduddin and Dilek, 2015;
Htay et al., 2017; Liu et al., 2016a; Niu et al.,
2017). The basement of the Indo-Burma ranges
has been interpreted as either a microcontinent
block accreted to the WBT during the Creta-
ceous—Eocene (Acharyya, 2015; Morley, 2012),
or an accretionary-type orogen formed in situ
(Fareeduddin and Dilek, 2015; Licht et al.,
2018; Zhang et al., 2018; Morley et al., 2020).
The Triassic rocks, including the Shwedaung
and Pane Chaung turbidites and Kanpetlet
schists, are the oldest rocks exposed within the
Indo-Burma ranges. However, the origin of these
rocks remains debated with most advocating for
either a Gondwanan or Cathaysian affinity (e.g.,
Sevastjanova et al., 2016; Yao et al., 2017; Mor-
ley et al., 2020). Geochronological data suggest
that the Western Belt ophiolites formed during
the Early Cretaceous (133-126 Ma; Liu et al.,
2016a; Zhang et al., 2017a), and thus overlap in
age with the Yarlung-Tsangpo ophiolites to the
north (e.g., Dai et al., 2013; Qian et al., 2020;
Xiong et al., 2016; Zhang et al., 2019a).

The Shan Plateau (Sibumasu Terrane) is com-
posed of the Eastern Belt ophiolites (Liu et al.,
2016a; Yang et al., 2012) and the Mogok-Mergui
metamorphic and plutonic rocks that formed
the eastern boundary of the WBT along the
Sagaing Fault (Fig. 2A; Mitchell, 1992; Searle
et al., 2007). The Mogok-Mergui belt has been
considered as the southward continuation of the
peri-Gondwanan Lhasa Terrane in Tibet (Fig. 1;
Searle et al., 2007) bridged by the Tengchong
Terrane (e.g., Xie et al., 2016). The Sagaing
Fault is likely connected to the Andaman spread-
ing center (Curray, 2005; Morley, 2012; Sloan
et al., 2017) and has a displacement of up to
1100 km since the Neogene (Mitchell, 1993;
Morley and Arboit, 2019), or ~2000 km since
the late Eocene (ca. 38 Ma, Westerweel et al.,
2019). The formation of the Andaman ophiol-
ites is much younger (95-93 Ma; Pedersen et al.,
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2010; Sarma et al., 2010) than those of the Yar-
lung-Tsangpo and the Western Belt ophiolites,
but are coeval with the eastern Mediterranean
and Middle East ophiolites and the Kohistan arc
(e.g., Qian et al., 2020). This observation is at
odds with the widely held view that the Anda-
man ophiolites are the southward continuation
of the Western Belt ophiolites (Htay, 2017; Liu
et al., 2016a; Mitchell, 1993; Niu et al., 2017;
Pedersen et al., 2010). The metamorphic soles
of Andaman ophiolites formed between 106 and
105 Ma (Plunder et al., 2020). This is also much
younger than that of the Western Belt ophiolites
in Myanmar (119-115 Ma; Liu et al., 2016a;
Zhang et al., 2017a) but corresponding in age
to metamorphic soles of the Oman ophiolites
(104-103 Ma; Guilmette et al., 2018).

The WBT is primarily composed of the Late
Cretaceous—Cenozoic Central Myanmar Basin
which surrounds the Wuntho-Popa arc (Mitchell,
1993). The Wuntho-Popa arc is thought to have
been the main source of detritus supplied to the
poorly exposed strata of the Kabaw Formation
until the mid-Eocene or later (Cai et al., 2019;
Licht et al., 2018; Wang et al., 2014; Westerweel
et al., 2020). The main pulse of plutonic magma-
tism in the Wuntho-Popa arc occurred during the
mid-Cretaceous (105-89 Ma) based on zircon
U-Pb ages (Fig. 2B; e.g., Gardiner et al., 2017;
Li et al., 2020a; Lin et al., 2019; Mitchell et al.,
2012; Zhang et al., 2017b). Zircon in situ Hf iso-
topic data indicate that the earliest Wuntho-Popa
arc was entirely constructed on juvenile crust
like the Gangdese arc (Li et al., 2020a; Lin et al.,
2019; Wang et al., 2014). Recent paleomagnetic
data for the Kanza Chaung Batholith and the
Kondan Chaung Group in the Wuntho ranges
suggest that the WBT was at a near-equatorial
latitude at ca. 95 Ma, placing it at least 2000 km
south of the Gangdese continental arc at that time
(Westerweel et al., 2019). Plutonic rocks of the
Wuntho-Popa arc, including gabbros, diorites,
and granites, exclusively exhibit a low/medium-
K geochemical signature (e.g., Li et al., 2020a).
This distinctive signature renders their continental
arc interpretation flawed since the high-K rocks
generally define continental arcs (e.g., Ducea
et al., 2015; Schmidt and Jagoutz, 2017). A thick
sequence of Cretaceous volcanic rocks and clas-
tic sedimentary rocks unconformably overlay the
WBT basement in the Wuntho ranges (Fig. 3A).
The poorly dated Mawgyi Volcanics have been
interpreted as the oldest formation within the
Cretaceous WBT sequences and are overlain by
the Kondan Chaung Group (Mitchell, 1993). Pil-
low basalts and basaltic andesites are extensive
and massive in Wuntho (Fig. 3A), and sills and
dikes of similar composition are also found in
Salingyi (Fig. 3B; Mitchell, 1993). The origin
of the Mawgyi Volcanics has been inferred to
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Figure 2. (A) Geological map of Myanmar and southwestern Yunnan, China after Zhang et al. (2018). Ages from the Tengchong batholiths are
mainly from Xie et al. (2016); (B) Age distributions for the Western and Eastern Belt ophiolites in Myanmar and the Andaman Islands (India),
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Incertus arc (Hall, 2012) or trans-Neotethyan
intraoceanic arc (Gibbons et al., 2015; Jagoutz
et al., 2015; Westerweel et al., 2019).

SAMPLES DESCRIPTION AND

well (Fig. 3A). In addition, the doleritic and
rhyolitic rocks were sampled near Salingyi
(Fig. 3B). The ages of the Mawgyi Volcanics
were determined, for five samples among these
rocks, by zircon U-Pb geochronology. Three
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tures between clinopyroxene and plagioclase
(Fig. 4C). The Salingyi dolerites, exposed
as dikes, exhibit typical ophitic texture with
needle-like plagioclase and fine-grained
clinopyroxene altered to chlorite (Fig. 4F). The

ANALYTICAL METHODS distinct geochemical groups can be observed island arc tholeiitic basalts primarily contain
within the Mawgyi Volcanics, including plagioclase phenocrysts (Figs. 4G and 4H),
Petrography MORB-like rocks, island arc tholeiites, and  whereas the basaltic andesite have coarse-

Eighty-three igneous rocks were collected
from Banmauk, Wuntho, Kawlin, and Salingyi
for geochronological and geochemical analy-
sis. The widespread pillow basalts and basal-
tic andesites near Wuntho were sampled, and
one coarse-grained gabbro was collected as

Geological Society of America Bulletin, v. 134, no. 3/4

calc-alkaline rocks. The MORB-like basalts
and basaltic andesites are the most volumi-
nous volcanic rocks in the Wuntho area. These
samples include euhedral clinopyroxene and
plagioclase with rare olivine within glassy
matrices (Figs. 4A, 4B, 4D, and 4E). The
coarse-grained gabbro has interlocked tex-
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grained, euhedral hornblende and plagioclase
(Fig. 4I). The Wuntho island arc calc-alkaline
rocks have plagioclase and minor fresh olivine
phenocrystal clasts (Fig. 4J), and occasionally
contain glomercrysts of olivine, clinopyrox-
ene, and plagioclase, and opaque minerals are
common (Fig. 4K). The calc-alkaline dolerites

853



Liyun Zhang et al.

