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Abstract: The Bainang terrane, an intra-occanic island arc subduction complex into which Tethyan oceanic
rocks were accreted during the Cretaceous, is preserved within the Yarlung—Tsangpo suture zone of Tibet. The
lithostratigraphic succession cstablished from field mapping records a long history of sedimentation in
different portions of the central Tethyan domain from Late Triassic to mid-Cretaceous time. These rocks arc
preserved within a south-verging imbricate thrust stack of thin (<1 km thick) northward younging tectonic
slices. Five lithotectonic units were mapped in the terrane and these units are assigned to two distinet tracts.
The northern tract, which accumulated on the north side of Neotethys, was probably separated from its
southern counterpart by a mid-ocean ridge. Detailed radiolarian biostratigraphy is used to constrain the timing
of depositional events within each tract. Occanic plate stratigraphy of the northern tract records its northward
travel and mid-Cretaceous (latc Aptian) approach towards a south-facing intra-occanic subduction zone. Rocks
in the southern tract developed closer fo the Indian subcontinent and experienced thermotectonic subsidence
and Mid-Jurassic basic alkaline intraplatc magmatism. They were probably accreted late in the Cretaceous.
Variations in structural style across the terranc indicate deformation at different depths and vertical growth of
the wedge rather than lateral accretion. The overall tectonostratigraphy of the terrance reflects its development
in a remote intra-oceanic setting.

Keywords: Tibet, Mesozoic, accretionary wedges, subduction, accretion, Indus-- Yarlung—Zangbo suturc

zone, radiolarians.

The Yarlung—Tsangpo suturc zone in Tibet marks the zonc of
collision between India and Eurasia. The once vast Tethyan
Occan closed along this suture during Cenozoic continent—
continent collision. Much of what lay within this ocean was
subducted, smeared out or otherwisc destroyed through subduc-
tion during convergence between India and Asia or disappcared
during the collision. All that remains is now trapped within the
few kilometres width of the suture zone. Investigations of
terranes within the suture provide insights into the architecturc
and cvolution of the Tethyan Occan interior,

The cvolutionary history of the Neotethys has been inferred
from the continuous scdimentary record preserved in the north-
crn Indian passive margin scrics (Gactani & Garzanti 1991; Liu
& Einscle 1994). However, this interpretation addresses only the
scdimentary response to multiple rifting events along the south-
crn Neotethyan margin. The depositional history and architecture
of the central Neotethyan domain remains unexplored. Although
the movement of India towards Eurasia is well documented from
magnetic anomalies on the Indian Ocean floor and other
magnctic data (Klootwijk et al. 1992), the sequence of events
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that accompanicd India—Asia convergence is thus far poorly
understood especially in the castern (Tibetan) segment of
Neotcthys. In spite of an carly suggestion (Allegre ef al. 1984;
Proust et al. 1984) of the possibility of intra-Tethyan subduction
in this scctor of Tethys, the later and more widely accepted
model (Searle et al. 1987) assumes that the entire north—south
extent of oceanic lithosphere was subducted along the southern
margin of the Lhasa terranc. Summaries of the structurc and
evolution of this rcgion appear somewhat dissimilar to those for
arcas further west (Kohistan and Ladakh), where the Spontang
and Kohistan—Dras volcanic arcs, associated with intra-occanic
subduction, are well documented (Searle ef af. 1987, 1999;
Corficld ef al. 1999). The simplified account of the castern part
of the Neotethys has recently been reassessed with the recogni-
tion of remnants of an intra-occanic subduction system
(Aitchison et «l. 2000; McDermid et af. 2002) and scismic
tomographic images under the region (Van der Voo ef al. 1999).
In this paper, we present the results of detailed geological
mapping, and structural and radiolarian biostratigraphic studics
of the Bainang tcrrane. The terranc developed as a subduction
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complex, on the southern edge of a south-facing intra-oceanic
subduction system, which grew above a northward-subducting
slab of Ncotethyan ocean lithospherc. Facics of the central
Neotethyan domain were accreted into this subduction complex.
New data clucidate the tectonic setting and evolution of this
terrane, and they arc interpreted in terms of depositional setting
and the mode and timing of subduction-rclated accretion. We
contrast the geological development of the Bainang terrane with
that of other terranes in the region and consider this in the
broader context of Neotethys evolution.

Regional tectonic framework

Six tectonostratigraphic units (terranes) that developed prior to
India- -Eurasia collision are recognized within and bounding the
Yarlung-Tsangpo suture zone (Fig. 1). From north to south, we
bricfly outline their nature and key features related to the
cvolution of the Tethys, following the nomenclature introduced
by Aitchison ef al. (2000).

The Lhasa terrane is a microcontinental block that had
detached from the northern periphery of Gondwana and docked
with Asia by the Late Jurassic—Early Cretaceous (Allegre et al.
1984; Yin & Harrison 2000). Middle Proterozoic to Lower
Cambrian metamorphic basement is overlain by Palacozoic to
middlc Cretaceous shallow-marine and terrestrial deposits. The
southern margin of the terranc bounds the Yarlung—Tsangpo
suturc zone and consists of an Upper Jurassic—Lower Cretaceous
metascdimentary and metavolcanic basement (Sangri Group)
overprinted by Andean-type intrusive and volcanic rocks of the
Gangdese batholith (Badengzhu 1979; Burg & Chen 1984).
These igneous rocks rccord the extensive magmatism that
resulted from northward subduction of Neotethyan occanic litho-
sphere bencath the Lhasa terrane. Radiometric ages from
Gangdese plutons range from 153 4 6 Ma (Murphy et al. 1997)
to 30.4 & 0.4 Ma (Ilarrison ef a/. 2000). Sangri Group andesites
are intercalated with clastic and carbonatc deposits bearing
Upper Jurassic—Lower Cretaceous fossils (Badengzhu 1979;
Pearce & Mei 1988; Burcau of Geology and Mincral Resources
of Xizang Autonomous Region 1993). Radiometric ages for the
andesites, rhyolites and ignimbrites of the Takena and Lingzi-

zong formations range from 119 to 38 Ma (Maluski ef al. 1982;
Xu et al. 1985; Miller et al. 2000). Both radiometric and
biostratigraphic data appear to indicate that subduction-related
magmatism along the southern margin of the Lhasa terrane
commenced in the Late Jurassic and lasted until mid-Oligocene
time.

The Xigaze terrane incorporates a 5000—8000 m thick succes-
sion of volcaniclastic turbidites (Xigaze Group flysch) deposited
to the south of the Lhasa terrane. Rare fossils indicate an upper
Albian (Wicdmann & Dirr 1995) to Coniacian (Wan et al. 1998)
stratigraphic range although younger deposits have probably been
removed by ecrosion. These rocks arc interpreted as a forearc
succession that developed in association with north-directed
subduction beneath the Lhasa terranc (Shackleton 1981; Burg &
Chen 1984; Girardeau et al. 1984; Einsele et al. 1994; Diirr
1996).

