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Abstract The Indo-Burma Range (IBR) of Myanmar,
the eastern extension of the Yarlung-Tsangpo Neotethyan
belt of Tibet in China, contains mélanges with serpen-
tinite, greenschist facies basalt, chert, sericite schist, silty
slate and unmetamorphosed Triassic sandstone, mudstone
and siltstone interbedded with chert in the east, and far-
ther north high-pressure blueschist and eclogite blocks
in the Naga Hills mélange. Our detailed mapping of the
Mindat and Magwe sections in the middle IBR revealed
a major ~18 km antiformal isocline in a mélange in which
greenschist facies rocks in the core decrease in grade east-
wards and westwards symmetrically ‘outwards’ to lower
grade sericite schist and silty slate, and at the margins to
unmetamorphosed sediments, and these metamorphic rocks
are structurally repeated in small-scale imbricated thrust
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stacks. In the Mindat section the lower western boundary of
the isoclinal mélange is a thrust on which the metamorphic
rocks have been transported over unmetamorphosed sedi-
ments of the Triassic Pane Chaung Group, and the upper
eastern boundary is a normal fault. These relations dem-
onstrate that the IBR metamorphic rocks were exhumed
by wedge extrusion in a subduction-generated accretion-
ary complex. Along strike to the north in the Naga Hills
is a comparable isoclinal mélange in which central eclogite
lenses are succeeded ‘outwards’ by layers of glaucophane
schist and glaucophanite, and to lower grade greenschist
facies sericite schist and slate towards the margins. In the
Natchaung area (from west to east) unmetamorphosed Tri-
assic sediments overlie quartzites, sericite schists, actino-
lite schists and meta-volcanic amphibolites derived from
MORB-type basalt, which are in fault contact with peri-
dotite. Olivine in the peridotite has undulatory extinction
suggesting deformation at 600—700°C, similar to the peak
temperature of the amphibolite; these relations suggest gen-
eration in a metamorphic sole. The amphibolites have U/
Pb zircon ages of 119+3 Ma and 115 Ma, which are close
to the zircon ages of nearby calc-alkaline granite and dior-
ite, which belong to an active continental margin arc that
extends along the western side of the Shan-Thai block.
The IBR accretionary complex and the active continental
margin arc were generated during Early Cretaceous (115-
128 Ma) subduction of the Neotethys Ocean.

Keywords Myanmar - Indo-Burma Range - Accretionary
complex - Wedge extrusion - Early Cretaceous - Neotethys

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00531-017-1468-7&domain=pdf
http://dx.doi.org/10.1007/s00531-017-1468-7

1392

Int J Earth Sci (Geol Rundsch) (2017) 106:1391-1408

Introduction

The Neotethys Ocean closed eastwards in a scissor fashion
between the Gondwana and Eurasia continents (Fig. 1a),
leading to widespread ophiolite obduction in Asia (Hall
2002; Pan et al. 1997; Scotese and Sager 1988; Sengor
1984). Subduction of the Neotethys Ocean was one of the
most important subduction-accretion processes in the Cre-
taceous along the southern margin of the Eurasian conti-
nent. Some Neotethyan ophiolites are preserved along the
Yarlung-Tsangpo ophiolitic belt in Tibet (Fig. 1b), whose
ages are mainly 120-130 Ma (Liu et al. 2016; Wu et al.
2014). This Cretaceous subduction—accretion belt contin-
ues semi-continuously via the Himalaya westwards to the
Iranian-Turkish Plateau (Searle et al. 1987) where it con-
tains almost coeval exhumed blueschists and obducted
ophiolites (Monié and Agard 2009). However, when traced
eastwards, the Cretaceous belt has been disrupted and dis-
membered mostly by Neogene tectonic events around the
eastern Himalayan syntaxis to the Indo-Burma Range on
its way to the archipelagic framework in Indonesia (Ham-
ilton 1988; Hennig et al. 2016; Ridd and Watkinson 2013).
Because of exposure and insufficient studies it has proved
more difficult to reconstruct the complete sequence of sub-
duction—accretion events along the southeastern margin of
the Eurasian continent, especially in Myanmar.

The Indo-Burma Range (IBR) in Myanmar and NE
India is the southeastern extension of the Yarlung-Tsangpo
ophiolitic belt in Tibet (Fig. 1a) (Acharyya 1998, 2015;
Brunnschweiler 1966). The IBR is a subduction—accre-
tion complex that contains inter alia ophiolitic mélanges,
and high-pressure blueschists and eclogites in the Naga
Hills (Acharyya 2007, 2015; Bannert et al. 2011; Barley
et al. 2003; Ghose et al. 2014; Khogenkumar et al. 2016;
Metcalfe 1995, 2006, 2011; Mitchell 1993; Socquet et al.
2002). Although the IBR underwent some modifications
during later tectonic events (Acharyya 2007), it is relatively
un-dismembered, and thus retains a continuous record of
orogenic processes during closure of the Neotethys Ocean,
and so it is a key region to address the Cretaceous subduc-
tion—accretion system.

In the Kalemyo area (Figs. 1c, 2), where gabbros and
metamorphic rocks have U-Pb zircon ages of 130 and
115 Ma, respectively (Liu et al. 2016), the IBR is uncon-
formably overlain by middle/late Cretaceous to Eocene
foraminifera-bearing sediments (Acharyya 1998; Bannert
et al. 2011; Brunnschweiler 1966; Ghose et al. 2014; Gra-
mann 1974; Socquet et al. 2002; Swe 2012). Mitchell et al.
(2015) suggested that the IBR accretionary complex and
magmatic arc axis in central West Burma (Fig. 1c¢) formed
during an early episode of subduction. However, to the east
of the IBR, the Sibumasu and West Burma (or Myanmar
Central Basin) terranes (Fig. 1b, c) (Barber and Crow 2009;
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Barley et al. 2003; Metcalfe 1995, 2006, 2011; Mitch-
ell 1981, 1993; Shi et al. 2008; Swe 2012) contain Early
Cretaceous (114—-128 Ma) and Late Cretaceous (<106 Ma)
magmatic arcs, respectively (Fig. 1c) (Barley et al. 2003;
Gardiner et al. 2015; Liang et al. 2008; Metcalfe 2011;
Mitchell et al. 2012; Wang et al. 2014; Swe 2012). There-
fore, the question arises: which of these two eastern mag-
matic arcs developed with the early accretion of the IBR
accretionary complex? Further key questions are: how were
the HP rocks exhumed structurally, and was the Early Cre-
taceous subduction polarity eastwards (Acharyya 2007;
Metcalfe 2006, 2011) or westwards (Mitchell 1993; Mitch-
ell et al. 2012)?

The aims of this paper are to report our new data from
the IBR accretionary complex (AC) and a new sub-ophi-
olite metamorphic sole in the Natchaung area to the south
of Kalemyo to demonstrate the processes of accretion,
wedge extrusion, and obduction within the IBR, and to help
resolve the subduction polarity in the Early Cretaceous.
These results will enable us to present a new tectonic
framework for the closure of Neotethys in SE Asia.

Geological outline

Myanmar contains (from east to west) the Sibumasu and
West Burma terranes and the IBR accretionary complex
(Fig. 1b, c¢) (Acharyya 1998, 2007, 2015; Metcalfe 1995,
2006, 2011; Mitchell 1981; Mitchell et al. 2012; Swe 2012).
These three tectonic units are separated by the Mogok met-
amorphic belt, and by faults along the eastern margin of the
Indo-Burma Range (Fig. 1c). These units were split from
the Gondwana continent after the Early Permian (Metcalfe
2011; Mitchell et al. 2015; Ridd 2016) and were accreted
to the southern margin of the Eurasia continent from the
Jurassic (Metcalfe 1995, 2006, 2011; Mitchell et al. 2015;
Swe 2012).

The part of the Sibumasu terrane in Myanmar is called
the Shan-Thai block (Metcalfe 2006; Mitchell 1981; Shi
et al. 2008; Swe 2012). However, Mitchell et al. (2012),
Mitchell et al. (2015), Ridd (2016) and Ridd and Watkin-
son (2013) suggested that Sibumasu comprises two ter-
ranes that are separated by the Medial Myanmar Suture,
which formed in the Jurassic along the eastern margin of
the Mogok Metamorphic Belt and Mergui Group. Here,
we follow the Shan-Thai block definition of the Sibumasu
terrane, because re-classification is beyond the subject of
this paper and it does not affect our discussion of the early
Cretaceous subduction system. The Shan-Thai block is
composed of unmetamorphosed or weakly altered Paleo-
zoic, Triassic and Jurassic strata (Fig. 1c) (Cai et al. 2016b;
Ridd 2016; Swe 2012). On its western margin is the Mogok
Metamorphic Belt (Fig. 1c), which mainly comprises
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schists and gneisses that are intruded by granite and diorite
(Barley et al. 2003; Mitchell et al. 2012; Searle et al. 2007).
Some gneissses, granites and diorites have Early Creta-
ceous zircon ages of 128-114 Ma (Fig. 1c) (Barley et al.
2003; Liang et al. 2008; Mitchell et al. 2012), but others are
younger than 100 Ma (Gardiner et al. 2015; Mitchell et al.
2012).