{ T, £
e W A ‘.‘,?',,-,:_ﬁ“‘h “ y
1 16SLO 15w g

g —
YA

'l

P

O R 165L07 A s

Figure 4. Cross-polarized-light photomicrographs of the mid-Cretaceous Mawgyi Volcanics in the Wuntho-Popa arc of western Myanmar. (1)
Mid-oceanic ridge basalt-like rocks: Wuntho basalts with phenocrysts of abundant cpx and minor pl (A, B, D, E) and gabbro (C); (F) Salingyi
dolerite with needle-like pl and cpx (F); (2) tholeiites: Wuntho basalts with pl phenocrysts and glomercrysts (G, H) and basaltic andesites with
coarse-grained hbl and pl (I); (3) calc-alkaline lavas: Wuntho basalts with ol and pl phenocrysts (J) or glomercrysts of ol, cpx, pl, and opa (K),
hbl-bearing fine-grained dolerite in Salingyi (L). ol—olivine; cpx—clinopyroxene; hbl—hornblende; pl—plagioclase; opa—opaque minerals.

in Salingyi exhibit fine-grained clinopyrox- Geochronology handpicked under a binocular microscope. Indi-
ene and plagioclase with minor hornblende vidual zircon crystals were mounted in epoxy
(Fig. 4L). The Salingyi rhyolite has some Zircons were obtained from crushed rocks and polished to expose the cross-sectional area
quartz phenocrysts set in the glassy matrix. using traditional separation techniques, and then  of the crystals. The areas of analysis for U-Pb
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dating were carefully selected through cathodo-
luminescent (CL) images acquired by a JSM-IT
300 scanning electron microscope located at
the Institute of Tibetan Plateau Research, Chi-
nese Academy of Sciences (ITPCAS), Beijing,
China. Spots for analysis were selected to avoid
inclusions and to stay within (visible) growth
domains. The U-Th-Pb measurements were
made using a quadrupole Agilent 7500a induc-
tively coupled plasma-mass spectrometer (ICP-
MS) coupled to a 193 nm excimer laser at ITP-
CAS. Each analysis contained 20 s of gas blank
signal, 40 s of ablation data and 55 s of washout
time. The laser energy was masked to produce a
35 pm diameter ablation pit at 7 Hz and 10 mJ/
cm?. Elemental and mass fractionation, and
instrument drift were corrected through standard
sample bracketing at a ratio 1:5 using the 91500
(1065.4 £+ 0.6 Ma, n = 28; Wiedenbeck et al.,
2004) and PleSovice (337.1 + 0.4 Ma, n = 28,;
Slama et al., 2008) zircon reference materials.
The fractionation and drift corrections were
made using GLITTER 4.0 and the initial-Pb
corrections followed the approach of Andersen
(2002). Age calculations and Concordia dia-
grams were produced using Isoplot software
(Ludwig, 2003). Zircon U-Pb isotopic data for
the Mawgyi Volcanics are presented in Support-
ing Information Table S2'.

Whole-Rock Geochemistry

Samples showing minimal signs of alteration
(N = 83) were powdered to <74 pm for whole-
rock geochemical analysis. Loss-on-ignition
was measured after one hour of baking at 1000
°C. Sample powders (0.5 g) were fused with
5 g of lithium tetraborate (Li,B,O,) at 1050 °C
for 20 min and cooled as glassy flakes. Major
element concentrations were then determined
using an AXIOS X-ray fluorescence spectrom-
eter at the Institute of Geology and Geophys-
ics, Chinese Academy of Sciences, Beijing,
China. Analytical uncertainties are generally
better than +1% for all major elements. Trace
elements (including rare earth elements, REEs)
were determined using aerosolized solution
and a Thermo Quadrupole ICP-MS at ITPCAS.
Sample powders (40 mg) were dissolved in 1 ml

ISupplemental Material. Age information on
ophiolites and arcs from Myanmar and Andaman,
geochronological and geochemical data for the
mid-Cretaceous Mawgyi Volcanics in the Wuntho-
Popa arc of western Myanmar, and published ages
associated with the Neotethyan ophiolites and
island arcs, with which the reader can replicate
our analyses. Please visit https://doi.org/10.1130/
GSAB.S.14720742 to access the supplemental
material, and contact editing@geosociety.org with
any questions.
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of distilled 20 N HF and 0.5 ml of 7.5 N HNO;
in capsules, then enclosed with alloy steel
sleeves and heated to 170 °C for seven days. The
solutions were dried and re-dissolved within
2 ml of 7.5 N HNO;. Finally, the solutions were
diluted in 2% HNO; to 50 ml before analysis.
BHVO-1 and BCR-1 reference materials were
used to monitor the accuracy and reproducibil-
ity; standard deviation was better than +5%. Sr-
and Nd-isotopes were measured on a Nu Plasma
II multi-collector ICP-MS at ITPCAS; method-
ologies followed Wang et al. (2017b). Samples
for Sr and Nd isotopic analysis were digested in
an acid mixture of HF-HNO; in Teflon bombs
at 150 °C for 48 h. Sr and Nd were separated
in cation exchange columns containing the
AG50W-X4 resin and TODGA resin, respec-
tively. Measured #7Sr/%Sr and '3Nd/'“*Nd ratios
were normalized to “SNd/'“Nd = 0.7219 and
86Sr/88Sr = 0.1194 for mass fractionation cor-
rections. The NBS987 and JNd;-1 international
standards were used to assess instrument stabil-
ity during data collection. The total procedural
blanks were 70 pg for Nd and 300 pg for Sr,
which were negligible considering the mea-
sured Nd-Sr concentrations of samples. Dur-
ing the course of this study, the mean 87Sr/%6Sr
value for NBS987 was 0.710239 £ 9 (n = 10,
20) and the mean 3Nd/'*Nd for JNd;-1
was 0.512120 + 6 (n = 10, 20). In addition,
BCR-2 yielded 37Sr/36Sr = 0.705006 + 8 and
Nd/"Nd = 0.512631 £ 6 (n =5, 20). For
routine analyses, the 20 analytical errors were
<0.000020 for #Sr/%Sr and <0.000010 for
43Nd/™*Nd. Major and trace element data and
Sr- and Nd-isotopic compositions for the Maw-
gyi Volcanics are presented in Supporting Infor-
mation Table S3 (see footnote 1).

RESULTS
Geochronological Results

Zircons from sample 15M116 (gabbro) do
not show oscillatory zoning in CL. The crys-
tals are mostly enhedral and colorless in the
range of ~100-200 pm in size with aspect
ratios of 2:1-3:1. Twenty-four analyses have
Th/U ratios of 0.34-0.90 and yield a Concor-
dia 20°Pb/>38U age of 93.69 + 0.25 Ma (mean
square weighted deviation [MSWD] = 1.8,
n = 24; Fig. 5A). Zircons from sample
15M109C (basaltic andesite) are colorless and
euhedral and are ~50-150 pm in length with
aspect ratios from 1:1-4:1. These zircons have
high Th/U ratios of 0.53-0.81 and show oscil-
latory zoning in CL images. Eighteen analyses
on zircon crystals yield 2°Pb/>38U ages between
100 + 2 Ma and 108 + 2 Ma, with a Concor-
dia age of 105.7 £ 0.3 Ma (MSWD = 0.42,
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n = 18; Fig. 5B). Thirteen zircons from sample
15M114A (basaltic andesite) show two sub-
groups in CL images. Five zircons that show
a bright luminescence response and oscillatory
zoning have high Th/U ratios of 0.53-1.09 and
yield 20°Pb/?*#U ages between 98 and 110 Ma
with a mean age of 104 £ 3 Ma (MSWD = 13,
n = 7; Fig. 5C). Six other zircons with a low
luminescence response have lower Th/U
ratios of 0.19-0.33 and yield much older
206Ph/238U and 20°Pb/?7Pb ages ranging from
339 to 2229 Ma. Zircon grains from 15M139B
(andesite) are colorless and enhedral are ~80—
150 pm in length with aspect ratios of 1:1-3:1.
Zircon grains with Th/U ratios of 0.48-0.98
yield a mean 2°Pb/?38U age of 93.5 + 2.4 Ma
(MSWD = 3.3, n = 19; Fig. 5D) and only one
grain, with high Th/U ratios (1.56) yields an
older 2°Pb/?7Pb age of 1221 + 20 Ma. The
zircons crystals of 16SLO5A (rhyolite) are
pink, and exhibit oscillatory zoning. Twenty
analyses of 16SLOS5A zircon crystals with high
Th/U ratios of 0.54—1.05 yield a Concordia age
of 100.7 0.2 Ma (MSWD = 3.3, n = 20;
Fig. SE). Our new dating results, together with
one “Ar/3°Ar age (100.9 + 0.2 Ma; Wester-
weel et al., 2019), show that the Mawgyi Volca-
nics formed between 105 Ma and 93 Ma. This
is the oldest magmatic pulse recognized for the
‘Wuntho-Popa arc.