The Zedong terrane was recognized by Aitchison et al. (2000)
ncar Zedong and Luobusa. 1t occurs as a tectonic sliver between
the Lhasa and Dazhuqu terranes and is bounded by north-
dirccted thrusts related to the Renbu—Zedong thrust system of
Harrison et al. (2000). The terranc incorporates a succession of
arc tholeiitic lavas overlain by a thin (¢. 15 m) sequence of red
ribbon-bedded chert then ¢. 1000 m of volcaniclastic breccias cut
by numerous andesitc dykes and minor intrusions of diorite and
leucogranite (McDermid er al. 2001; McDermid 2002). Rocks
within the terranc have been interpreted as remnants of an intra-
oceanic volcanic arc (Aitchison ef al. 2000; McDcrmid er al.
2001; McDermid 2002) similar to other terranes known from
elsewhere along the suturc in the NW India and Pakistan arc
(Corfield et al. 2001). Both radiometric and biostratigraphic data
indicate the onset of magmatism in the latc Mid-Jurassic. Radio-
metric ages (McDermid er al. 2002) are in accord with
Bajocian—lower Callovian radiolarian faunas in the underlying
chert. Complexity is indicated by reports (Badengzhu 1979) of
rare Lower Cretaceous marine fossils from volcaniclastic strata
and confirmed by our investigations of radiolarian faunas.

The Dazhuqu terrane comprises a series of ophiolitic bodics
traccable along the Yarlung—Tsangpo suture zone with major
outcrops in the Xigaze and Luobusa areas (Aitchison et al.
2004). Near Zedong and Luobusa ophiolitic rocks arc faulted
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against the Zedong terranc or thrust northwards over lowermost
Miocene conglomerates developed along the southern margin of
the Lhasa terranc (Aitchison ef al. 2002). In the Xigaze district,
the ophiolite is thrust northwards over the Xigaze terranc (Burg
1983; Wang et al. 1987). The southern margin of the terranc lies,
in most arcas, at the Miocene north-dirccted Renbu Zedong
thrust (Yin et al. 1994, 1999), which places Indian terrane rocks
over the ophiolite. In the Bainang district, where there is an S-
shaped sigmoidal bend in the Yarlung Tsangpo suture zonc,
carlicr contacts can be observed at south-directed thrusts that are
locally truncated by strike-slip faults (Girardeau e «l. 1985q;
Ratschbacher et al. 1994).

Several ophiolitic massifs, in the Xigaze arca, form a nearly
continuous belt over 150km long and up to 25km wide.
Ophiolitic sections arc mostly north-facing with the scquence
repeated across dextral strike-slip faults. Although tectonically
disrupted and heavily attenuated, scctions locally display a
complete ophiolitic scquence from fresh Cr-diopside-rich harz-
burgites to marine scdimentary cover on mafic volcanic rocks
(Nicolas et al. 1981; Girardeau et «l. 1984, 19854, b). Radiolar-
ian biostratigraphy constrains the timing of eruption of ophiolitic
basalt to the late Barremian—carly Aptian (Zyabrev ef al. 1999;
Ziabrev et al. 2003). Aitchison e al. (2000) interpreted the
Dazhuqu terrane ophiolite as having originated in an intra-
oceanic suprasubduction zone setting and this is supported by
detailed mincralogical and petrochemical studics in the Xigaze
area (Hcbert ef al. 2000, 2001).

The Bainang terrane, on the southern side of the suture zone,
was interpreted by Aitchison er al. (2000) as a subduction
complex, and is the subject of this paper. It contains units
previously referred to as infra-ophiolitic thrust sheets of radiolar-
itcs (Burg & Chen 1984) or Upper Jurassic -Lower Cretaceous
red radiolarites (Girardeau er al. 1984). The terrane is bounded
to the north by ophiolitic rocks of the Dazhuqu terranc and to
the south by thc Indian terrane. Good cxposurcs cxist ncar
Donglha, Xialu and Bainang (Fig. [). In most scctions studicd,
the terrane is chert dominated and is characterized by a north-
facing tectonic pile of oceanic lithologies repeated by a series of
south-verging imbricated slices. Radiolarians reported from silic-
cous rocks near Xialu range in age from the Mid-Jurassic to mid-
Cretaccous (Aptian) (Wu 1993; Matsuoka et al. 2001, 2002).

Passive margin rocks of the Indian terrane or Tethyan
(Tibetan) Himalaya lic south of the suturc. Thick Permian to
Cretaceous continental rise deposits (Liu & Einscle 1994) merge
southward into a continuous Ordovician to Focenc shelf sedi-
mentary succession of marine carbonate, sandstone, siltstone and
shale (Burcau of Geology and Mincral Resources of Xizang
Autonomous Region 1993; Jadoul ef af. 1998). Ordovician—Early
Permian cpicontinental deposition in shallow scas linked to
Tethys terminated with rifting that evolved into detachment of
Peri-Gondwana microcontinents and, ultimately, the opening of
Tethys. The Mesozoic scquence records incrcased tectonic
subsidence in the Carnian—Norian, followed by building of
carbonate platforms. Drowning along the cntire length of the
carbonate platform occurred in the early Callovian with deposi-
tion of oolitic ironstonc superseded by Late Jurassic deposition
of black shales (Gactani & Garzanti 1991; Jadoul ef al. 1998).
The development of the passive continental margin facing the
Tethyan domain was punctuated by a serics of rifting cpisodes
related to Gondwana disintegration and associated with intraplate
volcanism (Gactani & Garzanti 1991). In correlative scctions of
the western Himalaya, the Zanskar shelf merges northward with
Mesozoic slopc—rise deep-sea deposits of the Lamayuru Com-
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plex and its distal equivalent, the Karamba Complex (Danelian
& Robertson 1997; Robertson & Sharp 1998).

The original disposition of terranes within the  Yarlung
Tsangpo suturc zone has been greatly disrupted and former
relations between terrancs arc not well constrained. Therefore,
reconstruction of the tectonic cvolution of the arca is difficult.
Most carly models invoked the existence of a single Andcan-type
convergent plate margin along the northern side of Neotethys but
analogy with the modern western Pacific and SIE Asia suggests
that reality may have been considerably more complex. Develop-
ment of the Xigaze terranc is interpreted as having been related
to cvolution of the magmatic arc along the southern edge of the
Lhasa terrane (Linscle er af. 1994; Diirr 1996). The Xigavce
terranc was formerly regarded as being floored by the Dazhuqu
ophiolite (e.g. Burg & Chen 1984; Girardcau of af. 1984; linscle
el al. 1994; Dirr 19906), but these two units are ubiquitously in
tectonic contact and there is no « priori reason why they should
have been genetically related (Aitchison er af. 2000). The co-
occurrence and remarkably consistent north- south distribution of
the broadly coeval Zedong (magmatic arc), Dazhuqu (forcarc
ophiolite) and Bainang (subduction complex) terranes led to their
interpretation as evidence for a south-lacing intra-oceanic sub-
duction system that lay within the Neotethys (Aitchison er al.
2000) and the cxistence of more than one convergent margin. As
more details and constraints on the evolution of terranes within
the Yarlung- Tsangpo suture zone become available the complex-
ity and sophistication of modcls lor this zone increase.