Along its central axis the West Burma terrane contains
schist, diorite, granite and basalt (Fig. 1c) (Mitchell et al.
2012; Shi et al. 2008; Swe 2012), which were generated
in a magmatic arc younger than 106 Ma (Mitchell 1993).
The youngest detrital zircons in a schist near Salingyi to
the south of Monywa, are younger than 120 Ma (Personal
communication of Professor Lin Ding from the Institute of
Tibetan Plateau Research of the Chinese Academy of Sci-
ences) and negate the hypothesis that Precambrian rocks
crop out in the West Burma terrane (Acharyya 2007; Met-
calfe 1995, 2006, 2011). Liu et al. (2016) suggested that the
Shan-Thai block collided with the West Burma terrane in
the Jurassic along the Myitkyina suture zone, which con-
tains an ophiolite dated at ~170 Ma. However, we found
that km-size peridotites and massive intrusive plutons con-
taining gabbro, massive basic diorite, diorite, leucogranitic
diorite and biotite granodiorite. An associated chert-like
tuffaceous siltstone contains abundant zircons (we selected
more than 500 grains from a 1 kg sample); no pillow basalts
or thin-bedded cherts were found. Trace element geochem-
istry shows that these rocks have a supra-subduction zone
(SSZ) fingerprint (Liu et al. 2016; Yang et al. 2012). To the
east and west of the Myitkyina belt there are pre-Mesozoic
meta-sediments. Accordingly, we conclude that the Myit-
kyina intrusions are components of an active continental
margin arc, rather than an ophiolite, but further elaboration
is beyond the scope of this paper.

The IBR (Acharyya 2015; Bannert et al. 2011; Mitchell
et al. 2012; Swe 2012) is divisible into two belts based on
rock assemblages (Allen et al. 2008; Brunnschweiler 1966;
Curray 2005; Curray et al. 1979; Hutchinson 1989; Mitch-
ell 1974). The western belt consists of Cenozoic and minor
Upper Cretaceous sediments that contain many leaf fossils
(Brunnschweiler 1966), but the eastern belt is more com-
plex. In the sections below we will present details of the
eastern belt, and briefly discuss the relationships between
the two belts.

Lithology

The eastern IBR extends for more than 1000 km from the
Naga Hills along the international border between Myan-
mar and India in the north to Hainggy island and the Anda-
man sea in the south (Fig. 1¢). It mainly contains Mesozoic
and Paleogene sediments, low-grade metamorphic rocks,

and ophiolitic mélanges (Acharyya 2015; Ao and Bhowmik
2014; Bannert et al. 2011; Baxter et al. 2011; Brunnsch-
weiler 1966; Gramann 1974; Khogenkumar et al. 2016;
Mitchell 1981, 1993; Ningthoujam et al. 2012; Sarkar et al.
1996; Singh 2013; Swe 2012), but also high-pressure meta-
morphic rocks in the Naga Hills (Acharyya 2007; Ao and
Bhowmik 2014; Ghose et al. 2010, 2014; Venkataramana
et al. 1986).

Sedimentary and metamorphic rocks

Triassic and Cretaceous sediments crop out along the
eastern side of the IBR (Figs. lc, 3). Jurassic terrigenous
sediments have so far not been found in the IBR except for
some blocks of red thin-bedded pelagic chert in ophiolitic
mélanges in the Naga Hills (Fig. 1¢) (Acharyya 2015; Bax-
ter et al. 2011; Mitchell 1981; Sarkar et al. 1996).

There are two types of Triassic unmetamorphosed sedi-
ments. The first one is thin-bedded siltstones and mud-
stones intercalated with gray cherts (Fig. 4a), which are of
limited extent. They only crop out in the Mindat section
(Figs. 2a, 3b) and to north of Kalemyo. They are in fault
contact and surrounded by low-grade sericite schist and
interbedded quartzite, which are metamorphosed siltstone
and chert (Figs. 3, 4b) (Bannert et al. 2011; Socquet et al.
2002). The sericite schists are widespread along the eastern
side of the IBR from Mindon to the Naga Hills (Fig. 1c).
These low-grade metamorphic rocks, which are com-
monly termed the Kanpetlet Schist near Mindat-Saw area
(Swe 2012), were earlier regarded as Precambrian base-
ment (Brunnschweiler 1966; Swe 2012). Brunnschweiler
(1966) pointed out that some of the highest mountains in
the Naga Hills are composed of “Klippen” of metamorphic
rocks lying on Cenozoic flysch. However, the youngest
detrital zircons from the sericite schists have U-Pb ages of
228-239 Ma in the Mindat and Magwe sections (Fig. Sa,
b). In contrast, in the Naga Hills, these low-grade meta-
sediments are still considered to be Proterozoic, originating
from the West Burma terrane (Acharyya 2015). Because of
the inaccessibility of the Naga Hills, we are unable to con-
strain or confirm the age of these metamorphic rocks.

The second type of Triassic sediment is unmetamor-
phosed, interbedded sandstone, mudstone and limestone
containing Halobia and Daonella (Figs. 3, 4e) (Bannert
et al. 2011; Mitchell 1993; Swe 2012), which are termed
the Pane Chaung Group in the geological map of Mindat-
Saw Area edited by Burma United Nations DGSE GSE-
Project BUR/72/002 (1978) (Bannert et al. 2011; Bender
1983). The Daonella-bearing limestones and calcareous
sandstones crop out to the west of Gangaw (Swe 2012) and
on the western side of the Magwe section (Fig. 3c). These
sandstones and mudstones correlate with the Langjiexue
Group to the south of the Yarlung-Tsangpo ophiolitic belt in

@ Springer



1394 Int J Earth Sci (Geol Rundsch) (2017) 106:1391-1408

T T T T T T T T T T
93°E 95°E 97°E 99°E 101°E
~122Ma, eHf=-9
-28°N igneous rock 28°N
f : Liang et al., 2008
gs
~120Ma, eHf=-5 Legend
o\, igneous rock f }
=Ny Liang etal., 2008 EI Quaternary
~.
| i Paleogene and Neogene
0 km 200
— . ) | Huk;awng . Late Cretaceous and Paleogene
- Basin & (o8 620 v, uif
QY|shietal., 2012 ~122Ma
eHf=-5--12
T ) igneous rock
Liang et al., 2008
- 26°N .
26°N
Paleozoic
gs
2 schist
ar ar ©
K N ainly schist and gneiss
Myiti &
T q’;o - diorite
- gs Q > 1
b E’ granite
)
§
IS I:l gabbro and related intrusives
&
b / é serpentinite
atha q? ophiolite: ultramafic rocks, mafic
B > et T rocks and oceanic pelagic
[~ 24°N a S| _._.J24°N“ sediments (chert, shale and
Q \ limestone)
gn/gs o
T \.\ %  blueschist and eclogite
r ' : " .
V J 9 J N A intrusive rocks and related gneiss
s
T J 90°E 95°E
T T
i 12 , b
119£3Ma, amphibolite gL Tibet
this study J ) Yaﬁung_T ng It
= = e e 29O oppyic ©®
@ i
. Yy |
I\, 7
Fooen f SO Ot S 22°N
b 105:2Ma, diorite  xSalingyi 3 S o
i Mitchell et al., 2012 o om S )
i 91-106 Ma, diorite [114+3Ma, gneiss & —_ z o
- . v [ Mitchell, 1993 Mitchell et al., 2012 @ o ©
AR £ > « ES
rd Mi )
H indat
! West Burma P
\ N @© €
- = > B
(7)) Qo Pz
i) IS
“ W 122¢0.2Ma, gneiss | 2 ©
\ " |128+1 Ma, diorite [14
\ Mitchell et al., 2012 B
125+1 Ma, granodiorite z €
Barley et al., 2003 J S = \\ 8
N > \\ ©
I 20°N 20°N L\ I
: 2
PN s Ee]
) 7 = ]
S
g Cc
s 2
3
. Aozl
<
. Y -~
!
.. r"'"
. ——— s
\ 40-60Ma, volcaniclastic rock North
Q A1y | etal,, 2012 ] Andaman
- 18°N I
»
*
©
E=
)
c
- ()
Py
~
o
[~ 16°N

@ Springer



Int J Earth Sci (Geol Rundsch) (2017) 106:1391-1408

1395

«Fig. 1 a Schematic map of East Asia (Sengor 1990) showing the
location of the Tethysides (Himalayas) and SE Asia. 7C Tarim cra-
ton, NCC North China craton, SCC South China craton. » Main tec-
tonic units extending from southern Tibet to Myanmar (Acharyya
1998; Searle et al. 2007; Shi et al. 2008). ¢ Simplified geological map
of Myanmar and the Naga Hills [modified from geological maps of
Myanmar (1977), Acharyya (2015), Ghose et al. (2010) and Singh
(2013)]. The ages of Early Cretaceous igneous rocks along the west-
ern margin of the Shan-Thai block are indicated, and the pink and
yellow dashed lines mark the Early Cretaceous and Late Cretaceous
continental and magmatic arcs, respectively. The positions of Figs. 2,
3a—d are marked

southern Tibet (Cai et al. 2016a; Wang et al. 2016). Some
sediments occur as block-in-matrix mélanges (Fig. 6b), and
locally some calcareous sandstones have clear herringbone
cross-bedding (Fig. 4d), suggesting deposition in a shallow
marine environment. Primary way-up structures show that
some sediments are overturned (Fig. 4c).