Geochemical Results

The lack of easily identified marker horizons
in the Mawgyi Volcanics, the lack of distinc-
tive field characteristics in the volcanic suc-
cessions, and the large spatial extent of the
exposures associated with ophiolites (Mitch-
ell, 1993) necessitate a geochemical approach
to describe these rocks. Such an approach has
often been applied to study the SSZ ophiolites
elsewhere (e.g., Dilek and Thy, 2009). Because
the Mawgyi pillow lavas and dikes show some
signs of hydrothermal alteration, it is impor-
tant to focus on elements that are relatively
stable during such processes. In general, low-
temperature reactions between seawater and
rocks result in minor leaching of Fe and Si, and
enrichment of Na and Mg. Alternatively, Al, P,
and Ti are the least mobile elements, and Ca
is usually depleted (Seyfried and Mottl, 1982).
The trace elements of Cr, Co, Ni, V, high field
strength elements (HFSEs: Nb, Ta, Hf, Zr, Ti,
Th), REEs, and Y are relatively immobile dur-
ing alteration (Pearce and Norry, 1979; Sey-
fried and Mottl, 1982). K, Rb, and Cs have
been shown to be enriched during alteration of
volcanic glass rinds in pillow basalts (Staudigel
and Hart, 1983). Ba exhibits variable alteration
trends (Humphris and Thompson, 1978) and Pb
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Figure 5. Zircon U-Pb ages and cathodolu-
minescence images of the Mawgyi Volcanics
in the Wuntho-Popa arc of western Myan-
mar. Wuntho: (A) gabbro (15M116); (B)
and (C) basaltic andesites (15M109C and
15M114A); (D) andesite (15M139B); Salin-
gyi: (E) rhyolite (16L05A). MSWD—mean
square weighted deviation.

<
<

typically becomes depleted relative to unaltered
rocks (Teagle and Alt, 2004). Therefore, those
elements that are resistant to hydrothermal
alteration are primarily used here to build the
geochemical diagrams and classify the Mawgyi
Volcanics. This study focuses on the basaltic
rocks, which carry the most suitable informa-
tion regarding mantle melting and the tectonic
settings. Herein, the geochemical data for the
Salingyi rhyolite (16SLO0S) are provided and
its origin was possibly ascribed to extremely
fractional crystallization from nearby dolerites
or the slab melting of the young oceanic crust
(Peacock et al., 1994).

All of the rocks studied here exhibit low-K to
medium-K signatures (Fig. 6A), although K,O
may have been enriched during alteration (Stau-
digel and Hart, 1983). Three types of rocks are
identified on the basis of their distinctive REE
patterns (normalized to normal (N)-MORB
values; Gale et al., 2013). These include: (1)
tholeiitic basalts and dolerites that exhibit flat
REE patterns like MORBs with Lay of 0.3—
0.8 (Fig. 6C), but lower TiO, (0.6-1.1 wt%;
Fig. 7), and P,05 (0.02-0.15 wt%). These
rocks are more depleted in REEs and HFSEs
(except for Th) concentrations (Figs. 7A-7J)
but have higher V/Ti ratios (Fig. 8C) than those
of MORBs. These geochemical signatures
resemble the protoarc basalts either in the Izu-
Bonin-Mariana (IBM) forearc (Ishizuka et al.,
2011a; Reagan et al., 2010; Shervais et al.,
2019) or at the International Ocean Discovery
Program (IODP) Site U1438 (Arculus et al.,
2015; Hickey-Vargas et al., 2018; Yogodzin-
ski et al., 2018). We note that the light REE
(LREE) depletions are more pronounced in the
Salingyi dolerites than in the Wuntho volcanic
rocks (Fig. 6C). The coarse-grained gabbro
sample exhibits no positive Eu anomaly, which
suggests that it is a crystallized melt instead
of a cumulative dike. This gabbro sample also
has a flat REE pattern and the lowest total REE
concentration which is similar to the nearby
volcanic rocks (Fig. 6C). (2) The island arc
tholeiites show slightly fractionated REE pat-
terns with Lay of 0.9-1.9. (3) The island arc
calc-alkaline rocks are characterized by their
strongly fractionated REE patterns with Lay of
2-4. All these rocks exhibit significant HFSE

238U
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Figure 6. Geochemical classifications of the Mawgyi Volcanics in the Wuntho-Popa arc of western Myanmar. (A) K,O versus SiO, (Pec-
cerillo and Taylor, 1976); (B) Th/Yb versus Nb/Yb (Pearce, 2008); (C) Normal mid-oceanic ridge basalt (N-MORB)-normalized rare earth
element patterns; (D) N-MORB-normalized multi-element diagram. The N-MORB values and Indian mid-oceanic ridge basalt (MORB)
data are from Gale et al. (2013); Data of the Eocene depleted basalts and boninites in the Izu-Bonin-Mariana forearc and the International
Ocean Discovery Program (IODP) Site U1438 are from the literature (Arculus et al., 2015; DeBari et al., 1999; Haugen, 2017; Hickey-Var-
gas et al., 2018; Ishizuka et al., 2011a; Kanayama et al., 2012; Reagan et al., 2010, 2015; Shervais et al., 2019; Yajima and Fujimaki, 2001).
The drilling IODP Site U1438 is located west of the Kyushu-Palau Ridge and within the Amami Sankaku Basin in the northwest of the
Philippine Sea plate. The classification of the high-Si and low-Si boninite series follows Kanayama et al. (2013); the fields for distinguishing
the intraoceanic arc from the continental arc are defined by data compiled from Schmidt and Jagoutz (2017). E-EMORB—enriched MORB;

OIB—ocean island basalt.

troughs and Sr, Pb spikes in the N-MORB-nor-
malized multiple-element diagram (Fig. 6D);
these signatures are indicative of arc magmas
(Pearce and Peate, 1995; Schmidt and Jagoutz,
2017). There is a systematic increase of Th/Yb
from the MORB-like to island arc tholeiitic and
calc-alkaline rocks (Fig. 6B). Th enrichments
of the MORB-like rocks are less pronounced
than those of island arc tholeiite and calc-alka-
line rocks, but all do show an affinity with the

Geological Society of America Bulletin, v. 134, no. 3/4

intraoceanic arc rather than the continental arc
(Fig. 6B; Pearce and Peate, 1995; Schmidt and
Jagoutz, 2017).

Although the freshest samples were selected
for isotope analysis, the effects of hydrother-
mal alteration cannot be completely precluded,
in particular for Sr isotopes. All the rocks have
87Sr/36Sr; ratios between 0.7041 and 0.7054,
indistinguishable from those of the altered oce-
anic crust (AOC). The MORB-like and island
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arc tholeiitic rocks exhibit relatively higher
eNd, values (47 to +3) than those of island arc
calc-alkaline rocks (+5.4 to 4-1.0), but all rocks
have slightly lower eNd, values than those of the
modern Indian MORBs (Fig. 9A; Gale et al.,
2013). The Mawgyi Volcanics are slightly more
depleted in initial Nd isotope than those of the
Wauntho-Popa batholiths, but are distinct from
and much more juvenile than the Mogok-Mergui
batholiths (Sibumasu continental arc; Fig. 9A).

857



Liyun Zhang et al.