Methods

Preliminary examination of the Bainang terrane at several sections
revealed a structural style and lithologics reminiscent of subduction
complexes. The most complete section oceurs near Bainang and this was
selected for detailed study because of excellent exposures. This area was
mapped in detail (1:25000) to discern map-scale structures and obtain a
solid basis for structural and biostratigraphic data and interpretations.
Special attention was paid to the nature of contacts between different
lithologies. Depositional contacts arc locally preserved and these were
used to reconstruct an oceanic plate stratigraphy. Radiolarian biostrati-
graphy was applied as a key method (o constrain ages and as a means of
cross-checking the reconstructed lithostratigraphic succession established
during field-mapping. Al prospective lithologics were  extensively
sampled with sedimentological features and details of  mesoscopic
structural patterns documented. Individual traverses were sampled sys-
tematically along continuous profiles to clarify structure and trace
possible age progressions. Radiolarians were picked from dilute HE and/
or HCH acid residues, and imaged using a Hitachi SEM. Identification of
taxa and age assignment for Middle Jurassic to middle Cretaccous
radiolarian asscmblages arc based on recent taxonomic study  and
biostratigraphic zonation of ‘Tethyan radiolarians (Jud 1994; O*Dogherty
1994, Baumgartner ¢ «l. 1993). For Lower Jurassic and Triassic
asscmblages other zonal schemes (Pessagno & Whalen 1982 Kishida &
Hisada 1985; Yeh 1987; Carter ef «f. 1988; Tlori 1990; Carter 1993) werce
applied. Over 130 radiolarian-based ages were acquired in the course of
this study.

Bainang terrane

A NE-SW-oricnted, 35 km long tectonic lens of Bainang terrance
rocks is preserved at a well-developed bend in the trace of the
Yarfung—Tsangpo suture zone located cast ol the township of
Bainang. Exposurc pinches out tectonically near Bainang in the
west and castwards towards Dazhuqu. The terranc is bounded to
the NW by the Dazhuqu terrane. The contact is a south-directed
thrust that dips 60 -70° NW and places an ophiolitic assemblage
in the hanging wall over the Bainang terranc. o the south, the
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Bainang terranc is juxtaposcd, along another modcrately to
steeply (45-85°) dipping south-directed thrust, over a footwall of
Indian terrane lithologies. The overall geological structure within
the tcrrane is that of an imbricate thrust stack containing
numerous north-facing and chiefly south-verging tectonic slices.
Slices incorporate oceanic pelagic and hemipelagic lithologies
such as chert, siliccous, calcarcous and tuffaceous mudstone,
limestone, and siliceous and calcareous shale. Individual thrust
slices are thin (5—60 m) and pinch out over short distances. Units
shown on thc geological map and cross-sections (Fig. 2)
represent distinctive packages of these slices in which similar
lithologies are tectonically stacked. Some packages are internally
deformed by folds on various scales and shearing is widespread.
Deformation intensity increases progressively from NW to SE
across strike. The abundance of widely spaced laycr-parallel
shear zones increases until an anastomosing clcavage peaks with
development of a strong foliation in the SE. An east-west-
striking sinistral strike-slip fault locally truncates the southern
margin of the Bainang terranc where it offsets 1 km? size
fragments of the Dazhuqu terranc by at least 20 km. Four NW—
SE-striking faults diagonally crosscut the western part of the
mapped area with sinistral offsets of 250-500m and are
synthetic to the sinistral strike-slip fault along the southern flank
of the terrane. Late strike-slip faulting is interpreted as related to
collisional deformation (Ratschbacher e al. 1994).

Stratigraphy and structure

Original lithostratigraphic sections within the terrane arc heavily
disrupted but this is compensated for by cxceptional cxposure.
Sufficient original contacts between lithologics can be locally
observed such that the original stratigraphic succcssion is
determinable with reasonable confidence. Much of the terranc is
structurally disrupted but block-in-matrix style mélange is rare.
Detailed ficld investigation permits the recognition of five
mappable lithotectonic units in the Bainang area. Their discrimi-
nation is based on the proportions of characteristic lithologics,
and structural style (Table 1). From north to south, the units are
the Bangga, Zongxia, Maniga, Yalongmai and Renchingang
units. Structural variation permits recognition of the Sakabu and
Tsashibu subunits within the Maniga unit and the Chiangdui and
Baigang subunits in the Yalongmai unit. All names are taken
from local villages situated close to outcrops of each unit. In
general, units trend NE-SW. Overlap between consecutive units
is somewhat discordant and individual units wedge out along
strike (Fig. 3). The two northern units have similar stratigraphic

Table 1. Characteristics of lithotectonic units

records that differ noticeably from the other three. Accordingly,
units are combined into the northern and southern tracts.

Bangga unit. The structurally highest unit is oriented ENE and
crops as a narrow (0.5-0.7 km) zonc. Much of the northwestern
extent of the unit, and its contact with the Dazhuqu terranc, is
covered by Quaternary alluvium. Red radiolarian chert is over-
whelmingly dominant, mostly ribbon-bedded (1--12 cm, average
3-5cm bed thickness), and occurs as monotonously repeated
couplets of chert and thin siliceous claystone. Some rare, thin
(0.5—1 m) chert horizons arc greyish green. Subordinatc massive
or thickly (20-50 ¢m) layered olive—grey to greenish grey
siliceous mudstone occurs throughout the unit. Mudstones are
locally tuffaccous. Purplish red siliceous mudstonc consists of
thin (2--7 ¢cm) layers of clay and siliccous material. Layering is
commonly accentuated by tuffaceous laminac and thin (0.5-
4 cm) felsic tuffs. Structural disruption is intensc and only
portions of any sections are stratigraphically cohercnt; neverthe-
less, where rare original depositional contacts are prescrved,
siliceous mudstoncs overlie the red radiolarian cherts.

Scattered shear zones bounding relatively coherent chert lenses
characterize the structurc of the Bangga unit. On slopes wherc
exposurc is excellent, thesc cherts crop out in thick (tens of
metres) slices or conjugatc tectonic lenses. Contacts between
chert and siliceous mudstones are typically tectonic. Shear
surfaces parallel bedding on outcrop and map scales (Fig. 3).
Bedding and shear surfaces typically dip moderately to steeply
(50—85°) NNW. Rare south-dipping sections represent overturned
limbs of large open recumbent folds interpreted to be associated
with ramps and flats of thrusts. Small-scale asymmetric S- and
Z-shaped intrafolial folds deform layering in the cherts. Fold
morphologics and hinge oricntations indicate south-directed
thrusting with components of sinistral or dextral along-strike
displacement. Some folds display pure dextral or sinistral
displacement.

Red radiolarian cherts are characterized by poorly to moder-
atcly preserved radiolarian assemblages, whercas preservation is
generally better in silicecous mudstones. Radiolarians were identi-
fied from 47 chert samplcs mostly collected along two traverses,
and from 10 samples of overlying siliceous mudstoncs at various
localities. Biostratigraphic data (Figs 4 and 5) cstablish the age
ranges of units within the lithostratigraphy. They indicate that the
cherts range from Rhaetian (Upper Triassic) to lowcr Barremian
(Lower Cretaceous). Siliccous mudstones occupy a narrow mid-
dle Aptian (mid Cretaceous) stratigraphic interval. No systematic
progression in ages was observed across the unit and large age

Unit Lithological characteristic

Structural style

Northern tract

Bangga Predominant red radiolarian cherts; subordinate siliceous mudstone ~ Scattered shear zones bounding tectonic slices and lenses
Zongxia Predominant greenish grey (rare varicoloured) siliceous mudstone;  Conjugate tectonic lenses bounded by shear zones

subordinate red radiolarian cherts
Southern tract

Maniga Predominant varicoloured tuffaceous chert and mudstone; common  Intense shearing with phacoidal and S—C fabrics; intensity of

varicoloured mudstones; subordinate red radiolarian cherts,

ferruginous chert, calciturbidite and micritic limestone
Yalongmai

calciturbidite and micritic limestone
Renchingang

shearing progressively increases southwards (across strike)