The above two types of unmetamorphosed Triassic sedi-
ments are separated by sericite schists and are not in direct
contact (Fig. 3), but their sedimentary structures suggest
that they were deposited at different water depths, confirm-
ing they are now in fault contact.

Ophiolitic mélange

The ophiolitic mélanges contain serpentinized peridotite,
gabbro, pillow basalt, and chert, and some exotic meta-
morphic rocks (Acharyya 2015; Ao and Bhowmik 2014;
Bannert et al. 2011; Brunnschweiler 1966; Liu et al. 2016;
Ningthoujam et al. 2012; Singh 2013). Except in the Naga
Hills (Acharyya 2015; Ghose et al. 2014), most outcrops do
not contain all these rocks together.

Peridotites and serpentinites are widespread along
the eastern margin of the IBR from the Naga Hills in the
north to near Hainggy island in the south (Fig. 1c) (Ban-
nert et al. 2011; Baxter et al. 2011; Brunnschweiler 1966;
Ghose et al. 2014; Ningthoujam et al. 2012; Sarkar et al.
1996; Singh 2013; Venkataramana et al. 1986). Generally,
the peridotites in the Kalemyo region are fresh (Fig. 2)
(Liu et al. 2016), although the margins of some peridotites
are altered to serpentinite and weakly deformed (Fig. 3c).
Some strongly sheared serpentinites within block-in-matrix
structures are commonly mixed with other components
of ophiolitic rocks (Fig. 3b). The gabbros are limited in
extent, mostly as small size blocks in a serpentinite matrix.
For example, there are no gabbros in the Magwe section,
and only one outcrop in the Mindat section (Fig. 3). But
in the Yazagyo area to the north of Kalemyo (Fig. 2a) the
mélange contains gabbroic diorites, and Liu et al. (2016)
reported limited rodingites derived from gabbro, and their
exposures are smaller than 10 m?.

Basalts and cherts are widespread and occur together in
the IBR (Figs. 1c, 2b, 3). There are two types of occurrence:

(1) Some pillow basalts are associated with thin-bedded
radiolarian red cherts, and generally have fault contact with
serpentinites and unmetamorphosed sedimentary rocks in
the Mindat section and in the Yazagyo area (Figs. 2a, 3b).
(2) Some basalts and cherts that have been metamorphosed
to greenschist, sericite quartzite and amphibolite (Figs. 2b,
3) (Bannert et al. 2011; Liu et al. 2016) generally occur
in blocks less than 1 m to tens of meters across, as in the
block of greenschist within meta-siltstone sericite schist in
the Magwe and Mindat sections (Fig. 4g). The basalts are
fine- to medium-grained (Fig. 4h), and contain phenocrysts
of augite and hornblende (Bannert et al. 2011). In the Naga
Hills they have MORB and OIB trace element signatures
(Khogenkumar et al. 2016; Sengupta et al. 1989; Venkata-
ramana et al. 1986), suggesting they are derived from oce-
anic crust or a seamount/oceanic plateau (Acharyya 2015).
Locally they are in fault contact with unmetamorphosed
Triassic rocks (Fig. 7a).

Exotic blueschist and eclogite occur as blocks in the
ophiolitic mélange of the Naga Hills (Acharyya 2015; Ao
and Bhowmik 2014; Bannert et al. 2011; Ghose et al. 2010,
2014; Singh 2013). The blueschists contain fine-grained
(0.3-2mm) crystalloblasts and needles of pleochroic glau-
cophane (Bannert et al. 2011). Metabasites have a low-K
tholeiitic signature possibly derived from a mid-ocean
ridge, and the peak P-T conditions of blueschists are ~11.5
kbar and ~340°C and ~10 kbar and ~325°C that suggest
metamorphism during cold subduction (Ao and Bhowmik
2014; Bannert et al. 2011). Ophiolites are overlain uncon-
formably by the mid-Eocene Phokphur Formation of shal-
low marine tuffaceous greywackes, conglomerates and
shales (Acharyya 2015). No high-pressure metamorphic
rocks have been found in Myanmar.

Amphibolite and related pelagic sediments

Along the IBR in Myanmar we found only one outcrop
of amphibolite in the Natchaung area south of Kalemyo
(Figs. 1c, 2b) (Bannert et al. 2011; Liu et al. 2016), where
unmetamorphosed Triassic sandstones and mudstones
(Fig. 6b) occur with quartzites and sericite schists (Fig. 6d),
actinolite schists (Fig. 6e, f), amphibolites (Fig. 6g, h) and
peridotites (Fig. 6¢). Their occurrences from west to east
(Fig. 2b) suggest that the metamorphic grade increases
eastwards. Some serpentinites with a “block-in-matrix”
structure are thrust onto unmetamorphosed Triassic sedi-
ments (Fig. 6a).

Thinly bedded quartzites (1-3 cm thick beds) are inter-
calated with thinly bedded sericite schists (beds are less
than 1 mm thick) and do not contain detrital zircons. These
features suggest their derivation from cherts and pelagic
mudstones (Fig. 6d).
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Fig. 2 a Geological map of the Kalemyo area (Fig. 1c) (modified
after Burma Department of Geological Survey and Mineral Explora-
tion, 1977 of the Geology of the Falam-Kalemyo area, northern Chin
Hills), showing the relationship between Cretaceous strata and the
IBR accretionary complex composed of Triassic strata, metamorphic
rocks, peridotite and serpentinite. Position of 2b is marked. b Geo-
logical map of the Natchaung metamorphic sole, showing that the

The grain size of amphibolites, which are in direct
contact with peridotites, increases from the boundaries
with actinolite schists to the peridotite contacts (Fig. 2b)
(the largest amphiboles are 5-8 mm long), and amphi-
bole colors change from green to black (Fig. 2b). Amphi-
bolites have flat REE patterns and are slightly depleted in
LREEsS, and their zircons have low Th contents, low Th/U
ratios, and depleted Hf isotopes and their §'%0 values are
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metamorphic grade increases from untamorphosed Triassic sandstone
and mudstone to sericite schist and quartzite, actinolite schist and
amphibolite from west to east. See text for details. The dated amphi-
bolite 13M75 is marked. The amphibolite (13MD42) studied by Liu
et al. (2016) is indicated with a triangle. The location of the diorite is
based on Bannert et al. (2011)

remarkably higher than mantle values; these variations sug-
gest that the amphibolite protolith was a low-temperature
altered MORB-like basalt (Liu et al. 2016). This would
be consistent with the idea that the protolith of the associ-
ated quartzite was pelagic chert, and that these rocks were
part of ocean plate stratigraphy (OPS), which would be an
expected provenance in such an ophiolitic mélange (Kusky
et al. 2013). We envisage that the top basalts and overlying
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Fig. 3 Detailed geological and structural maps of the Mindat (a, b)
and Magwe (c, d) sections. Their locations are marked in Fig. lc.
Samples for detrital zircon dating are marked as 13M22 and 13M147.
Red dashed lines are inferred faults. The decrease in metamorphic
grade (indicated by yellow arrows) westwards and eastwards from the

pelagic sediments were scraped off the subducting Neo-
tethys Ocean crust, and accreted to the accumulating
mélange, in a similar way to other greenschists in the IBR.

Structural geology
Imbricated thrust stack

Based on metamorphic grade, we divide the IBR into two
units: ca 18 km-wide Unit I (silty slate, sericite schist
and greenschist) and ca 10 km-wide Unit II (unmeta-
morphosed Triassic sandstone and mudstone) (Fig. 3). In
the Magwe section, Unit I occurs to the east of Unit II
in which a transfer zone along the road near 94°18'E, is
accompanied by an increase (from west to east) in meta-
morphic grade from unmetamorphic to slate (Fig. 3c, d).
In the Mindat section, Unit II is repeated twice and Unit
I separates the two on the road at 93°50'E and 94°00'E
(Fig. 3b). Because of heavy forest cover, we were unable
to trace the extensions of the units, so we do not know
their total length. However, the fact that Unit II crops
out twice in the Mindat section and once in the Magwe

central higher grade-core of greenschists of both sections suggests
the presence of isoclinal folds and exhumation by wedge extrusion.
Figure 8b shows a cross-section of the Mindat section. Positions of
Figs. 4a—c, g, 7b, c, e, f are marked. See text for details

section demonstrates that several OPS-mélange units are
imbricated in the Indo-Burma Range. Here we assume
that Units I and II extend along their strike from north
to south. The boundary between Unit I and the eastern
Unit II in the Mindat section is located near 94°00'E,
west of the boundary between Unit I and Unit II in the
Magwe section at 94°18'E. This Unit II occurs between
94°00'E and 94°18'E; its eastern boundary is shown as
a red dashed line in Fig. 3, which also shows that Units
I and II are repeated two and three times, respectively,
in these sections. Considering the fact that the units may
vary along strike and have different lengths, Units I and II
should be repeated several times in the eastern IBR, sug-
gesting major accretion of imbricated thrust stacks in a
trench (Acharyya et al. 1989; Mitchell 1974).