30 T 300 T T T T 7 T T T T 1. T 1.0 T
A B v:l‘:’gxi'cs Salingyi Wuntho . 7C Izu-Bonin-Mariana(IBM) D E
25F 1 250F - 1smite | 3 X Forearc Basalt (FAB) toarc basalt
MORB-like M ()] O(gabbro) T SiteUt438Basait _rProtoarc basal 0.8f ]
LE 3 . Indian MORB E 7 ] =
20 g 200 € P g 1
o g 4 06 &
L@ 3 Le 1 T
15k 3 180 = ] =
0.4 7
10 — — ] 4
0.2 b
5 o — — i
0 | I I I I I I I I I L I 0 I I I
T T T T T T T T T T T T T T T
.| F ] ] ] 1
6 B q 1 1ok = ]
5
5 ] ] <
] b o
4 — — =z
E 15k i
3 - i
) ] ] E 4
1 I I I I I 0 I I 1 I I I I
T T T T T T T T T T T T
7 ] 1aM ]
6 g [y Joafb B
ERrys ]
5 ] S ©
5Fd — p o Ss0
4 B ] = 02 = S i
4T B = i
3 1 140 & ] L e
2 A 2 401 r X 2 il
1 E . ] : g% ok
0 L L L L 0 \X L L L L NN S S B 0.0 L L L Il 0 L L L L L
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
TiO, (wt. %) TiO,(wt. %) TiO, (wt.%) TiO,(wt.%) TiO,(wt.%)

Figure 7. Selected fluid-immobile trace element abundances and ratios versus TiO, comparing the Mawgyi mid-oceanic ridge basalt
(MORB)-like rocs from the Wuntho-Popa arc of western Myanmar with the Indian MORBs (Gale et al., 2013) and the IBM protoarc ba-
salts. TiO, versus Ce (A), Zr (B), Hf (C), Th (D), Ta (E), Yb (F), Y (G), Lu (H), La (I), Nb (J), Ce/Yb (K), Zr/Y (L), Hf/Lu (M), Th/La (N),
and La/Nb (O). Data sources for the IBM protoarc basalts and the Indian MORBs are the same as in Figure 6.

m ]
o g ]
@) o) i
= = !
Z z
q) ~
e <
€ 0.1- lzu-Bonin-Mariana(IBM) = Q -
© - X Forearc Basalt (FAB) g 3
2] - T site U1438 Basalt _FProtoarc basalt n ]
- O Low-SiBoninite (LSB) 7]
i High-Si Boninite (HSB) )
0.0 [ I T T R Y O A | gopb—L—Lt 11
La Pr Eu Tb Ho Tm Lu La Pr Eu Tb Ho Tm Lu
Ce Nd Sm Gd Dy Er Yb Ce Nd Sm Gd Dy Er Yb
650 T T 3 10000¢ T T3
600F C E £S0U0S SOUCRZ o et sequencesandirends ]
550 E N * M plg — cpx |
E E D . Arcbasalt:  cpx—3» plg
5005 MORB 3 r 40% i g
—~450F 3 iz
E 3 =1000F © E
£ 400f o 3 ETTE 2 E
£350F =C F S 1
= 300E oB 16 i 000 %) ]
250F 3
b 100 3 L -
150F o Mawgyi L = E ]
1005_ * Volcanicssa“ngy' Wuntho 3 r ]
50 MORB-ike WM =~ @ 0(1:5’1\:':1:15) 3 | Indian MORBs _
0 P T S R R 10 L
0 5 10 15 20 25 1 10
Ti/1000 m
858 Geological Society of America Bulletin, v. 134, no. 3/4

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/134/3-4/849/5546152/b35818.1.pdf

bv Mihai N Ducea

100

Figure 8. Rare earth element
patterns of the Mawgyi mid-
oceanic ridge basalt (MORB)-
like rocks from western
Myanmar compared with the
IBM protoarc basalts (A) and
boninites (B); (C) V verses Ti
diagram (Shervais, 1982); (D)
Cr verses Y diagram (Pearce
et al., 1984). The dashed curves
represent incremental batch
melting trends and sources
1, 2, and 3 represent source
compositions from Murton
(1989) and Pearce et al. (1984).
Mantle Source 1 represents
a calculated plagioclase (plg)
lherzolite containing 0.60 oliv-
ine + 0.20 orthopyroxene + 0.10
clinopyroxene (cpx) and Source
2 represents the residual
mantle subsequent to 20%
melt (MORB) extraction from
Source 1. Source 3 represents
a more depleted source after
~12% extraction of Source 2.
Data sources for the IBM pro-
toarc basalts and boninites are
the same as in Figure 6.
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Origin of the Mawgyi Volcanics

Investigations of the modern Izu-Bonin-Mar-
iana (IBM) forearc system led to the conclu-
sion that the sequences of distinctive magmatic
types generated during subduction initiation
are layers of tholeiitic basalts, followed by,
and to some extent concurrent with, boninites,
and then succeeded by more typical island arc
tholeiite and calc-alkaline rocks (DeBari et al.,
1999; Ishizuka et al., 2011a, 2011b; Pearce
et al., 1992; Reagan et al., 2010, 2019; Stern
and Bloomer, 1992). The IBM earlier tholeiitic
basalts are more depleted in lithophile trace
elements than MORBs but less depleted than
boninites. Reagan et al. (2010) termed these
depleted basalts as forearc basalts (FABs) and
described them as tholeiites with trace element
patterns more depleted than average MORBs
(Figs. 7A-7J) but lacking subduction compo-
nents (Figs. 9C and 9D). These depleted mag-
mas were interpreted as the initial products of
decompression melting by upwelling asthe-
nosphere above the leading edge of a newly
foundering oceanic plate during subduction
initiation (e.g., Reagan et al., 2010, 2015; Sher-
vais et al., 2019). Boninites, nearly simultane-
ous with FABs (Reagan et al., 2019), exhibit
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they were extremely depleted in TiO, (<0.5%)
and heavy REEs (Fig. 8B; Pearce et al., 1992;
Umino et al., 2015), and were probably gener-
ated by fluid-flux mantle remelting of the FAB
residues at relatively lower potential melt-
ing temperatures (e.g., Langmuir et al., 2006;
Lee et al., 2009). Alternatively, the basement
basalts from the IODP Site U1438 are indis-
tinguishable from the IBM FABs with respect
to trace elements and isotopes (Arculus et al.,
2015; Hickey-Vargas et al., 2018; Yogodzinski
et al., 2018; Locus of data in fig. 1 of Arcu-
lus et al., 2015), but boninites have not been
recognized in this location yet. Prior to drill-
ing by the IODP Expedition 351, the basaltic
section at IODP Site U1438 was inferred to
be the pre-existing Cretaceous oceanic crust
where the IBM arc was built (e.g., Ishizuka
et al., 2011b). However, recent findings indi-
cate that the IODP Site U1438 basalts may have
formed within the earliest 3 Ma of subduction
initiation in a region close to but farther from
the Pacific plate edge than boninites (Arculus
et al., 2015; Ishizuka et al., 2018; Hickey-
Vargas et al., 2018; Yogodzinski et al., 2018).
Collectively, the depleted basalts and boninites
in the modern IBM forearc and in the IODP
Site U1438 represent the protoarc crust above
a near-trench seafloor spreading center during
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tiation (ca. 52 Ma, Arculus et al., 2015; Hickey-
Vargas et al., 2018; Ishizuka et al., 2018; Li
et al., 2019a; Reagan et al., 2015, 2019; Sher-
vais et al., 2019; Yogodzinski et al., 2018). In
this context, our geochemical results indicate
that the Mawgyi Volcanics are dominated by
the MORB-like rocks, which resemble the IBM
protoarc basalts. It is generally thought that the
Indian asthenospheric mantle prevailed during
the Eocene IBM subduction initiation (e.g.,
Hickey-Vargas, 1998; Li et al., 2019a; Yogodz-
inski et al., 2018) and that the Neotethyan
Ocean was also governed by the Indian Ocean
mantle domain (e.g., Mahoney et al., 1998;
Zhang et al., 2005). Thus, a complete com-
parison to the IBM protoarc basalts and to the
modern Indian MORBs (Gale et al., 2013) is
performed below to better understand the origin
of the Mawgyi MORB-like rocks (Figs. 6-8).
The Mawgyi MORB-like rocks exhibit flat
REE patterns (Fig. 6C) but are characterized
by depletions in REEs, HSFEs (except for Th),
and TiO, abundances when compared with
the Indian MORBSs, which resembles those of
the IBM protoarc basalts (Fig. 7). However,
some minor differences between the Mawgyi
MORB-like rocks and the IBM protoarc basalts
are also illustrated below. For example, the
Mawgyi MORB-like rocks show flatter REE
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patterns relative to those of the IBM protoarc
basalts (Fig. 8A). The Mawgyi MORB-like
rocks are systematically more enriched in Ce,
Zr, and Hf (Figs. 7A-7C) but depleted in Yb,
Lu, andY (Figs. 7F-7H), resulting in the higher
ratios of Ce/Y, Zr/Y, and Hf/Lu than those of
the IBM protoarc basalts (Figs. 7K-7M). Th
enrichments are more significant for the Maw-
gyi MORB-like rocks than for the IBM proto-
arc basalts (Fig. 7D). Particularly, the Wuntho
volcanic rocks carry a unique sediment-enrich-
ment signature with high Th/La ratios (Plank,
2005; Fig. 7N). Similar sediment-enrichment
signatures have not been recognized in the Sal-
ingyi dolerites or in the IBM protoarc basalts
(Li et al., 2019a; Shervais et al., 2019; Yogodz-
inski et al., 2018). Additionally, the Wuntho
volcanic rocks are more enriched in LREEs
than those of the Salingyi dolerites, result-
ing in higher La/Nb of typical arc signatures
(Fig. 70). In comparison with the IBM forearc
boninites, the Mawgyi MORB-like rocks have
flat REE patterns akin to the low-Si boninites,
but are more enriched in total REEs (Fig. 8B).