Predominant varicoloured calcareous shales; common varicoloured ~ Zonal to penetrative foliation with stretching lineation deformed
siliceous shales and sheared red radiolarian chert; subordinate

by later sporadically developed crenulation and abundant kink
bands

Predominant grey and yellowish grey calcareous shales; subordinate  Penetrative foliation with stretching lineation deformed by later

varicoloured calcareous shales, calciturbidite and red radiolarian chert sporadically developed crenulation and abundant kink bands
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Fig. 2. Geological map and cross-sections of the Bainang terrane in the Bainang area, Yarlung—Tsangpo suture zone, southern Tibet.
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‘OLOGICAL MAP OF THE BAINANG DISTRICT, YARLUNG-TSANGPO
SUTURE ZONE, SOUTHERN TIBET (XIZANG), CHINA
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offscts probably occur within lithologically homogencous chert
sections.

Zongxia unif. This unit contains lithologics similar to those of
the Bangga unit but in different proportions. Rare depositional
contacts indicate a similar lithostratigraphic succession although
original rclations between the red radiolarian chert and other
lithologics could not be confirmed. Olive-grey to greenish grey,
massive to laintly layered, siliccous mudstones predominate.
These mudstones are up to 10--15 m thick although shearing
precludes accurate estimation of the original thickness. Intercala-
tions of thin (2—4 ¢m) layers of dark green chert locally occur
within the mudstones. Fince parallel, wavy, or small-scale ripple
cross-laminations indicate the influecnce of bottom traction
currents. Some siliccous mudstones are tuffaccous. Layers (4-
20 ¢cm thick) of felsic tuff with graded bedding occur and arc
most abundant in the central portion of the unit, where thicker
(1--2.5 m) composite tuff layers contain rip-up clasts and lamina-
tion indicative of turbidity current deposition. Stratigraphically
underlying, purplish red siliccous mudstones arc up to 5-6m
thick and thinly (2—7 cm) laycered. Thin tuffs accentuate layering.
Horizons of centimetre-thick purplish grey chert with abundant
radiolarians occur within this mudstone. Multiple repetitions of
the succession are tectonic rather than depositional. Red radiolar-
ian chert oceurs within tectonic lenses a few tens of centimetres
to 50 m thick. Chert is mostly ribbon-bedded and identical to
that in the Bangga unit. Shearing and development of quartz
veins is common, cspecially in smaller bodies.

Structural style is characterized by the development of numer-
ous shear zonecs bounding conjugate tectonic lenses and s
obscrvable on both outcrop and larger scales. It is accentuated by
abundant chert lenses of various sizes within the siliccous
mudstones. Shear zones bound chert lenses and are cxtensive
within tectonically thickened sections of siliccous mudstones.
Shear surfaces mostly parallel bedding and dip moderately to
steeply (50-80%) NNW. Local overturning occurs on the limbs of
large, open recumbent folds. Fold closurcs arc angular or
complicated by smaller folds of thc samc morphology. Small-
scale S- and Z-shaped intrafolial folds similar to thosc in the
Bangga unit arc also present.

Siliccous mudstones (45 samples) and chert lenses (four)
yiclded well-preserved, datable radiolarians. The distribution of
ages s complex, with numerous repetitions across the unit
indicating tcctonic imbrication, which characterizes the structural
style. Although biostratigraphic data for the red cherts arc scarce,
they constrain the oldest known chert as Upper Triassic (Rhac-
tian) with a total range for this lithology to Upper Jurassic. All
siliceous mudstones occupy a narrow middle Aptian stratigraphic
interval. The transition from chert to siliceous mudstone accumu-
lation lies within the lowermost Aptian. The reconstructed
stratigraphic column for the Zongxia unit is similar to that for
the Bangga unit. A more continuous Lower Cretaceous chert
sequence is well preserved along strike in correlatives of this unit
near Xialu 25 km west of Bainang (Wu 1993; Matsuoka e «l.
2001, 2002) and confirms our interpretation of the original
lithostratigraphic succession. Our samples of siliccous mudstone
from near Xialu have also yiclded well-preserved middle Aptian
radiolarians.

Maniga unit. This unit has a maximum width of about 3 km and
is oriented at a slight angle to the structurally higher Zongxia
unit such that its NW flank is progressively overlapped in an
ENE direction. Lithologies differ from those in units to the north,
although red radiolarian chert is also present. [t is further

subdivided into the Sakabu and Tsashibu subunits bascd on
differing structural styles and proportions of constituent litholo-
gics. Three lithological associations are present: (1) varicoloured
mudstones intercalated with micritic limestones and calciturbi-
dite; (2) varicoloured tuffaccous cherts intercalated with jasper-
oidal chert, tuffaccous mudstonc and tulf; (3) red radiolarian
chert. Tuffaceous chert and mudstone predominate with jasper-
oidal cherts more abundant in the Sakabu subunit and varico-
loured mudstoncs and calcarcous rocks forming up to 20% of the
Tsashibu subunit.

Red (purplish red) or bluish grey varicoloured, locally calcar-
cous, mudstones occur in roughly cqual proportions and cxhibit
multiple fault repetitions. Rare thin (0.5--1.5 cm) layers of chert
arc also present. Micritic pale pink or bluish grey limestones are
massive or thinly bedded and occur as rare individual beds or
horizons (0.4-5m thick) within successions of varicoloured
mudstones. Calciturbidite beds (520 em) occur in successions
up to 10m thick. Ripple cross-laminations indicate scdiment
transportation from the south. Layers (3 8 ¢m) of micritic lime-
stoncs and finc-laminated siliccous—calcarcous rocks occur with-
in calciturbidites. Most contacts between these lithologics and
those described below arc tectonic.

Ribbon-bedded varicoloured uffaccous chert occurs as cou-
plets of tuffaccous chert (<15 cm) and thinner mudstone layers
in sequences <20 m thick. Radiolarians arc scarce. Tuffaccous
mudstones and tuffs occur in thick layers (20--300 ¢cm) inter-
calated within tuffaccous chert sequences.  Coarse-grained
(lapilll) tuff is of basic composition. Jasperoidal chert crops out
as thin (2-7 m) zones of clay and hematite-rich layers (1 -4 cm)
within varicolourced tuffaccous cherts, and is mostly red with rare
dark grey layers and devoid of radiolarians. Some primary
depositional contacts between red jasperoidal chert, tulfaccous
mudstone and varicoloured tuffaccous chert remain. Red radi-
olarian cherts are the uppermost stratigraphic units. They arce
similar to those in the Bangga unit and typically occur as
tectonic lenses.

Anastomosing shear zones bounding conjugate tectonic lenses
several metres thick characterize the Sakabu subunit. Lenses
incorporate  varicoloured tuffaccous cherts intercalated  with
tuffaccous mudstone and tuff. Zones (0.5 10 m) of intensely
sheared calciturbidites are commonly sandwiched between these
lithologies. Shear intensity incrcases southward and tectonic
lenscs become smaller. A prominent thrust with a large synform
in its footwall marks the boundary between subunits. In the
Tsashibu subunit, more intense and pervasive shearing is asso-
ciated with development of phacoidal and S--C  fabrics in
tectonically interleaved lithologics. Foliation is locally developed
in the SE.