Unit I is internally subdivided into greenschist, sericite
schist, slate and unmetamorphosed rocks (Fig. 3), which
are arranged with increasing metamorphic grade and
repeated several times in the Magwe and Mindat sections,
suggesting the polarity of their imbrication as shown
with yellow arrows in Fig. 3. This is the typical structural
architecture of accretionary prisms worldwide (Fujisaki
et al. 2015; Hashimoto and Kimura 1999; Kawai et al.
2007; Kusky et al. 2013; Sawaki et al. 2010).

@ Springer



1398 Int J Earth Sci (Geol Rundsch) (2017) 106:1391-1408

y

SRS
160774614 IALE

f {
& 1
S b

20554337

LU L Cretaceous R e
calcareous 'sandstone
y G

14@9/
o/
4 ¢

Fig. 4 Field photos of rocks and structures in the IBR. a Triassic Saw area, Late Cretaceous calcareous sandstone unconformable on
siltstone and mudstone intercalated with thinly bedded chert in the Triassic sandstone and mudstone, which has “block-in-matrix” struc-
Mindat section. b Quartzite and sericite schist in the Mindat section, ture. g Greenschist basalt, surrounded by sericite schist, develops a

which are metamorphosed from chert and siltstone. ¢ In the eastern minor extensional shear zone duplex (h) in the Mindat section. The
Mindat, overturned Triassic calcareous mudstone and sandstone with locations of Figs. 4a—c, g are marked in Fig. 3
herringbone cross-bedding (d) and the fossil Halobia (e). f Near the
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Fig.5 a, b Detrital zircon ages of 13M22 and 13M147 from the
Magwe and Mindat sections, showing that the youngest groups have
Triassic ages of 239 and 228 Ma, respectively. ¢, d U-Pb zircon ages
of amphibolite 13M75, showing that they are close to the age of

Antiformal isoclinal structure

In both sections, there are isoclinal antiforms in which
the highest metamorphic grade greenschists or HP eclog-
ites and blueschists are located in the centre or core of the
structures (Figs. 3, 8b) (Acharyya 2015; Chatterjee and
Ghose 2010), and the imbricated (in Unit I) lower meta-
morphic grade sericite schists and silty slates are situated in
the limbs. The yellow arrows in Fig. 3 and the black arrows
in Fig. 8b points to the directions of metamorphic grade
decrease.

In the Mindat section the greenschists are repeated
twice, and in Fig. 8b we mark G1 and G2 as the central
greenschists in the western and eastern folds, respectively.
To west of G1 in Unit I there are silty slates and sericite
schists, which lie above a basal thrust on unmetamor-
phosed Triassic Pane Chaung Group sediments of Unit II.

115 Ma of amphibolite (13MD42) of Liu et al. (2016). The locations
of these amphibolites are marked in Fig. 2b. The data of 13M75 are
in the Supplementary file. See Liu et al. (2016) for more details of
5'%0, CL images and eHf{r) of the amphibolite

To east of G2 the metamorphic grade decreases eastwards
(shown by pink dashed arrows in Fig. 8b). In general, the
highest metamorphic grade rocks occur in the fold cores
of the Mindat and Magwe sections, and the metamorphic
grade decreases toward the east and west on the fold limbs,
respectively (shown by orange dashed arrows in Fig. 8b).
The fact that the metamorphic grade decreases symmetri-
cally outwards from the central higher grade rocks suggests
the presence of symmetrical isoclinal folds.

On the western lower boundary of Unit I in the Mindat
section (Fig. 8b) sericite schist (foliation dips east at 38°),
is thrust onto unmetamorphosed Triassic Pane Chaung
Group sediments (bedding attitude is S26°E/65°NE)
(Fig. 3b). The thrust dips equally to the east (Fig. 3b). At
the eastern boundary of Unit I (Fig. 8b), the juxtaposed
unmetamorphosed Triassic Pane Chaung Group sediments
dip at S7°E/78°NE and the underlying sericite schists dip at
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Fig. 6 Structures and lithologies of the Natchaung metamorphic
sole. a Serpentinite thrusts onto unmetamorphosed Triassic strata
with a “block-in-matrix” structure shown in detail in b. ¢ Microtex-
ture shows olivines with undulatory extinction, suggesting that the
peridotite has undergone low-temperature deformation at 600-700 °C.
d Folded thinly bedded quartzitic schist that may be metamorphosed
chert and pelagic mudstone. e, f Outcrop and microscope features
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of actinolite schist show that the actinolites have a preferred orien-
tation. g, h Outcrop and microscopic views of amphibolite showing
that hornblendes have a preferred orientation parallel with the main
foliation, suggesting that the amphibolite was generated in a com-
pressional regime. Photo locations are marked in Fig. 2b. See text for
details
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Fig. 7 Field photos of structures in the IBR. a Greenschist facies
basalt and chert thrust over unmetamorphosed Triassic sandstone
and mudstone in the Yazagyo area, north of Kalemyo. b Normal fault
between unmetamorphosed Triassic sandstone and mudstone and
underlying discordant sericite schist. ¢ Superimposed folds in seric-
ite schist showing a first-phase fold refolded by a top-to-W verging
fold. For clarity, the structures are outlined in the right-hand figure.
d Axial planar crenulation cleavage. Fold limbs are parallel to the
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cleavage. Mindat section. € Minor folds in sericite schist. A quartz
vein is parallel with the schistosity. Magwe section. f In the Magwe
section, crenulation cleavage in sericite schist showing different ori-
entations of foliation (S;) and cleavage (S,). The red arrow shows
orientation of an oriented sample, whose (g) microscopic view show-
ing that the basal planes of micas are parallel with the foliation (S;)
and are cut by a new cleavage (S,). The locations of Fig. 7b, c, e, f are
marked in Fig. 3
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Fig. 8 a Tectonic model of the Early Cretaceous (114—128 Ma) sub-
duction system in Myanmar, consisting of the accretionary wedge
of the IBR and the active continental margin arc along the western
margin of the Shan-Thai block (see Fig. 1¢). The accretionary wedge
is covered by late Early Cretaceous trench-slope basin sediments
deposited in a nearshore marine to shallow marine semi-pelagic envi-
ronment. Deeper water sediments may be unexposed to the west.
b Cross-section of the Mindat section; same legend as Fig. 3. Note

N30°W/31°SW, and the intervening extensional fault dips
east. Figures 7b and 8b show that the unmetamorphosed
Pane Chaung Group sediments overlie the sericite schists
on a normal fault.

Superimposed folds, faults and crenulation cleavage
Inside Units I and II there develops superimposed folds,
minor faults and crenulation cleavages.

The superimposed folds and minor faults can be
observed in tens of meters to hammer-size outcrops

@ Springer

that the metamorphic grade decreases symmetrically outwards from
greenschist or blueschist/eclogite in the central fold core of the accre-
tionary complex to unmetamorphosed sediments in the limbs. The
bottom western boundary is a thrust, whereas the top eastern bound-
ary is an extensional fault; these dual structures enabled the accre-
tionary complex to be exhumed via wedge extrusion. The legend of
the cross-section is the same as in Fig. 3. See text for more discussion

(Fig. 7c, e). The original bedding in some lithologies has
been completely transposed to a foliation that is commonly
intruded by quartz veins (Fig. 7e). In Fig. 7c in the Mindat
section the first axial trace (F) has been refolded by a sec-
ond overturned F, fold, which dips E (Fig. 7c) suggesting
top-to-W shear. These folds are transected by later minor
east-dipping thrusts (Fig. 7c).

Crenulation cleavages (Fig. 7d) and minor shear zones
have developed on some foliation planes and on the limbs
of superimposed folds (Fig. 4h). Under the microscope
micas that lie with their basal planes on the first foliation
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(S,) are refolded and cut by a new axial plane cleavage
(S,) (Fig. 7g). Some S, crenulation cleavages, which have
the same orientation (S20°W/63°SE) as the earlier S,
foliation (S20°W/67°SE) (Fig. 7d), but other foliations
(S10°W/15°SE) and cleavages (N55°W/50°SW) have dif-
ferent orientations (Fig. 7f). Based on these cross-cutting
relationships, a deformation sequence can be established.
The first foliations strike N—S, and the foliations and cleav-
ages of the second and third folds strike NE-SW and
NW-SE, respectively (Fig. 3c). The first F; deformation
may be related to the regional metamorphism of the sericite
schists.