The diagnostic Ti-V diagram of Shervais
(1982) clearly shows that the Mawgyi MORB-
like rocks are similar to those of the IBM pro-
toarc basalts but differ from the Indian MORBs
(Fig. 8C). Two causal mechanisms for this
distinctive geochemical signature can be used
to distinguish the IBM FABs from MORBs:
mantle source depletion in Ti and enrichment
in V during melting at a more oxidizing state
(Reagan et al., 2010). The first scenario sug-
gests that Ti depletion in FABs relative to
MORBS can either have resulted from higher
degrees of partial melting of fertile mantle or
inherited, in part, from a more depleted mantle
source (Shervais et al., 2019). Thermodynamic
calculations and experimental results indicated
that mantle melting through fluid fluxing will
be enhanced and resulted in higher degrees of
melting (Grove et al., 2006; Hirschmann et al.,
1998), thus leading to depletion of Ti in the
IBM FABs relative to the MORBs. The relative
degrees of partial melting can be estimated by
using the Cr-Y diagram (e.g., Murton, 1989;
Pearce et al., 1984). The Mawgyi MORB-like
rocks exhibit higher degrees of partial melt-
ing than those of IBM protoarc basalts but
lower than those of the IBM forearc boninites
(Fig. 8D). Such uniquely depleted basalts can
be expected as a reflection of the distinctive
mantle melting during subduction initiation.
Mantle depletion events also have been linked
to higher degrees of partial melting under more
oxidizing conditions during subduction initia-
tion (Reagan et al., 2010). The second scenario
invokes the reasoning of Shervais (1982) where
the island arc basalts have lower Ti/V ratios
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relative to MORBs because mantle source oxi-
dations dramatically increase even with a small
amount of fluid fluxing. These oxidizing condi-
tions of the mantle may be established quickly
when the slab dehydration commences during
subduction initiation beneath a hot and incipi-
ent asthenospheric wedge (e.g., Brounce et al.,
2015). In this context, the Salingyi dolerites
were produced under less oxidizing conditions
than those of the Wuntho volcanic rocks. Cru-
cially, the Wuntho volcanic rocks are more akin
to the IBM FABs, whereas the Salingyi dolerites
would be more closely related to the IODP Site
U1438 basalts (Fig. 8C). As such, the Wuntho
volcanic rocks were erupted above the incipient
slab while the Salingyi dolerites were intruded
at a distance from the slab edge.

Definitive identification for subduction
enrichment of the IBM protoarc basalts is dif-
ficult to assess with whole-rock geochemical
data because enrichment of these fluid-mobile
elements (e.g., U, K, Rb, Sr, Pb, Ba) could be
either an igneous signature of primary magmas
sourced from slab-derived hydrous fluids, or
could be introduced from seawater alteration
(e.g., Hickey-Vargas et al., 2018), or both. The
least-altered glasses in a majority of IBM FABs
lack geochemical evidence for involvement of
slab-derived hydrous fluids (Coulthard et al.,
2017). In addition, Th depletion and low Th/
La ratios preclude sediment melts to form the
IBM FABs (Fig. 9C). New measurements of
radiogenic isotopes support the previous con-
clusion again that the IBM FABs do not have
discernible subduction-related components (Li
et al., 2019a). Surprisingly, the coeval forearc
boninites carry the geochemical signatures of
significant slab contributions including the
presence of hydrous fluids, sediment-derived
melts, and even melts from altered oceanic
crust (Coulthard et al., 2017; Li et al., 2019a;
Pearce et al., 1992; Reagan et al., 2019). La is
fluid-mobile but more resistant to alteration
than Ba. The La/Yb of the Mawgyi MORB-like
rocks are consistently higher than those of IBM
protoarc basalts (Fig. 9D). This suggests some
slab-derived fluids contributed to the produc-
tion of the Mawgyi MORB-like rocks. In par-
ticular, the Salingyi dolerites and the IBM pro-
toarc basalts are indistinguishable with respect
to Th, Th/Yb, Th/Nb, and Th/La (Figs. 7D,
6B, 9C, and 9D). This means that the Salin-
gyi dolerites lack traditional compositional
signals of subduction enrichment. The Wuntho
volcanic rocks are significantly enriched in Th
and thus much higher Th/Nb and Th/La than
those of IBM protoarc basalts (Figs. 7D, 6B,
and 9C). Crucially, this suggests that the Wun-
tho volcanic rocks carry a prominent signal of
slab-derived melts. In general, Th/La is a use-
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ful tracer of sediment recycling at subduction
zones (Plank, 2005). The Th/La is pronounced
in the Wuntho volcanic rocks, indicating addi-
tions of sediment-derived melts (Fig. 9C).
The initial Nd isotopic values of the Mawgyi
MORB-like rocks are lower than those of the
Indian MORBs data (Fig. 9A), if the sediment-
derived melts had initial Nd isotopic values like
those found in Oman ophiolites (ca. 95 Ma;
Haase et al., 2015; Fig. 9B). Furthermore, Hf/
Nd and initial Nd isotopic values can be used
to distinguish a sediment-melt from an AOC
melt; AOC melts are characterized by higher
Hf/Nd ratios (~0.55; Li et al., 2019a). The
Mawgyi MORB-like rocks have slightly higher
Hf/Nd ratios than those of the Indian MORBs,
suggesting input of AOC melts (Fig. 9B). We
propose that AOC melts, such as the Salin-
gyi rhyolites with low St/Y ratios (~8), were
probably generated at shallow depths and hot
environments as a result of high-temperature
amphibolitic and/or granulitic melting (Green
et al., 2016; Soret et al., 2017).

The geochemical signatures of the Mawgyi
tholeiite and calc-alkaline rocks with moderately
to highly fractionated REE patterns (Fig. 6C)
suggest little input of AOC melts (Fig. 9B)
but some involvement of subducted sediments
(Figs. 6B, 9C, and 9D). The Mawgyi tholeiite
and calc-alkaline rocks are distinct with respect
to Th/Yb (Fig. 6B), Th/La (Fig. 9C), and La/Yb
(Fig. 9D). The relative depletions and enrich-
ments in trace element denote the intraoceanic
arc magmas globally (Figs. 6B and 6D; Schmidt
and Jagoutz, 2017; Stern, 2002).

A Continental or an Intraoceanic Arc?