Dips to the NNW predominate amongst both shear surfaces
and bedding. Local variations and overturning indicate the
presence of large open folds. Small-scale S- and Z-shaped
intrafolial folds occur throughout the unit. Morphology and hinge
orientations indicate south-dirceted thrusting with components of
sinistral or dextral along-strike displacement. Intrafolial folds
developed during different phases of dceformation, as somce
deform bedding and shear surfaces whercas others deform only
bedding and predate tectonic layering. This probably reflects
non-uniform differential movements of particular tectonic slices
rather than discrete stages of homogencous deformation of the
catire unit. Large tight or isoclinal folds with limbs several tens
of metres long occur locally. They deform both bedding and
shear surfaces, and usually warp tectonic slices. These folds are
usually complicated by parasitic folds and arc characterized by
north-dipping axial plancs and ncar-horizontal hinge lines. They
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appear as solitary synforms or multiple folds. Within conjugatc
synform—antiform pairs, synforms arc always structurally lower,
consistent with large Z-shaped folds (as scen from the west)
indicating south-directed thrust displacement. Development of
such folds was rclated to progressive thrusting alter wedge
imbrication.

Although the Maniga unit was cxtensively sampled, it yielded
few well-preserved radiolarians. When scarce biostratigraphic
data arc combined with ficld obscrvations of lithostratigraphy,
they confirm our interpretation of the original succession.
Varicoloured upper Norian—Rhactian to upper Aalenian mud-
stones arc intercalated with micritic limestones and calciturbi-
dites and overlain by varicoloured upper Aalenian to Bathonian
tuffaceous cherts intercalated with jasperoidal cherts, tuffaceous
mudstonce and tuff. Callovian to Oxfordian—lower Tithonian red
radiolarian chert is the youngest lithology but is older than the
youngest cherts in units to the north.

Yalongmai unif, This unit crops out in two zones, which are
separated by a north—south-trending valley. Each zonc has a
characteristic structural trend and they are assigned to scparate
subunits ¢. 2 km wide. The Chiangdui subunit occurs as a NE—
SW-oricnted strip that structurally overlaps the east—west-trend-
ing Baigang subunit. Although lithologics are similar to those in
the Maniga unit, they are morc intensely sheared and/or foliated.
Most (about 80%) of the unit is composed of intercalations of
differently coloured, pervasively foliated, purplish red or bluish
grey varicoloured calcarcous shales. Calciturbidites are common
and primary scdimentary structures remain. Sheared varicoloured
tuffaceous cherts are purplish red or greenish grey. Locally chert
is intercalated with intensely sheared tuffaceous mudstones. Red
radiolarian chert similar to that clsewhere throughout the Bai-
nang terrane occurs in several tectonic slices up to 20 m thick
and is less shcared than adjacent lithologics. No identifiable
radiolarian fossils were extracted and the intensity of lectonic
disruption precludes the confirmation of the lithostratigraphic
succession., Some chert in the southern portion of the unit
includes centimetre-thick layers of pink micritic limestone and
thinly interbedded chert and limestone laminae indicating that it
accumulated at, or just above, the carbonate compensation depth
(CCD).

The Yalongmai unit is characterized by repetitions of intenscly
sheared and foliated tectonic slices composed of dilferent
lithologics. Bedding and tectonic layering dip in a manner
similar to that seen in other units, Tectonic layering is subparallel
to bedding. Shearing patterns are lithologically controlled. Some
chert is tectonically dissociated into lenses, assemblages of
which are mappablc over several kilometres. Cherts exhibit S--C
or phacoidal fabrics and arc rarcly foliated whereas foliation in
calcarcous shalecs is typically penetrative. Foliation becomes
more pervasive to the SE. Stretching lincation, crenulation and
kink bands arc also associated with foliation. Lincation is
manifested by finc penetrative minceral fibres. Sporadically devel-
oped crenulation occurs on some foliation surfaces as small
patches of closely spaced wrinkles. Kink bands arc more
abundant in the SE part of the unit and arc locally arranged into
swarms of conjugate bands. Stretching lincations are deformed
by both crenulation and kink bands. In each subunit they plunge
gently to modcrately to the north and arc strongly grouped
around mean values of 352%31° and 352°/38° (Fig. 3). Crenula-
tion crests are almost horizontal and their orientations vary from
west to SSW with mean valucs of 244°/05° and 250°/04° for cach
subunit. Kink band axes arc oriented WSW and arc ncarly
horizontal with closc mean values 255%05° and 253°/04° in both
subunits. Oricntations of all linear structural clements indicate
NNW-SSE (transport. Rarc secondary fine-scale asymmetric
clecavage associated with crenulation indicates  south-directed
thrusting. Small-scale S and Z intrafolial folds (morc common in
the Chiangdui subunit) deform both bedding and tectonic laycr-
ing. Stretching lincation and crenulation are warped in onc of
these folds. Morphologics and hinge orientations of the folds
indicate south-dirccted thrusting with components of  cither
sinistral or dextral strike slip.

Renchingang unit. This southcrnmost and structurally lowermost,
1750 m widc unit is oriented ENE--WSW, parallel to the Baigang
subunit, and is thrust southwards over the Indian terrane. Yellow-
ish grey calcareous shale characterizes the unit. In the north, it
contains lenticular fragments of normally graded ycllowish grey
calcarenites. The unit also incorporates lithologics characteristic
of the Yalongmai unit, such as varicolourcd calcarcous shale and
red radiolarian chert, which occur in metre-thick tectonic lenses