Discussion

Wedge extrusion: mechanism of exhumation
of an accretionary complex

Accretionary complexes accumulate through trench off-
scrape and underplating to the base of the prism. (1) Some
parts of the oceanic crust are scraped off from the down-
going slab and accumulate in the frontal trench, where they
may be dismembered into block-in-matrix structures, but
may retain their fossils and original sedimentary structures.
However, typically all the peridotites, gabbros, sheeted
dykes, and most of the basalts from the oceanic crust are
subducted, and only the uppermost basalts and the pelagic-
clastic sediments are accreted (Kimura and Ludden 1995).
(2) Some rocks enter the subduction channel and are
accreted into the base of the growing accretionary prism/
complex (Kawai et al. 2007), where they may undergo
elevated temperatures and pressures, and develop different
grades of metamorphism, such as low-middle-grade seric-
ite schist and greenschist, to high-pressure blueschist and
eclogite (Wakabayashi 2015).

In Unit I, some unmetamorphosed limestones and cal-
careous siltstones are intercalated or interbedded with
sandstones and mudstones (Fig. 4c), which contain well-
preserved Halobia and Daonella (Fig. 4e) and herring-
bone cross-bedding (Fig. 4d) (Bannert et al. 2011; Mitchell
1993; Swe 2012). They were scraped off at very shallow
level of accretion and not carried to a deep level in the sub-
duction channel. In the Mindat section an ophiolitic perido-
tite is in fault contact with unmetamorphosed Pane Chaung
Group sediments within the eastern Unit II (Figs. 3b, 8b).

Unlike Unit II with its unmetamorphosed Triassic
sediments, Unit I comprises metamorphic sericite schist,
quartzite and greenschist, such as the Kanpetlet Schist
near Mindat-Saw or Mt. Victoria (Swe 2012). They were
recrystallized from siltstone, chert and basalt, respectively,
suggesting that the protoliths of Units I and II were differ-
ent, and derived from different environments. The different

metamorphic grades and rock assemblages confirm that
Units I and II have been juxtaposed on a thrust. The differ-
ent juxtaposed metamorphic rocks were exhumed from dif-
ferent levels of the accretionary complex by wedge extru-
sion in sub-horizontal nappes, explaining why there are
“Klippen” of Cretaceous metamorphic rocks thrust onto
Cenozoic flysch in some of the highest mountains in the
Naga Hills (Brunnschweiler 1966).

Within Unit I, the highest metamorphic grade rock is
greenschist located in the core of the isoclinal anticlines
in the Mindat and Magwe sections. Though there are sev-
eral repeated subunits (shown as yellow arrows in Fig. 3
and black arrows in Fig. 8b), the major decrease in meta-
morphic grade from greenschist to sericite schist/slate to
unmetamorphosed sediments developed in the eastern and
western limbs separated from the core of Unit I (shown as
orange dashed arrows in Fig. 8b). The antiformal isoclinal
structure in Unit I (Fig. 8b) is demonstrated by the sym-
metrical decrease in metamorphic grade in both limbs from
the central higher grade core of greenschist and by the
thrust on the lower boundary and the extensional fault on
the upper boundary. The metamorphic rocks in the Min-
dat and Magwe sections are packaged by the fossil-bearing
Triassic Pane Chaung Group sediments, because the lower
thrust transported them over any available rocks such as
the Triassic sediments, and the upper normal fault brought
down any available lower grade rocks such as the Triassic
sediments.

This exhumation model further explains the presence of
the blueschists and eclogites in the Naga Hills. The eclogite
lenses are surrounded by successive layers of glaucophane
schist, glaucophanite and greenschist (Ao and Bhowmik
2014; Ghose et al. 2010). Exhumation anticlines can be
demarcated by the dip-and-strike structure around the hinge
of the isocline, but also by the structure of the metamorphic
isogrades around blueschists as in Anglesey-Lleyn, UK
(Kawai et al. 2007) and by high-pressure mafic granulites
in the Trans-North China Orogen (Trap et al. 2011). This
mechanism of HP wedge extrusion is known worldwide
(Agard et al. 2009; Maruyama et al. 1996) and is illustrated
by Fig. 8b.

Metamorphic sole and its age

The IBR accretionary complex develops complicated
structures such as imbricated thrusts and duplexes, super-
imposed folds and crenulation cleavages, but their age is
not yet known (Acharyya et al. 1989; Allen et al. 2008).
To help resolve this problem, we studied amphibolites in
the Natchaung area, south of Kalemyo (Figs. Ic, 2), which
were previously marked as a metamorphic sole (Bannert
et al. 2011; Liu et al. 2016; Mitchell et al. 2010).
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The peridotites that are in contact with amphibolites
(Fig. 2b) contain olivine that has undulatory extinction
(Fig. 6¢), suggesting the peridotite underwent low-tem-
perature deformation at 600—700°C (Passchier and Trouw
2005). Amphiboles in the amphibolites have a preferred
orientation (Fig. 6h), indicating they underwent compres-
sional deformation at ca. 600°C, which is close to the
deformation temperature of the olivine. From these rela-
tions we conclude that the amphibolite was derived from
a metamorphic sole related to the emplacement of the
peridotite (Bannert et al. 2011; Liu et al. 2016; Mitch-
ell et al. 2010). Our new isotopic age of the amphiboles
is 119+3 Ma (LA-ICP MS zircon U-Pb age) (Figs. 1, 7c,
d), which is close to the age obtained by Liu et al. (2016),
suggesting that the metamorphic sole formed in the Early
Cretaceous.

To the north of the Saw area (Fig. 1) late Early Creta-
ceous calcareous sandstones and limestones overlie Trias-
sic sandstones and mudstones with an angular unconform-
ity (Fig. 4f) (Gramann 1974). A limestone, at the base of
which contains pebbles of pillow basalt, is Upper Albian
(~100 Ma, Gramann 1974; Mitchell 1981) and lie uncon-
formably on the Triassic strata and pillow basalts and lavas
(Mitchell et al. 1978). West of Mindon the base of the Cre-
taceous Paunggyi conglomerate contains reworked serpent-
inite pebbles on the eastern slope of Mt. Bi-Taung (Bannert
et al. 2011). These relations suggest that the late Early Cre-
taceous sediments were originally deposited unconform-
ably on the Early Cretaceous accretionary complex, which
consists of tectonically emplaced serpentinites, pillow
lavas, cherts and Triassic sediments (Fig. 1c). More out-
crops show the IBR is unconformably overlain by Middle/
Late Cretaceous to Eocene foraminifera-bearing sediments
(Acharyya 1998, 2015; Bannert et al. 2011; Brunnschweiler
1966; Gramann 1974; Socquet et al. 2002). Furthermore,
the Late Cretaceous sediments in western IBR (Brunnsch-
weiler 1966) are similar to those on top of the accretionary
complex in the eastern belt, indicating that these sediments
were widespread across the IBR. Considering the fact that
we are dealing with shallow marine sediments deposited
on top of a recently formed accretionary prism, we suggest
they were deposited in a near-shore trench-slope basin on
top of the IBR accretionary complex—this is the Hpakan
amd Hukawng Basin in Fig. 8a.

Early Cretaceous subduction system in western
Myanmar

The IBR accretionary complex formed at 115-119 Ma
(Liu et al. 2016), which is ca. 9 Ma older than the mag-
matic arc along the central axis of West Burma, which is
not older than 106 Ma (Mitchell et al. 2012). This differ-
ence in age suggests they may be unrelated. However, the
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active continental margin arc along the western margin of
the Shan-Thai block formed at 114-128 Ma (Barley et al.
2003; Liang et al. 2008; Mitchell et al. 2012), which is
close to or coeval with the IBR accretionary complex.
Their spatial and temporal relationships suggest that they
should be genetic related. Nevertheless, the fact that the
magmatic arc in West Burma is younger than 106 Ma (Met-
calfe 1995, 2006, 2011; Mitchell 1981, 1993; Mitchell et al.
2015; Swe 2012) and that the youngest detrital zircons
of the schist near Salingyin, to the south of Monywa are
younger than 120 Ma, and that no older intervening base-
ment has been found, indicates that the active continen-
tal margin arc along the western margin of the Shan-Thai
block and the contemporaneous IBR accretionary complex
were not separated by a third terrane, and belonged to each
other as accretionary complex and magmatic arc, which is
different from the models of Acharyya (2007) and Metcalfe
(1995, 2006, 2011). Therefore, we conclude that together
they constitute an Early Cretaceous (114—128 Ma) subduc-
tion system with an eastward-directed subduction (Fig. 8a)
in contrast to the westward subduction polarity suggested
by Mitchell (1993), Mitchell et al. (2012), and Mitchell
et al. (2015).