It has been proposed that the Early Creta-
ceous Western Belt ophiolites within the Indo-
Burma ranges were connected to the Yarlung-
Tsangpo ophiolites (Fareeduddin and Dilek,
2015; Htay, 2017; Liu et al., 2016a; Niu et al.,
2017), which may have formed in a continen-
tal forearc setting at a pre-existing subduction
zone (e.g., Dai et al., 2013; Maffione et al.,
2015a; Qian et al., 2020). Sediments sourced
from the Lhasa terrane—the southernmost of
the Gondwana derived Tibetan terranes—were
deposited on these ophiolites (Laskowski et al.,
2019; Orme et al., 2015; Wang et al., 2017a)
and filled the Xigaze forearc basin at ~16.5°N
paleolatitude (Huang et al., 2015). The Kanza
Chaung Batholith and Kondan Chaung Group
in the Wuntho ranges are the northern seg-
ments of the Wuntho-Popa arc (Fig. 3A). New
paleomagnetic constraints yielded a southern
hemisphere paleolatitude of ~5°S between
97 Ma and 87 Ma (Westerweel et al., 2019). If
the Wuntho-Popa arc was the southeastern con-

Geological Society of America Bulletin, v. 134, no. 3/4



Forced subduction initiation within the Neotethys, Wuntho-Popa arc, Myanmar

tinuation of the Gangdese arc (Li et al., 2020a;
Linetal.,2019; Wang et al., 2014; Zhang et al.,
2017b; Zhang et al., 2018), it necessitates the
configuration along the southernmost Asian
continental margin to be orientated nearly
N-S between 97 Ma and 87 Ma. That scenario
would have resulted in a hyper-oblique subduc-
tion zone unfavorable to explain the extensive
arc magmatism in Myanmar (Fig. 2). These
paleomagnetic results thus have two major tec-
tonic implications (Westerweel et al., 2019):
(1) the Wuntho-Popa arc was separated from
the Western Belt ophiolites during the mid-
Cretaceous time by 20° of latitude, although
presently close in latitudinal positions (Fig. 1);
and (2) the mid-Cretaceous Wuntho-Popa arc
was an island arc, part of the trans-Neotethyan
intraoceanic arcs at a near-equatorial latitude
and isolated from a continental setting from the
mid-Cretaceous to the mid-Eocene. This long-
period of isolation from terrigenous sediment
sources potentially explains why the detritus
that infilled the Central Myanmar Basin was
predominantly derived from a juvenile arc, the
‘Wuntho-Popa arc (Cai et al., 2019; Licht et al.,
2018; Wang et al., 2014). There was an abrupt
increase in the contribution of ancient crustal
material after the mid-Eocene as the WBT
moved toward the Sibumasu Terrane and the
eastern Himalayan syntaxis (Licht et al., 2018;
Wang et al., 2014; Westerweel et al., 2020).
Crucially, the numerous Burmese amber fos-
sils, collected from the Hukawng valley in the
northern WBT (Fig. 2A) and considered to be
mid-Cretaceous in age (Shi et al., 2012), pro-
vide no evidence of a Laurasian distribution at
that time (e.g., Poinar, 2018). Until the mid-
Eocene, the WBT was at a crossroads for plant
dispersal between Gondwana and Laurasia
(e.g., Huang et al., 2021). Along the lines of
Westerweel et al. (2019), we speculate that the
younger Andaman ophiolites, instead of the
Western Belt ophiolites, would correlate with
the Wuntho-Popa arc because of the large-mag-
nitude northward translation of the WBT since
mid-Eocene time along the Sagaing Fault. Dis-
placement along the Sagaing Fault is thought
to be in the range of 1100-2000 km according
to the mid-Eocene paleolatitude and geologic
evidence (Mitchell, 1993; Westerweel et al.,
2019). Compositional similarities between the
definitive Mawgyi MORB-like magmas and the
IBM protoarc basalts, the temporal coincidence
between the Wuntho-Popa arc and many Neo-
tethyan ophiolites or island arcs along the east-
ern Mediterranean, Middle East, Pakistan, and
Southeast Asia encourage us to conclude that
the formation of the Mawgyi Volcanics resulted
from intraoceanic subduction initiation within
the Neotethys.
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Spontaneous or Induced Subduction
Initiation within the Neotethys?

The mechanisms and processes of intra-
oceanic subduction initiation remain widely
debated. These uncertainties include where
subduction zones begin and how magmas
respond. Two main conceptual end-member
mechanisms are considered: spontaneous sub-
duction initiation (SSI) and induced subduction
initiation (ISI; Stern, 2004). SSI alone cannot
explain the occurrences of the mid-Cretaceous
intraoceanic arcs and SSZ ophiolites over a dis-
tance of 8000 km within the entire Neotethyan
Ocean (Fig. 12). One fundamental criterion that
would discern between SSI and ISI (Fig. 10) is
the time lag between lower plate burial and upper
plate extension (e.g., Guilmette et al., 2018). The
initial burial of the lower plate is best recorded
in metamorphic soles which many SSZ ophiol-
ites rest on (e.g., Wakabayashi and Dilek, 2000).
Metamorphic soles were generally derived from
the uppermost crust of the subducting lower
plate and preserved from further subduction by
welding to the mantle section of the upper plate
during subduction zone infancy, and thus have
directly recorded the initial burial of the lower
plate after nucleation of a subduction interface
(Agard et al., 2016; Guilmette et al., 2018;
Soret et al., 2017). Amphibolites exposed at the
top of many metamorphic soles exhibit peak
metamorphic conditions of high-temperature
amphibolite and/or granulite facies (11-13 kba
and ~850 °C; Agard et al., 2016; Soret et al.,
2017). Metamorphism of oceanic crust in such
conditions requires subduction along an anoma-
lously hot geothermal gradient that would typi-
cally be restricted to the earliest stage of plate
subduction (Agard et al., 2016; Soret et al.,
2017; Wakabayashi and Dilek, 2000). Upper
plate extension immediately corresponds with
the lower plate sinking, resulting in upwelling
of the hot asthenosphere, near-trench spreading,
and formation of the IBM protoarc basalts (Hall
et al., 2003; Shervais, 2001; Stern and Bloomer,
1992; Arculus et al., 2015; Hickey-Vargas et al.,
2018; Ishizuka et al., 2011a, 2018; Reagan et al.,
2010, 2015; Li et al., 2020b; Yogodzinski et al.,
2018). In the above context, the formation of the
metamorphic soles associated with the Anda-
man ophiolites (106—105 Ma; Plunder et al.,
2020) occurred immediately prior to the onset
of the Mawgyi Volcanics magmatism (105—
93 Ma). Additionally, these metamorphic soles
in the Andaman Islands formed much earlier
than those felsic rocks (diorites, trondhjemites,
and plagiogranites) associated with the ophio-
lites (95-93 Ma; Pedersen et al., 2010; Sarma
et al., 2010). We propose that ISI provides the
most likely explanation for the Wuntho-Popa
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arc, especially given consideration of the spatial
association between the Andaman ophiolites and
the Wuntho-Popa arc during the mid-Cretaceous.

Where Did Intraoceanic Subduction
Initiation Begin?

Induced subduction initiation requires special
geodynamic circumstances in the ocean. For
example, the nucleation of subduction along
pre-existing weak zones requires far afield
plate forces (Fig. 10; Stern and Gerya, 2018).
The most widely distributed pre-existing weak
zones within oceanic basins are transform faults
(Casey and Dewey, 1984; Forsyth and Uyeda,
1975) and fracture zones (Mueller and Phillips,
1991; Toth and Gurnis, 1998). Subduction can
also nucleate parallel to (ultra)slow-spreading
mid-oceanic ridges (Agard et al., 2007; Gurnis
et al., 2004; Maffione et al., 2015b; van Hins-
bergen et al., 2015) where nearby extensional
detachment faults cutting oceanic crust and deep
into the mantle have been widely documented
(e.g., Escartin et al., 2008; MacLeod et al.,
2002; Smith et al., 2006). Ridge inversion has
been proposed for subduction nucleation based
on geological records within the Neotethyan
Ocean and in the western Philippines (Hacker
etal., 1991; Keenan et al., 2016; Maffione et al.,
2015b, 2017; Nicolas and Boudier, 2017; van
Hinsbergen et al., 2015). Since mid-oceanic
ridges are commonly segmented by transform
faults, both ridges and transform faults are likely
to contribute to subduction nucleation in some
form when the convergent forces oblique to the
spreading direction are applied (Maffione et al.,
2015b). Although it is difficult to identify exactly
where subduction initiation nucleated within the
Neotethyan Ocean, the E-W spatial distribution
of mid-Cretaceous SSZ ophiolites and intra-
oceanic arcs may provide clues to discriminate
between transform faults and mid-oceanic ridges
(Fig. 12). If reconstructions of the Neotethyan
Ocean with near E-W-trending spreading ridges
are correct (Gibbons et al., 2015; Jagoutz et al.,
2015; Miiller et al., 2019; Seton et al., 2012; van
Hinsbergen et al., 2016, 2020; Zahirovic et al.,
2016), we infer that subduction initiation by
large-scale ridge inversion (Fig. 11) may have
been widespread within the Neotethyan Ocean
during the mid-Cretaceous time (Fig. 12C).