Fig. 5. Representative radiolarian assemblages from the Bainang terranc (scale bar represents 100 um). 14, Upper Triassic, Rhactian, red radiolarian
chert, Zongxia unit: |, Livarella sp.; 2, Livarella sp. cf. L. validus Yoshida; 3, 4, Canoptum spp. 5-11, Lower Jurassic, upper Pliensbachian, limestone,
Maniga unit: 5, Parahsuum ovale Uori & Yao; 6, Pracconocarvomma immodica Pessagno & Poisson; 7. Paronaella sp. ¢f. P bona (Yeh), 8) Naporasp. cf.
N. cerromesacensis Pessagno, Whalen & Yeh; 9, Broctus ruesti Yeh; 10, Parahsuumsp. cf. Lupheriumsp. A sensu Pessagno & Whalen, 19825 1L, Canopium
sp. 12—15, Middle turassic, upper Aalenian (UAZ95 2), red radiolarian chert, Bangga unit: 12, Ristola(?) praemirifusus Baumgartner & Bartolini; 13,
Hsuumsp. cf. 1. matsuokai 1sozaki & Matsuda; 14, Transhsuwm sp. cf. T. hisuikyoense (Isozaki & Matsuda); 15, Laxtorum sp. cf. L. jurassicunt 1sozaki &
Matsuda. 16--22, Middle Jurassic, Bajocian (UAZ9S 3-4), tuffaccous chert, Maniga unit: 16, Dictvomitrella (?) kamoensis Mizutani & Kido; 17,
Transhsuum maxwelli (Pessagno); 18, T. brevicostatum (Ozvoldova); 19, Unuma latusicostatus(Aita); 20, U. typicus Ichikawa & Yao; 21, Stichocapsa
Japonica Yao; 22, Parvicingula dhimenaensiss.|. Baumgartner. 23 25, Middle Jurassic, uppermost Bajocian to lower Bathonian (UAZ95 5) tuffaccous
chert, Maniga unit: 23, Tiicolocapsa tetragonaMatsuoka; 24, 7. plicarum Yao: 25, Tricolocapsa sp. S sensu Baumgartner ef al. 1995. 26- 33, Middle
Jurassic, upper Bathonian—lower Callovian (UAZ95 7), tuffaceous chert, Maniga unit, Bainang tervane: 26, Obesacapsula morroensis Pessagno; 27,
Acanthocircus suboblongus (Yao); 28, Palinandromeda podbiclensis (Ozvoldova); 29, Mirifissus guadalupensis Pessagno; 30, Sethocapsasp. ¢f. S,
dorvsphaeroides (Neviani); 31, Ristolasp. cf. R. altissima altissima (Riist); 32, Stichocapsa (?) tsunoensis (Aita); 33, Spongocapsula palmerae Pessagno.
34-39, Upper Jurassic; Tithonian (UAZ95 12), red radiolarian chert, Bangga unit: 34, Dictyomitra minoensis (Mizutani); 35, D. apiarium (Rist): 36,
Cinguloturris evlindra Kemkin & Rudenko; 37, Protwnumasp. cf. P. japonicus Matsuoka & Yao; 38, Dicerosaturnalis sp. cf. D. dicranacanthos
(Squinabol); 39, Hiscocapsasp. cf. H. uierculus (Parona). 40--44, Upper Jurassic, upper Tithonian to Lower Cretaceous, middle Valanginian (UAZ95 13
16), red radiolarian chert: 40, Dictyvomitra excellens (Tany; 41, Crolanium sp. ¢f. C. puga (Schaaf); 42, Thanarla browweri (Tan); 43, Svringocapsasp. cf.
S. longinibusiud; 44, Parvicingulaboesii (Parona). 45-54, Middle Aptian (U.A. 7) siliccous mudstone, Bangga unit: 45, Pseudodictyomitrasp. cl. 1
hornatissima (Squinabol); 46, Dictvomitra communis (Squinabol); 47, Torculumsp. cl. T. bastetani O’ Dogherty; 48, Xitus clava (Parona); 49, X.
spicularius (Aliev); 50, Turbocapsula costata (Wu); 51, Acaeniotyle umbilicata (Rist); 52, Godiu decora (Li & Wu); 53, Triactoma hyvbum Foreman; 54,
Trisyringiumsp. cf. T. capellinii Vinassa.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



532 S. V.ZIABREV ET AL.

and slices disseminated within calcarcous shale. Chert is thin-
bedded and includes layers (1-3 ¢cm) of pink to red micritic
limestone as well as fincly laminated chert and limestonc,
amounting to ¢. 25% of the succession. The presence of thin
pclagic limestones intercalated with chert indicates sedimentation
above or ncar the CCD.

The southern part of the unit consists of structurally homo-
geneous shales. To the north, thin slices of different lithologies
arc tectonically repeated. Penetrative foliation accompanied by
stretching lineation characterizes the unit. Abundant kink bands
deforming foliation and strctching lincation occur in swarms.
Crenulation is rarc. Foliation generally dips north (mcan 359%/
40°) with local overturning. Stretching lineations generally dip
north (mean 002°/46°). Kink band axcs are ncarly horizontal
(mean 262°/04°). Lincar structural elements indicate north—south
transport. Small intrafolial S-shaped folds deform foliation and
stretching lineation and indicate sinistral along-strike displace-
mcent.

Intrusions. Sills of high-Ti alkaline basalt up to tens of metres
thick arc abundant in the southern tract. They are particularly
abundant in the Maniga unit, where they form up to 50% of the
unit’s volume. Baked contacts with host rocks indicate that
metamorphism associated with intrusion predates shearing. The
sills are structurally disrupted by the same tectonic features that
imbricate other elements of the Bainang terranc stratigraphy.
They intrude most lithologics, except the youngest red radiolar-
ian cherts. Thus, basic magmatism probably predates deposition
of this chert, and is inferred to be pre-Callovian. As the sills have
intruded all other lithologies, including upper Aalenian—Bath-
onian tuffaccous chert, intrusion is constrained to a narrow
interval in the latc Mid-Jurassic. We note that coeval intraplate
basic alkaline magmatism is known from potentially correlative
rocks in the Western Ladakh Himalaya (Danclian & Robertson
1997; Robertson & Sharp 1998) wherc Middle Jurassic lavas and
volcaniclastic deposits occur in the Karamba Complex, and
diabasc sills are common in the adjacent Lamayuru Complex.

Synthesis: a model for Neotethys evolution

Detailed examination of the Bainang terrane elucidates two
distinct aspeets of Neotethyan evolution: (1) the history of the
floor of this occan is preserved in fragments of material that have
been accreted into the terrane; (2) consumption of oceanic
lithosphere and the nature of subduction—accretion processes at
an intra-oceanic subduction system are recorded in the accre-
tionary wedge.

Depositional setting and travel history of accreted
material

The remnant stratigraphy of an oceanic plate fragment preserved
in an accretionary wedge provides temporal constraints on the
travel history of subducted occanic material and its accretion
(Isozaki et al. 1990; Matsuda & Isozaki 1991). Few remnants of
any subduction complexes are well preserved along the length of
the suture between India and Asia. Rocks within the Bainang
terrane provide constraints on accreted Ncotethyan oceanic
material. They are interpreted in terms of depositional scttings
and compared with rocks from the modern ocean floor or
exposcd on land in accretionary wedges. Where the Bainang
terranc record is incomplete, correlation with other units
described from further west along the suture permits reconstruc-

tion of the history of sedimentation upon the now subducted
floor of Ncotethys.

Northern tract: travel and approach towards a convergent
margin. A similar mix of lithologies and stratigraphy occurs in
thc Bangga and Zongxia units. It therefore scems plausible that
they accumulated in close proximity. The oldest rocks are red
radiolarian chert, a distinctive oceanic pclagic lithology that is
well known from many accretionary wedges prescrved on-land
(Isozaki et al. 1990; Matsuoka & Yao 1990; Zyabrev 1996;
Kusky & Bradley 1999) as well as from drilling on the oceanic
floor in the western Pacific (Matsuoka 1992), This lithology
accumulated below the CCD far from the influence of any
terrigenous sedimentary input.

Siliceous mudstones contain finc-grained clastic and biogenic
componcents. They arc hemipelagic and resemble modern sedi-
ments from oceanic swells and outer trench slope  settings
(Moore et al. 1982). In ancient accretionary wedges elsewhere,
they typically overlie chert sequences and arc commonly inter-
preted to have accumulated upon oceanic crust close to a
convergent margin (Matsuoka & Yao 1990; Matsuda & Isozaki
1991). Increasing proximity to a subduction zone during platc
convergence is indicated by the appcarance of felsic tufl. Thicker
tuff layers arc turbidites containing volcanogenic material rede-
posited from the inner trench slope.