Furthermore, the Cretaceous limestones deposited in a
trench-slope basin, today exposed near Kalemyo and Gan-
gaw (Fig. 1), contains Globotruncana, Ammonoides and
Acanthoceras (Bannert et al. 2011; Gramann 1974; Swe
2012). In the Saw area limestones contain Albian-Cenoma-
nian (~100 Ma) ammonites, corals and other fossils, while
at Mindon a conglomerate contains abundant Campanian/
Maastrichtian Orbitoides (Bannert et al. 2011); these
occurrences suggest deposition in a shallow to semi-pelagic
marine environment (Zhao 2001). In the Hukawng basin to
the north of Kpakan there is Cretaceous amber (~99 Ma)
(Poinar 2009, 2010; Poinar and Buckley 2009; Shi et al.
2012), which implies deposition in a nearshore marine
environment, such as a bay or estuary (Cruickshank and Ko
2003). These relations indicate that the trench-slope basin
deepened westwards (Figs. 1c, 8a). The accretionary com-
plex on Hainggy Island in the southernmost IBR contains
Halobia-bearing Triassic sediments and serpentinite, which
to the west of Hainggy Island are in direct contact with
the trench between the Indian Oceanic crust and the IBR.
Trench-slope basins overlying an accretionary complex
should ideally contain pelagic trench-related sediments,
but, since they do not, suggests they may be unexposed
and/or covered by young sediments (Fig. 8a).

Implications for the Early Cretaceous framework
of Neotethys

The Early Cretaceous subduction system in Myanmar
(Fig. 8) comprises the IBR accretionary complex and active
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continental margin arc along the western margin of the
Shan-Thai block, which is part of the Sibumasu (Fig. 1b)
(Metcalfe 1995, 2006, 2011) or Cimmerian continental
sliver (Sengor 1984). Moreover, the Triassic strata in the
IBR, which occur in the Early Cretaceous accretionary
complex, have comparable equivalents, e.g. the Langjiexue
Group to the south of the Yarlung-Tsangpo ophiolitic belt
in southern Tibet (Cai et al. 2016a; Wang et al. 2016). Hao
et al. (1995) suggested that the Langjiexue Group may be
a component of an accretionary complex. The Gangdese
arc, situated to the north of the Langjiexue Group, has been
active since the Jurassic (Huang et al. 2015). Therefore,
in southern Tibet there may be an Early Cretaceous sub-
duction—accretion system including the Gangdese arc and
an accretionary complex containing the Yarlung-Tsangpo
ophiolites and sediments of the Langjiexue Group (Cai
et al. 2016a; Hao et al. 1995; Liu et al. 2016; Wang et al.
2016; Wu et al. 2014). This northward-directed subduc-
tion zone clearly extends from Tibet in SW China, around
the eastern Himalayan syntaxis, to the east belt of IBR in
Myanmar. It continues farther southward in a dismembered
state to the archipelago in Indonesia (Hamilton 1988; Hen-
nig et al. 2016). The extension of this Early Cretaceous
subduction system (Hall 2002; Scotese and Sager 1988)
consists with many occurrences of Orbitolina, a large der-
marsal foraminifera, which lives in a very shallow, warm
marine setting in the tropical zone (Wan et al. 2003).

The subduction—accretion of the Neotethys Ocean gen-
erates an Early Cretaceous subduction system in Myanmar
(Liu et al. 2016). Its active continental margin arc is situ-
ated at the western margin of the Shan-Thai block, which is
part of the Sibumasu (Metcalfe 1995, 2006, 2011) or Cim-
merian continental sliver (Sengér 1984). This continental
sliver was separated from the Gondwana supercontinent
(Acharyya 1998; Metcalfe 1995, 2006, 2011; Sengor 1984)
and was situated on the southern or western margin of the
Paleotethys ocean (such as in western Yunnan province,
China), which closed along the Changning-Menglian - Chi-
ang Mai - Bentong-Raub suture zone from Yunnan in SW
China (Pan et al. 1997; Zhong 1998) to Thailand (website:
http://www.dmr.go.th/main.php?filename=GeoThai_En)
and Malaysia (Spiller and Metcalfe 1995).

Conclusions

Our new field, structural and geochronological data from
the IBR, integrated with published data from the western
Shan-Thai block, leads to the following conclusions:

1. The IBR comprises serpentinite, greenschist facies
basalt and chert, blueschist and eclogite, sericite schist
and unmetamorphosed Triassic sandstone, mudstone

and siltstone intercalated with chert, which together
with their stratigraphic and structural relationships,
constitutes an accretionary complex. These compo-
nents are structurally repeated by multiple imbricated
thrust slices. From the central core of the accretionary
complex, there is a symmetrically opposite decrease
in metamorphic grade eastwards and westwards from
greenschist to sericite schist/slate to unmetamor-
phosed sediments in the Mindat and Magwe sections.
These structural-metamorphic relationships demon-
strate the presence of east-dipping antiformal exhuma-
tion isoclines. The bottom boundary of the isoclines
is a thrust that has transported the metamorphic rocks
over unmetamorphosed Triassic sediments to the west,
and the top boundary is an extensional fault, which is
responsible for bringing down unmetamorphosed Tri-
assic sediments to the east. Taken together, these rela-
tions meet the requirements of major wedge extrusion
of the accretionary complex of the IBR to the west,
and this polarity confirms that the original subduction
polarity was to the east.

2. In the Natchaung area the presence of Triassic sand-
stone and mudstone (unmetamorphosed), quartzite and
sericite schist (whose protoliths were chert and pelagic
mudstone), actinolite schist and amphibolite (derived
from MORB-type basaltic rocks and metamorphosed at
ca. 600-700°C), indicates an increase in metamorphic
grade from west to east. The amphibolite is directly
overlain by peridotite, whose olivines have undulatory
extinction suggesting low-temperature deformation at
about 700°C. Similar metamorphic and deformation
temperatures of such rocks in contact suggest that the
amphibolite belongs to a metamorphic sole formed
during emplacement of the peridotite.

3. The metamorphic sole has a U-Pb zircon age of 115-
119Ma close to that of the active continental mar-
gin arc (to the east) along the western margin of the
Shan-Thai block, which is significantly older than the
magmatic arc (U-Pb zircon ages <106 Ma) along the
central axis of West Burma. The genetic temporal con-
nection between the IBR accretionary complex and the
active continental margin arc along the western margin
of Shan-Thai block suggests they constitute an Early
Cretaceous subduction system, which continues into
Tibet and farther westward to the Iranian-Turkish pla-
teau, and southwards to the coeval subduction systems
in Indonesia.

Acknowledgements We thank Fuyuan Wu, Lin Ding, Chuanzhou
Liu, Yi Chen and Shun Guo for useful discussions on the geologi-
cal problems of Myanmar. Win Swe, the past President of the Myan-
mar Geosciences Society, is thanked by JEZ for introduction to the
Indo-Burma Range. Zircon analyses were made in the MC-ICP MS
laboratory, IGGCAS. We acknowledge and thank John Wakabayashi

@ Springer


http://www.dmr.go.th/main.php?filename=GeoThai_En

1406

Int J Earth Sci (Geol Rundsch) (2017) 106:1391-1408

for his critical and constructive appraisal of an early draft. We thank
reviewers for their useful comments that improved the manuscript.
This study is financially supported by the Strategic Priority Research
Program (B) of the Chinese Academy of Sciences (XDB03010402).

References

Acharyya SK (1998) Break-up of the greater Indo-Australian conti-
nent and accretion of blocks framing south and east Asia. J Geo-
dyn 26:149-170

Acharyya SK (2007) Collisional emplacement history of the Naga-
Andaman ophiolites and the position of the eastern Indian suture.
J Asian Earth Sci 29:229-242

Acharyya SK (2015) Indo-Burma Range: a belt of accreted microcon-
tients, ophiolites and Mesozoic-Paleogene flyschoid sediments.
Int J Earth Sci (Geol Rundsch) 104:1235-1251

Acharyya SK, Ray KK, Roy DK (1989) Tectono-stratigraphy and
emplacement history of the ophiolite assemblage from the Naga
Hills. J Geol Soc India 33:4-18

Agard P, Yamato P, Jolivet L, Burov E (2009) Exhumation of oce-
anic blueschists and eclogites in subduction zones. Earth Sci Rev
92:53-79

Allen R, Najman Y, Carter A, Barfod D, Bickle MJ, Chapman HIJ,
Garzanti E, Vezzoli G, Ando S, Parrish RR (2008) Provenance
of the Tertiary sedimentary rocks of the Indo-Burman Ranges,
Burma (Myanmar): Burman arc or Himalayan-derived? J Geol
Soc Lond 165:1045-1057

Ao A, Bhowmik SK (2014) Cold subduction of the Neotethys: the
metamorphic record from finely banded lawsonite and epidote
blueschists and associated metabasalts of the Nagaland Ophiolite
Complex, India. ] Metamorph Geol 32:829-860