Although the thin lithosphere adjacent to
ridges could potentially be more easily deformed
than cold, thick oceanic lithosphere, the negative
buoyancy of young oceanic lithosphere driven
by asthenospheric upwelling implies some resis-
tance of downwarping and shearing to nucleate
subduction (Cloos, 1993). However, numerical
modeling experiments suggest that the resistance
of young thin oceanic lithosphere to downwarp-
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Figure 10. Conceptual models distinguishing between spontaneous and induced subduc-
tion initiation within ocean modified after Stern (2004) and Guilmette et al. (2018). One
fundamental criterion that would discern between SSI and ISI is the time lag between lower
plate (No. 2) burial and upper plate (No. 3) extension. Herein, we emphasize that the time
lag during subduction initiation is, in fact, a function of a critical plate convergence. SSI
(e.g., gravitational failure) results in a time lag of zero with zero net plate convergence. Al-
ternatively, ISI requires a period of far afield forced convergence and results in a time lag of
several million years for plate consumption. Numerical models suggest that this critical net
convergence between 100 km and 200 km is least required for ISI (Gurnis et al., 2004; Hall
et al., 2003; Leng and Gurnis, 2011; McKenzie, 1977), which is 2—4 times, in length, more
than is necessary for metamorphic sole formation (<50 km, given initial slab dip angles be-
tween 45° and 90°; Agard et al., 2016; Soret et al., 2017). MOR—mid-oceanic ridge basalt;

SSZ—supra-subduction zone.

ing and shearing may be overcome by inversion
of deep-cutting detachment faults (e.g., Maffione
et al., 2015b, 2017; van Hinsbergen et al., 2015)
or the ridge swelling (e.g., Beaussier et al., 2019;
Gillcher et al., 2019) when ridge-perpendicular
compressional forces are applied. Underthrust-
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ing does not localize at the spreading ridge axis,
but instead at one of the pre-existing detachment
faults near the spreading ridge (Fig. 11A). If
valid, this suggests that the paleo—mid-oceanic
ridges may be preserved in ophiolitic upper
plate and that magmatism along the ridge may
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continue after subduction initiation. As the lead-
ing edge of the young oceanic slab reaches a
depth of 25-35 km (Fig. 11B), metamorphic
soles form but self-sustaining subduction is
not yet achieved until the slab reaches a depth
of at least 50150 km (e.g., Gurnis et al., 2004;
McKenzie, 1977), which is shallower than or
close to mantle melting depths (80—110 km) in
modern subduction zones (Syracuse and Abers,
2006). This means that a shallow and hot mantle
wedge would form between the upper thin plate
of paleo-ridges and the lower burial plate of the
young incipient oceanic slab (Fig. 11C), and be
distinct from the cooler and deeper mantle wedge
which characterizes most active mature subduc-
tion zones (Syracuse et al., 2010; Fig. 11C,
like M3). Fluids release from slabs more effi-
ciently at shallower depths (Iwamori, 1998). To
that end, fluids-flux melting of depleted mantle
after MORB extraction (Fig. 11C; M1) would
produce magmas like the Mawgyi MORB-like
rocks. Melting the subducted, young, and altered
oceanic crust may also be expected due to the
large thermal contrast between the upwelling
mantle and incipient slab and also produce felsic
melts like the Salingyi rhyolites. The higher Hf/
Nd ratios of the Mawgyi MORB-like rocks rep-
resent input of the AOC melts, hence advocating
a high geothermal gradient (Fig. 9B). However,
this “hot” subduction zone, adjacent to the ridge
crest, would thus be shallower and hence the
felsic magmas would be characterized in com-
position by high-temperature amphibolitic and/
or granulitic melts (tonalite, trondhjemite, and
granite with low Sr/Y < 40; Salingyi rhyolites
with St/Y ratios of ~8) instead of eclogitic melts
(adakite with high St/Y > 40; Green et al., 2016;
Peacock et al., 1994; Soret et al., 2017; Zhang
etal., 2014).

The time lag between lower plate burial and
upper plate extension (or between metamorphic
soles and MORB-like magmas) for ISI is, in
fact, a function of a critical plate convergence
(Fig. 10). Gravitational failure across oceanic
transform faults or fracture zones has been pro-
posed to trigger lithosphere sinking (Maunder
et al., 2020; Stern and Bloomer, 1992; Stern,
2004), resulting in a time lag of zero for net
plate convergence during SSI. Alternatively, ISI
requires a period of forced convergence—pre-
sumably accommodated at pre-existing weak
zones—resulting in a time lag of several mil-
lion years for plate consumption (Gurnis et al.,
2004; Hall et al., 2003; McKenzie, 1977). In
general, metamorphic soles record depths of
25-35 km from the initial lower plate burial
(Agard et al., 2016; Soret et al., 2017), thus
yielding a net plate convergence of no more
than 50 km given initial slab dip angles between
45° and 90°. Numerical and theoretical models
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Figure 11. The conceptual model of ridge inversion for the mid-Cretaceous Neotethyan Ocean (after Kusano et al., 2017; van Hinsbergen
et al., 2015). (A) Single subduction zone along the Sibumasu continental margin; (B) inversion of a detachment fault near mid-oceanic ridge
driven by far-field forces and formation of the metamorphic soles; and (C) building the Wuntho-Popa protoarc after soles formation based
primarily on the origin of the Mawgyi Volcanics. The Mawgyi mid-oceanic ridge basalt (MORB)-like rocks were generated by partial melt-
ing of the depleted mantle (M1; the MORB residue) and this mantle melting was enhanced by hydrous fluids, sediment, and altered oceanic
crust melts which were released by the slab under high geothermal gradient. Unlike the Wuntho volcanic rocks above the slab, the Salingyi
dolerites formed under less oxidizing conditions and were posited farther from the slab edge. The Mawgyi island arc tholeiite and calc-alka-
line rocks were produced by wet melting of fertile and fresh asthenospheric mantle (M2) with input of hydrous fluids and sediment-derived
melts at shallow depths. As the hot, young, and buoyant slab suppressed convection of this shallow mantle wedge, this infant mantle wedge
ultimately cooled down, but led to subsequent mature and normal arc magmatism sourced from a deep mantle wedge (like M3). Double
subduction zones between India and Asia developed within the Neotethyan Ocean after ca. 93 Ma, which better accounts for the very rapid
northward drift of Indian continent during the Late Cretaceous (Fig. 3B; Gibbons et al., 2015; Jagoutz et al., 2015; van Hinsbergen et al.,
2011). Between the Late Cretaceous and mid-Eocene, the significant clockwise rotation of ~60° with respect to the stable Eurasia (Wester-
weel et al., 2019) made the Wuntho-Salingyi-Popa intraoceanic arc parallel to the Mogok-Mergui continental arc. SSZ—supra-subduction
zone; IBM FABs—Izu-Bonin-Mariana forearc basalts.

suggest that to make ISI proceed a critical net
convergence of at least 100—200 km is required
(Gurnis et al., 2004; Hall et al., 2003; Leng
and Gurnis, 2011; McKenzie, 1977), which is
2-4 times, in length, more than is necessary

Geological Society of America Bulletin, v. 134, no. 3/4

for metamorphic sole formation. The continu-
ous subducting slab may penetrate into fertile
asthenosphere immediately under a thin upper
plate in a manner of ridge inversion, resulting
in a mantle wedge at shallower depths and thus
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arc magmatism accompanying ridge spreading
(Fig. 11C). This inference is supported by the
observations in the Puysegur infant subduction
zone between the Indian-Australian and Pacific
plates. Highly oblique convergence in the past
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~20 m.y. has resulted in a maximum plate
convergence of 150-200 km (Sutherland et al.,
2006) and a depth of ~150 km for the lead-
ing edge of the Indian-Australian plate in the
infant Benioff zone beneath the Pacific Plate
where the self-sustaining state may have not
yet been achieved (Gurnis et al., 2004, 2019;
Mao et al., 2017). Noticeably, island arc calc-
alkaline volcanic rocks are sparsely distributed
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on the overriding plate (e.g., Solander Island;
Reay and Parkinson, 1997).