Northern tract stratigraphy indicates deposition in two differ-
cnt sedimentary cnvironments. Initially, sedimentation occurred
in an open occan pelagic environment from at least Rhaetian to
carly Aptian. This was followed by a short interval of hemi-
pelagic sedimentation until the late Aptian. The succession
records a long (100 Ma) period of north-directed travel within an
opcn ocean setting towards a convergent margin, the final
approach to which is recorded in hemipelagic siliceous mud-
stones with abundant tuff layers.

Southern tract: thermotectonic subsidence in proximity to India.
From Late Triassic to Bathonian time, evolution of the southern
tract appears to have differed from that of its northern counter-
part. During the Rhactian to late Aalenian, hemipelagic varico-
loured mudstone and limestonc was deposited north of a source
of finc-grained clastic and calcarcous detritus. Micritic lime-
stones indicate periods of low clastic input above the CCD. The
latc Aalenian until the end of the Bathonian was characterized by
basaltic volcanism and the deposition of aquagene tuffs. The
absence of carbonates suggests that siliceous pelagic background
sedimentation continued below the CCD. Callovian sedimenta-
tion was dominantly pelagic with accumulation of radiolarian
chert below the CCD continuing until the Oxfordian—early
Tithonian. No younger deposits are preserved and the ocecanic
plate stratigraphy is incomplete. The succession records a change
from hemipclagic to pelagic deposition apparently accompanicd
by oceanic floor subsidence below the CCD. This may reflect
drowning of the source of carbonate and terrigenous clastic
detritus, and/or retreat of a sediment dispersal system. Coin-
cidence of thermotectonic (cooling-induced) subsidence of the
adjacent Neotethyan occan floor below the CCD and drowning of
the source area allowed pelagic siliceous scdimentation to
become dominant. If Mid-Jurassic basaltic magmatism impeded
the regional trend of subsidence, it did not leave any sign of such
a change in the stratigraphic record, although the possibility of
CCD fluctuations cannot be cxcluded. Elsewhere, lithologics and
patterns of magmatism in the southern tract closely resemble
those in the Maniga unit bul correlation remains tentative
without age control. Proximity to a detrital source area located to
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the south is indicated by calciturbidites within varicoloured
calcareous mudstoncs. -shales in all three units.

Lithologies, stratigraphy and magmatism in the southern tract
comparc well with those described from the Karamba Complex
in the Ladakh Himalaya, further west along the suture zone. This
complex accumulated on a continental rise and contains distal
equivalents of continental slope deposits in the Lamayuru
Complex (Danelian & Robertson 1997, Robertson & Sharp
1998). These complexes arc in turn distal equivalents of the
Zanskar shelf succession on the Indian passive margin. The
uppermost Triassic—Lower Jurassic Karamba Complex is mud-
stone-dominated, and possesses pelagic limestone and calciturbi-
dites with basic voleaniclastic rocks and within-plate basalts in
the Middle Jurassic range. Reduction of clastic input and
subsidence below the CCD occurred during the Jurassic
(Robertson & Sharp 1998). In the Late Cretaccous the Karamba
and Lamayuru complexes were thrust southwestwards over the
Zanskar shelf (Scarlc ef af. 1988; Robertson & Sharp 1998).
Santonian chert (Danelian & Robertson 1997) and Campanian
pelagic carbonate (Robertson & Sharp 1998) constrain emplace-
ment to the post-Campanian. Comparison with the Karamba
Complex supports interpretation that the southern tract accumu-
lated in close proximity to the northernmost edge of India.

Although the oldest sedimentary rocks in the Bainang terranc
arc Upper Triassic, by the time they werc deposited, Tethys,
which had opened in the Permian, was a relatively wide ocean
with a well-cstablished arca of pelagic sedimentation (Stampfli &
Borel 2002). This is documented in red ribbon-bedded cherts of
the northern tract, which were deposited below the CCD. No
fragments of Permian to Mid-Triassic, Jurassic or Cretaceous
occanic crust can be casily recognized. Whether it never existed,
was tectonically eroded off frontal parts of the wedge, or was
overridden during collision (c.g. Boutelier et al. 2003) is
uncertain.

Deposition of sedimentary successions in the two Bainang
terrane tracts appears to have geographically scparated locations
within Tethys. A simple explanation is that the two tracts were
separated by an occanic spreading ridge (Fig. 6). Detritus shed
into the southern tract from the northern margin of the Indian
subcontinent constrains its position. Progressively younger sec-
tions of oceanic crust should have lain north of it towards the
ridge (Stampfli & Borel 2002). Therefore, Upper Triassic oceanic
cherts in the northern tract probably developed north of the ridge
and travelled further northwards during the Jurassic whercas the
southern tract remained under the influence of sediment derived
from the northern margin of continental India.

Temporal constraints on ocean-floor evolution. A remarkable
change in the course of evolution of the Neotethys occurred by
the beginning of the Latc Jurassic. Subduction of Ncotethyan
oceanic lithosphere began, possibly resulting from reorganization
of plate boundaries in response to events elsewhere in Tethys. It
occurred both along the southern margin of Eurasia and at an
cquatorially located subduction system  within Tcthys. Intra-
oceanic subduction at a south-facing intra-Neotethyan subduction
system was associated with late Mid-Jurassic—Early Cretaceous
volcanism in the Zedong terrane (McDermid ef al. 2001, 2002;
MecDermid 2002) whereas continental margin subduction bencath
Eurasia was associated with Late Jurassic—Early Cretaccous
Sangri Group volcanism in the Lhasa terrane and later magma-
tism associated with the Gangdese belt (Badengzhu 1979).

In the Mid-Jurassic (pre-Callovian time) volcaniclastic sedi-
mentation and intrusion of basic alkaline sills was widespread in
the southern tract. This magmatism may have been a precursor to

break-up and eventual development of the Argo abyssal plain off
NW Australia, where the oldest oceanic crust is 163 Ma (Callo-
vian—Oxfordian; Sager ef al. 1992). Rifting within castern
Neotethys occurred north of India and propagated southward,
lcading to separation of India from Gondwana and opening of
the Indian Ocean (von Rad ef al. 1992). A change in background
sedimentation probably occurred in response to cooling-induced
subsidence of Ncotethyan lithosphere below the CCD  and
drowning of the source arca. Mid-Jurassic drowning of the
northern Indian shelf further indicates this thermotectonic sub-
sidencc.

In accreted sedimentary sections the boundary between pelagic
and hemipelagic deposits typically records the time of approach
towards a subduction zone. The transition between hemipelagic
and trench-fill deposits marks the arrival of oceanic lithosphere
at a trench immediatcly prior to its accretion (lsozaki ¢f al.
1990). If trench-fill turbidites arc not preserved the age of the
youngest hemipelagic material provides a maximum constraint
on the timing of accretion.

An almost complete stratigraphy is preserved in the northern
tract of the Bainang terrane. The change from pelagic chert to
hemipelagic siliceous mudstone accumulation records the initial
influcnce of subduction zone-related sedimentation. The oldest
hemipelagic siliceous mudstone in the northern tract provides the
best approximation of the timing of this latest early Aptian (mid-
Cretaceous) cvent. As trench-fill turbidites are absent, the age of
the youngest siliceous mudstones (carly late Aptian) is the
maximum constraint on the timing of accretion into the wedge.
Detailed radiolarian studics provide age control on the progres-
sive younging of accreted units in other subduction complexes
studied elsewhere (Matsuoka & Yao 1990). However, this is
discernible on a scale of tens of kilometres, which is greater than
the total width of exposurc of the Bainang terranc. Nevertheless,
radiolarian biostratigraphy indicates coeval accretion of Bangga
and Zongxia units.