Bannert D, Lyen AS, Htay T (2011) The geology of the Indoburman
Ranges in Myanmar. Geologisches Jahrbuch Reihe B Regionale
Geologie Ausland, p 101

Barber AJ, Crow MJ (2009) Structure of Sumatra and its implications
for the tectonic assembly of Southeast Asia and the destruction
of Paleotethys. Isl Arc 18:3-20

Barley ME, Pickard AL, Zaw T, Rak P, Doyle MG (2003) Jurassic
to Miocene magmatism and metamorphism in the Mogok meta-
morphic belt and the India-Eurasia collision in Myanmar. Tec-
tonics 22. doi:10.1029/2002TC001398

Baxter AT, Aitchison JC, Zyabrev SV, Ali JR (2011) Upper Jurassic
radiolarians from the Naga Ophiolite, Nagaland, northeast India.
Gondwana Res 20:638-644

Bender F (1983) Geology of Burma. Gebruder Borntraeger, Berlin

Brunnschweiler RO (1966) On the geology of the Indoburman
Ranges. J Geol Soc Aust 13:137-194

Cai F, Ding L, Laskowski AK, Kapp P, Wang H, Xu Q, Zhang L
(2016a) Late Triassic paleogeographic reconstruction along the
Neo-Tethyan Ocean margins, southern Tibet. Earth Planet Sci
Lett 435:105-114

Cai F, Ding L, Yao W, Laskowski AK, Xu Q, Zhang Je, Sein K
(2016b) Provenance and tectonic evolution of Lower Paleozoic—
Upper Mesozoic strata from Sibumasu terrane, Myanmar. Gond-
wana Res. doi:10.1016/j.gr.2015.03.005

Chatterjee N, Ghose NC (2010) Metamorphic evolution of the Naga
Hills eclogite and blueschist, Northeast India: implications for
early subduction of the Indian plate under the Burma microplate.
J Metamorph Geol 28(2):209-225

Cruickshank RD, Ko K (2003) Geology of an amber locality in
the Hukawng Valley, Northern Myanmar. J Asian Earth Sci
21:441-455

Curray JR (2005) Tectonics and history of the Andaman Sea region. J
Asian Earth Sci 25:187-232

@ Springer

Curray JR, Moore DG, Lawver LA, Emmel FJ, Raitt RW, Henry
M, Kieckhefer R (1979) Tectonics of the Andaman Sea and
Burma. In: Watkins J, Montadert L, Dickerson PW (eds) Geo-
logical and Geophysical Investigations of Continental Mar-
gins American Association of Petroleum Geologists, Memoirs
29:189-198

Fujisaki W, Asanuma H, Suzuki K, Sawaki Y, Sakata S, Hirata T,
Maruyama S, Windley BF (2015) Ordovician ocean plate stra-
tigraphy and thrust duplexes of the Ballantrae Complex, SW
Scotland: Implications for the pelagic deposition rate and
forearc accretion in the closing Iapetus Ocean. Tectonophysics
662:312-327

Gardiner NJ, Searle MP, Robb LJ, Morley CK (2015) Neo-Tethyan
magmatism and metallogeny in Myanmar—an Andean ana-
logue? J Asian Earth Sci 106:197-215

Ghose NC, Agrawal OP, Chatterjee N (2010) Geological and miner-
alogical study of eclogite and glaucophane schists in the Naga
Hills ophiolite, Northeast India. Isl Arc 19:336-356

Ghose NC, Chatterjee N, Fareeduddin (2014) A petrographic atlas of
ophiolite: an example from the Eastern India-Asia collision zone.
Springer Press, India, p 234

Gramann F (1974) Some palaeontological data on the Triassic and
Cretaceous of the western part of Burma (Arakan Islands, Ara-
kan Yoma, western outcrops of Central Basin). Newsl Stratigr
3:277-290

Hall R (2002) Cenozoic geological and plate tectonic evolution of SE
Asia and the SW Pacific: computer-based reconstructions, model
and animations. J Asian Earth Sci 20:353-431

Hamilton WB (1988) Plate tectonics and island arcs. Geol Soc Am
Bull 100:1503-1527

Hao J, Chai YC, Li JL (1995) New understandings to the Yarlung-
Zangbo suture zone (Eastern Part), South Tibet. Sci Geol Sin
30:423-431 (in Chinese with English abstract)

Hashimoto Y, Kimura G (1999) Underplating process from melange
formation to duplexing: example from the Cretaceous Shimanto
Belt, Kii Peninsula, southwest Japan. Tectonics 18:92—-107

Hennig J, Hall R, Armstrong RA (2016) U-Pb zircon geochronol-
ogy of rocks from west Central Sulawesi, Indonesia: Extension-
related metamorphism and magmatism during the early stages of
mountain building. Gondwana Res 32:41-63

Huang F, Xu JF, Chen JL, Kang ZQ, Dong YH (2015) Early Juras-
sic volcanic rocks from the Yeba Formation and Sangri Group:
Products of continental marginal arc and intra-oceanic arc during
the subduction of Neo-Tethys Ocean? Acta Petrologica Sinica
31:2089-2100 (in Chinese with English abstract)

Hutchinson CS (1989) Geological Evolution of South-East Asia.
Oxford University Press, New York

Kawai T, Windley BF, Terabayashi M, Yamamoto H, Maruyama S,
Omori S, Shibuya T, Sawaki Y, Isozaki Y (2007) Geotectonic
framework of the Blueschist Unit on Anglesey-Lleyn, UK, and
its role in the development of a Neoproterozoic accretionary oro-
gen. Precambrian Res 153:11-28

Khogenkumar S, Singh AK, Singh RKB, Khanna PP, Singh NI, Singh
WI (2016) Coexistence of MORB and OIB-type mafic volcan-
ics in the Manipur Ophiolite Complex, Indo-Myanmar Orogenic
Belt, northeast India: implication for heterogeneous mantle
source at the spreading zone. J Asian Earth Sci 116:42-58

Kimura G, Ludden J (1995) Peeling oceanic crust in subduction
zones. Geology 23:217-220

Kusky TM, Windley BF, Safonova I, Wakita K, Wakabayashi J, Polat
A, Santosh M (2013) Recognition of ocean plate stratigraphy in
accretionary orogens through Earth history: a record of 3.8 bil-
lion years of sea floor spreading, subduction and accretion.
Gondwana Res 24:501-547

Liang YH, Chung SL, Liu DY, Xu YG, Wu FY, Yang JS, Wang
YB, Lo CH (2008) Detrital zircon evidence from Burma for


http://dx.doi.org/10.1029/2002TC001398
http://dx.doi.org/10.1016/j.gr.2015.03.005

Int J Earth Sci (Geol Rundsch) (2017) 106:1391-1408

1407

reorganization of the eastern Himylayan river system. Am J
Sci 308:618-638

Liu CZ, Chung SL, Wu FY, Zhang C, Xu Y, Wang JG, Chen Y, Guo
S (2016) Tethyan suturing in Southeast Asia: Zircon U-Pb and
Hf-O isotopic constraints from Myanmar ophiolites. Geology
44:311-314

Maruyama S, Liou JG, Terabayashi M (1996) Blueschists and
eclogites of the world and their exhumation. Int Geol Rev
38:485-594

Metcalfe I (1995) Gondwana dispersion abd Asian accretion. J Geol
5-6:223-266

Metcalfe 1 (2006) Palaeozoic and Mesozoic tectonic evolution and
palaecogeography of East Asian crustal fragements: the Korean
Peninsula in context. Gondwana Res 9:24-46

Metcalfe I (2011) Tectonic framework and Phanerozoic evolution of
Sundaland. Gondwana Res 19:3-21

Mitchell AHG (1974) Flysch-ophiolite successions: polarity indica-
tors in arc and collision-type orogens. Nature 248:747-749

Mitchell AHG (1981) Phanerozoic plate boundaries in mainland SE
Asia, the Himalayas and Tibet. J Geol Soc 138:109-122

Mitchell AHG (1993) Cretaceous-Cenozoic tectonic events in the
western Myanmar (Burma)-Assam region. J Geol Soc Lond
150:1089-1102

Mitchell AHG, Hlaing T, Pe Z (1978) The Burma orogen. Unpub-
lished report, Yangon

Mitchell AHG, Hlaing T, Htay N (2010) The Chin Hills segment of
the Indo-Burma Ranges: not a simple accretioary wedge. In: Soi-
bam I (ed) Indo-Myanmar Ranges in the Tectonic Framework of
Himalaya and Southeast Asia, vol 75 Geological Society of India
Golden Jubilee, pp 3-24

Mitchell AHG, Chung SL, Oo T, Lin TH, Hung CH (2012) Zircon
U-Pb ages in Myanmar: magmatic-metamorphic events and the
closure of a neo-Tethys ocean? J Asian Earth Sci 56:1-23

Mitchell AHG, Htay MT, Htun KM (2015) The medial Myanmar
suture zone and the western Myanmar Mogok foreland. J] Myan-
mar Geosci Soc 6:73-88