In the above context, fertile asthenosphere
may be trapped within the shallow mantle
wedge according to our ridge inversion model
(Fig. 11C). If true, island arc tholeiitic and calc-
alkaline magmas could be produced by wet melt-
ing of this fertile mantle (M2) aided by hydrous
fluids and pelagic sediment-derived melts
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(Fig. 11C). The 105-93 Ma Mawgyi island arc
tholeiites and calc-alkaline rocks would be inter-
preted here to have been generated in this geody-
namic setting where the MORB-like and arc-like
magmas are broadly coeval and spatially juxta-
posed (Fig. 11C). This would indicate that the
normal island arc magmatism can also account
for building the earliest protoarc crust during
intraoceanic subduction initiation. Analogically,
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the young (ca. 2 Ma) initiation of the Matthew-
Hunter infant subduction zone is characterized
by an exceptionally diverse range of magmatic
compositions (Patriat et al., 2019).

The Mawgyi MORB-like magmas exhibit
noticeable geochemical signatures of subducted
sediment-derived melt contributions (Figs. 9B—
9D). This is in stark contrast with those of the
IBM protoarc basalts. We speculate that rapid
mantle upwelling relative to the heating rate
of the cold, ancient Pacific oceanic slab (Rea-
gan et al., 2010; Stern and Bloomer, 1992) or
accretionary-type subduction during the earliest
period (Li et al., 2019a) may have been required
to minimize the subduction input for the IBM
protoarc basalts. Ridge inversion along a detach-
ment fault within the mid-Cretaceous Neotethys
may have occurred in a nonaccretionary-type
subduction zone where a younger and hotter slab
was subducted (Fig. 11). As the thermal regime
of the shallower subduction zone progressively
cooled down, the eclogitic densification of the
sinking slab would have started to contribute sig-
nificantly to slab pull and ultimately reach self-
sustaining subduction (e.g., Duesterhoeft et al.,
2014), leading to a deeper asthenospheric mantle
wedge everywhere in mature subduction zones
(like M3; Syracuse et al., 2010).

The Trigger for Mid-Cretaceous Inversion
of the Neotethyan Mid-Oceanic Ridges

A major plate reorganization has been posited
at 105-100 Ma (Fig. 12; Gibbons et al., 2015;
Matthews et al., 2012). Final separation of South
America and Africa in the Equatorial Atlantic
Ocean was achieved at ca. 104 Ma (Heine and
Brune, 2014). An abrupt increase in rate of diver-
gence between Australia and Antarctica occurred
at ca. 100 Ma (Brune et al., 2016; Miiller et al.,
2016; Plummer, 1996). Transform rifting between
Madagascar and Seychelles, and a dextral trans-
tension between Madagascar and India started
at 100-95 Ma (Matthews et al., 2012; Plummer,
1996; Seton et al., 2012). Massive eruptions
associated with the Bouvet Plume near the South
American-African-Antarctic triple junction
occurred between 100 Ma and 94 Ma and formed
the Agulhas Plateau, Maud Rise, and Northeast
Georgia Rise (Parsiegla et al., 2008). The Amera-
sian Basin in the western Arctic Ocean formed at
105-100 Ma (Mukasa et al., 2020). All the above
events, in a short period of geologic time, incre-
mentally increased the amount of global oceanic
lithosphere which must have been largely com-
pensated by recycling oceanic lithosphere back
to the mantle through subduction. Coincidentally,
a >7000-km-long west-dipping subduction zone
ceased along the eastern margin of Gondwana at
105-100 Ma (Fig. 12C; Matthews et al., 2012).
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The cessation of this subduction may have accel-
erated the Earth’s imbalance globally between
plate growth and consumption during the mid-
Cretaceous. Enhanced convergence rates along
the existing subduction zones at that time or ini-
tiating new subduction zones would correspond
with accelerated plate consumption (e.g., Ulvrova
etal., 2019). However, existing subduction zones
may not always easily accommodate subduction
acceleration due to the coupling between the
subducting slabs and the high-viscosity ambient
mantle, and instead this global imbalance may
have initiated new subduction zones at some
locations (Ulvrova et al., 2019). If the plates
north of the Neotethyan spreading ridge acceler-
ated less than the southern Indian-African plates,
it is likely that the Neotethyan mid-oceanic ridge
became a convergent plate boundary driven by
a global stress concentration during the mid-
Cretaceous (Fig. 12C). The cooccurrences of
many Neotethyan SSZ ophiolites and extensive
intraoceanic arcs (Figs. 12A and 12B) may rep-
resent the products of this mid-Cretaceous abrupt
global plate reorganization. The >8000-km-long
oceanic plate consumption along this trans-
Neotethyan subduction system would account
for the excess crust during the mid-Cretaceous
Gondwana breakup events (Fig. 12C; Brune
et al., 2016). Subduction initiation is probably
a self-consistent outcome of plate convergence
accompanying continental rifting and seafloor
spreading, as any plate generation must be princi-
pally balanced by plate consumption on the con-
stant Earth’s surface (McKenzie, 1977). In other
words, the abrupt and short-period of imbalance
between plate growth and plate consumption on
Earth is probably modulated through global plate
reorganization.

CONCLUSION

The Mawgyi Volcanics, the oldest volcanic
succession of the Wuntho-Salingyi-Popa arc
straddling the West Burma Terrane, mainly con-
sists of MORB-like rocks, subordinate island arc
tholeiite and calc-alkaline lavas and dikes. The
Mawgyi MORB-like rocks are characterized by
flat REE patterns and depleted in abundance of
REEs, HSFEs (except for Th), and TiO, rela-
tive to those of the Indian MORBs, geochemi-
cally resembling the IBM protoarc basalts.
Importantly, based on the discriminative Ti-V
diagram, the Salingyi dolerites were produced
at more reducing conditions than those of the
Wuntho volcanic rocks. This implies that the
Salingyi dolerites were probably intruded in a
region close to the incipient slab edge, but farther
than the Wuntho volcanic rocks. As such, the
Wuntho and Salingyi in tectonic positions may
correspond to the IBM forearc and the IODP
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Site U1438 during subduction initiation, respec-
tively. Our geochronological results show that
the Mawgyi Volcanics formed between 105 Ma
and 93 Ma. This coincided with the formation of
many Neotethyan SSZ ophiolites and island arcs
along the eastern Mediterranean, Middle East,
Pakistan, and Southeast Asia. The Wuntho-Popa
arc with near-equatorial paleo-latitudes (Wester-
weel et al., 2019) possibly formed part of a mid-
Cretaceous trans-Neotethyan subduction system
over 8000 km in length from west to east. Inver-
sion of mid-oceanic ridges provides an appealing
explanation for mid-Cretaceous subduction ini-
tiation within the Neotethys given the available
evidence. Importantly, the higher Hf/Nd ratios
of the Mawgyi MORB-like rocks indicate some
input of altered oceanic crust melts (like the Sal-
ingyi rhyolites), which advocates partial melt-
ing of young, hot and infant oceanic slab during
ridge inversion. This trans-Neotethyan intraoce-
anic subduction system was probably triggered
by far afield forces associated with an abrupt
global plate reorganization and compensated by
an excess of plate generation during mid-Creta-
ceous breakup of the Gondwana supercontinent
and a sudden stagnation of long-distance sub-
duction zone along eastern margin of Gondwana
(Matthews et al., 2012). If correct, this mid-Cre-
taceous near-equatorial intraoceanic subduction
zone plus the contemporaneous subduction zone
along the southernmost margin of the Asian con-
tinent, would define a double subduction system
between India and Asia and better account for
the fast convergence between Indian and Asian
continents during the Late Cretaceous to Paleo-
gene (Gibbons et al., 2015; Jagoutz et al., 2015;
van Hinsbergen et al., 2011). Additionally, the
Mawgyi MORB-like rocks with high Th/La
ratios carry the noticeable signatures of sedi-
ment inputs indicating that this trans-Neotethyan
subduction system was probably characterized
by non- or low-accretionary subduction during
subduction initiation through ridge inversion.
The observations that the temporal simultaneity
and spatial juxtaposition between the MORB-
like and island arc tholeiitic and calc-alkaline
magmas of the Mawgyi Volcanics, indicate that
the normal island arc magmatism can emerge
during subduction initiation, and much earlier
than traditionally thought.
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