Monié P, Agard P (2009) Coeval blueschist exhumation along
thousands of kilometers: Implications for subduction chan-
nel processes. Geochem Geophys Geosyst 10. doi:10.1029/200
9GC002428

Ningthoujam PS, Dubey CS, Guillot S, Fagion AS, Shukla DP (2012)
Origin and serpentinization of ultramafic rocks of Manipur Ophi-
olite Complex in the Indo-Myanmar subduction zone, Northeast
India. J Asian Earth Sci 50:128-140

Pan GT, Chen ZL, Li XZ, Yan YJ, Xu X, S., Xu Q, Jiang XS, Wu YL,
Luo JN, Zhu TX, Peng YM (1997) Geological-tectonic evolution
in the Eastern Tethys. Geological Publishing House, Beijing (in
Chinese with English abstract)

Passchier CW, Trouw RAJ (2005) Microtectonics, 2nd edn. Springer,
Berlin, p 366

Poinar GJ (2009) Early Cretaceous protist flagellates (Parabasalia:
Hypermastigia: Oxymonada) of cockroaches (Insecta: Blattaria)
in Burmese amber. Cretaceous Res 30:1066-1072

Poinar GJ (2010) Cascoplecia insolitis (Diptera: Cascopleciidae),
a new family, genus, and species of flower-visiting, unicorn fly
(Bibionomorpha) in Early Cretaceous Burmese amber. Creta-
ceous Res 31:71-76

Poinar GJ, Buckley R (2009) Palaeoleptus burmanicus n. gen., n. sp.,
an Early Cretaceous shore bug (Hemiptera: Palaeoleptidae n.
fam.) in Burmese amber. Cretaceous Res 30:1000-1004

Ridd MF (2016) Should Sibumasu be renamed Sibuma? The case for
a discrete Gondwana-derived block embracing western Myan-
mar, upper Peninsular Thailand and NE Sumatra. J Geol Soc
Lond 173:249-264

Ridd MF, Watkinson I (2013) The Phuket-Slate terrane: tectonic
evolution and strike-slip emplacement of a major terrane on

the Sundaland margin of Thailand and Myanmar. Proc Geol
Assoc 124:994-1010

Sarkar A, Datta AK, Poddar BC, Bhattacharyya BK, Kollapuri
VK, Sanwal R (1996) Geochronological studies of Mesozoic
igneous rocks from eastern India. J Southeast Asian Earth Sci
13:77-81

Sawaki Y, Shibuya T, Kawai T, Komiya T, Omori S, lizuka T,
Hirata T, Windley BF, Maruyama S (2010) Imbricated ocean
plate stratigraphy and U-Pb zircon ages from tuff beds in
cherts in the Ballanstrae complex, SW Scotland. Geol Soc Am
Bull 122:454-464

Scotese CR, Sager WW (1988) Mesozoic and Cenozoic plate tectonic
reconstructions. Tectonophysics 155:27-48

Searle MP, Windley BF, Coward MP, Cooper DIW, Rex AJ, Rex D,
Li TD, Xiao XC, Jan MQ, Thakur VC, Kumar S (1987) The
closing of Tethys and the tectonics of the Himalaya. Geol Soc
Am Bull 98:678-701

Searle MP, Noble SR, Cottle JM, Waters DJ, Mitchell AHG, Hlaing
T, Horstwood MSA (2007) Tectonic evolution of the Mogok
metamorphic belt, Burma (Myanmar) constrained by U-Th-Pb
dating of metamorphic and magmatic rocks. Tectonics 26. doi:10
.1029/2006TC002083

Sengor AMC (1984) The Cimmeride orogenic system and the tec-
tonics of Eurasia. The Geological Society of America, Special
Paper 195, p 82

Sengor AMC (1990) Plate tectonics and orogenic research after 25
years: a Tethys perspective. Earth Sci Rev 27:1-201

Sengupta S, Acharyya SK, Van Den Hul HJ, Chattopadhyay B (1989)
Geochemistry of volcanic rocks from the Naga Hills Ophiolites,
northeast India and their inferred tectonic setting. J Geol Soc
146:491-498

Shi GH, Cui WY, Cao SM, Jiang N, Jian P, Liu DY, Miao LC, Chu
BB (2008) Ion microprobe zircon U-Pb age and geochemistry of
the Myanmar jadeitite. J Geol Soc Lond 165:221-234

Shi GH, Grimaldi DA, Harlow GE, Wang J, Wang J, Yang MC, Lei
WY, Li QL, Li XH (2012) Age constraint on Burmese amber
based on U-Pb dating of zircons. Cretaceous Res 37:155-163

Singh AK (2013) Petrology and geochemistry of abyssal peridotites
from the Manipur ophiolite complex, Indo-Myanmar orogenic
belt, northeast India: implication for melt generation in mid-oce-
anic ridge environment. J Asian Earth Sci 66:258-276

Socquet A, Goffé B, Pubellier M, Rangin C (2002) Late Cretaceous
to Eocene metamorphism of the internal zone of the Indo-Burma
range (western Myanmar): geodynamic implications. Comptes
Rendus Geoscience, Paris 334:573-580

Spiller FCP, Metcalfe I (1995) Late Paleozoic radiolarians from the
Bentong-Raub suture zone, and the Semanggol Formation of
Peninsular Malaysia-initial results. J Southeast Asian Earth Sci
11:217-224

Win Swe (2012) Outline geology and economic mineral occurrences
of the union of Myanmar. J Myanmar Geosci Soc 1:1-215

Trap P, Faure M, Lin W, Augier R, Fouassier A (2011) Syn-collisional
channel flow and exhumation of Paleoproterozoic high pressure
rocks in the Trans-North China Orogen: The critical role of par-
tial-melting and orogenic bending. Gondwana Res 20:498-515

Venkataramana P, Dutta AK, Acharyya SK (1986) Petrography &
petrochemistry of the ophiolite suite. In: Geology of Nagaland
Ophiolite. Geological Survey of Indian Memoir, vol 119, pp
33-63

Wakabayashi J (2015) Anatomy of a subduction complex: architecture
of the Franciscan Complex, California, at multiple length and
time scales. Int Geol Rev 57:669-746

Wan XQ, Wu YH, Li GB (2003) Distribution of Mid-Cretaceous
Orbitolinids in Xizang (Tibet) and its Paleobiogeographic
implications. Acta Geol Sin 77:1-8 (in Chinese with English
abstract)

@ Springer


http://dx.doi.org/10.1029/2009GC002428
http://dx.doi.org/10.1029/2009GC002428
http://dx.doi.org/10.1029/2006TC002083
http://dx.doi.org/10.1029/2006TC002083

1408

Int J Earth Sci (Geol Rundsch) (2017) 106:1391-1408

Wang JG, Wu FY, Tan XC, Liu CZ (2014) Magmatic evolution of the
Western Myanmar Arc documented by U-Pb and Hf isotopes in
detrital zircon. Tectonophysics 612-613:97-105

Wang JG, Wu FY, Garzanti E, Hu XM, Ji WQ, Liu ZC, Liu XC
(2016) Upper Triassic turbidites of the northern Tethyan Hima-
laya (Langjiexue Group): the terminal of a sediment-routing
system sourced in the Gondwanide Orogen. Gondwana Res
34:84-98

Wu FY, Liu CZ, Zhang LL, Zhang C, Wang JG, Ji WQ, Liu XC
(2014) Yarlung Zangbo ophiolite: a critical updated view. Acta
Petrol Sin 30:293-325 (in Chinese with English abstract)

@ Springer

Yang JS, Xu ZQ, Duan XD, Li J, Xiong FH, Liu Z, Cai ZH, Li HQ
(2012) Discovery of a Jurassic SSZ ophiolite in the Myitkyina
region of Myanmar. Acta Petrol Sin 28:1710-1730

Zhao WJ (2001) Late Cretaceous foraminiferal faunas and eus-
tatic change in Gamba area, southern Tibet. Geol J China Univ
7:106-117 (in Chinese with English abstract)

Zhong DL (1998) The Paleotethys Orogenic Belt in west of Sichuan
and Yunnan. Science Publishing House, Beijing, p 230 (in
Chinese)



	Early Cretaceous wedge extrusion in the Indo-Burma Range accretionary complex: implications for the Mesozoic subduction of Neotethys in SE Asia
	Abstract 
	Introduction
	Geological outline
	Lithology
	Sedimentary and metamorphic rocks
	Ophiolitic mélange
	Amphibolite and related pelagic sediments

	Structural geology
	Imbricated thrust stack
	Antiformal isoclinal structure
	Superimposed folds, faults and crenulation cleavage

	Discussion
	Wedge extrusion: mechanism of exhumation of an accretionary complex
	Metamorphic sole and its age
	Early Cretaceous subduction system in western Myanmar
	Implications for the Early Cretaceous framework of Neotethys

	Conclusions
	Acknowledgements 
	References