The upper portion of the oceanic plate stratigraphy in the
southern tract was probably off-scrapped, and, as it is not
preserved, no temporal constraint on accrction can be deter-
mined. As this tract originated closer to the Indian subcontinent
it should have bcen to the south of units accreted carlicr,
suggesting that accretion of the southern tract probably followed
that of its northern counterpart. A morc complete stratigraphic
section has been described from along strike in NW India within
the correlative Karamba Complex, which contains a similar
sequence with few turbidites that developed in front of the intra-
oceanic Spontang arc (Corfield e al. 2001). Studics of these
rocks have indicated that pelagic scdimentation may have
persisted there until the Campanian (Robertson & Sharp 1998).
If the Bainang terranc is similar and the southern tract also
accreted in post-Campanian time, then an overall trenchward-
younging succession of landward-dipping slices is prescrved
across the terrane and a significant temporal gap cxists between
the accretion of northern and southern tracts.

Subduction—accretion

Bainang terranc units that accumulated in different parts of
Neotcthys are now juxtaposed within a 10 km widc imbricate
thrust stack. Oceanic pelagic (cherts, micritic limestones) and
hemipelagic (mudstones, siliccous and calcarcous mudstoncs)
lithologics dominatc. The most likely explanation for assembly
of various oceanic lithologics in such a complex is subduction-
related accretion. The overall structure of the terranc represents
an imbricatc thrust stack of multiple north-younging, south-
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verging tectonic slices. Structural and stratigraphic aspeets of the
Bainang terranc point to assembly in a subduction zone with
major lectonostratigraphic pattcrns and partially preserved occa-
nic platc stratigraphics comparable with thosc observed in
modern and ancient accretionary wedges. Fabrics within the
terrane are similar to thosc described from accretionary com-
plexes clscwhere (e.g. Alaska; Kusky er al. 1997, Kusky &
Bradley 1999). Small-scalc intrafolial folds and large thrust-
rclated isoclinal folds, stretching lineations, crenulation and kink
bands together with other kinematic criteria from shear zones
such as phacoidal and S—C fabrics indicate overall south-directed
thrusting.

Structural styles vary progressively across the terranc, with a
SSL increase of shear intensity from higher to lower structural
levels indicating different depths of deformation and probably
reflecting vertical growth rather than lateral accretion. It is
widely accepted that accretion may occur in two modes: (1) off-
scrapping at the toe of an accretionary wedge; (2) underplating
at deeper levels (Silver e al. 1985; Moore & Silver 1987; Isozaki
et al. 1990; Kimura & Ludden 1995; Kusky et al. 1997).
Although no diagnostic criteria for uncquivocal discrimination
between these two modes exist, some inferences as to the mode
of accrction within the Bainang terranc can be madc through
analysis of structural styles and the nature of the preserved
oceanic plate stratigraphics. Important temporal constraints can
be cxtracted to determine the approximate timing of Bainang
accretion events. The absence of décollement-related mélanges
and trench-fill turbidites complicates interpretation of the mode
and time of accrction.

The structural style and stratigraphy preserved in the Bangga
unit do not permit casy discrimination of the mode of accretion.
It may represent the off-scrapped portion of the accretionary
wedge. Off-scrapping of pelagic—hemipelagic scctions on the
incoming occanic platc occurs at the Barbados Ridge accretion-
ary wedge, where no trench-fill sediments arc present (Moore
el al. 1995). The rclatively simple structure exhibited within this
unit might have originated by off-scrapping numecrous thin
(hundreds of of metres) slices. Their extent is comparable with
the zone of initial accretion in modern accrctionary wedges
(Brown er al. 1990; Moorc et al. 1995). Later shcar zones that
cut these slices may be out-of-scquence thrusts that developed in
the zone of subscquent thickening (Brown er al. 1990; Moore
el al. 1995) but the density of biostratigraphic data is insufficient
to test this hypothesis. Turbidites, which might be expected as
trench-fill sediments above more distal siliccous mudstones, arc
rarc, suggesting they may have been off-scraped at higher levels
of the accretionary wedge with the chert—siliccous mudstone
sections being underplated later. Some clastic-dominated zoncs
of turbidites that occur in the region (Aitchison e al. 2000) may
represent such material. If the Bangga unit was undcrplated, the
absence of extensive décollement-related shearing may be cx-
plained by down-stepping versus gradual propagation through
thickening of the décollement (Moore & Byrnc 1987).

The Zongxia unit appears to better (it the mode ol under-

plating, rather than off-scrapping. Numerous tectonic slices of

coeval siliccous mudstones occur within a unit >1 km thick. The
tectonic 5-20 m thick slices are comparable with those in other
on-land accretionary wedges (Matsuoka & Yao 1990; Matsuda &
[sozaki 1991). The naturc of the accreted slices and the degree
of shortening arc inconsistent with the types of structures
obscrved in the zone of initial accretion in modern accrctionary
wedges where off-scrapping occurs. The unit is thus inferred to
have been underplated immediately underncath the Bangga unit,
as both probably accumulated in relative proximity. Shearing

occurs in scattered zones and is locaily morc penctrative,
suggesting both down-stepping and gradual downward propaga-
tion (through thickening) of the décollement during accrction.
Tectonic lenses of chert represent fragments of the original
stratigraphic scection that underlay the mudstones. The cherts are
considerably older than adjacent mudstones and depositional
transitions between these lithologies were not observed. Thus,
they were probably juxtaposed during out-of-scquence thrusting
or duplexing.

Intense shearing, with development of metre-scale Ienses and
phacoidal and S—C fabrics in the Maniga unit, is interpreted to
be décollement related. Together with the absence of upper levels
of the expected stratigraphic scction, this is consistent with
underthrusting and underplating. Shear patterns point towards
possible shecar zone thickening and gradual downward propaga-
tion of the décollement. A downward increase in the intensity of
shearing may indicate a longer pathway along the décollement
with a progressive increase in the depth of deformation. Out-of-
sequence duplexing similar to that recognized in the Shimanto
terrane, SW Japan (Hashimoto & Kimura 1999) is the most
probable mechanism through which underplating  occurred.
Lithological differences with the Zongxia unit suggest consider-
ablc original scparation between depositional sites.

Underplating by duplexing of sheared sections is also inferred
for the Yalongmai and Renchingang units. The development of
penetrative foliation and stretching lincation reflects déeolle-
ment-related deformation at greater depths than for the Maniga
unit. Gradual downward propagation of the décollement through
thickening of the associated shear zone probably occurred during
underplating. The disposition of these threc neighbouring units
probably corresponds to their original relations in the growing
accretionary wedge.

It is likely that many of the distinctive features the Bainang
terrane displays are intrinsic to development in an intra-occanic
subduction setting and not merely artefacts of fragmentary
prescrvation. The abscnce of trench-fill turbidites appears to be
an inherent feature of the Bainang terrane. Accretionary wedges
associated with continental convergent margins typically arce
dominated by voluminous arc-derived trench-fill  turbidites
(Dickinson & Seely 1979) although rarc exceptions cxist, both
on-land (Zyabrev 1996) and offshorc (Moorc er al. 1995). As
many underplated sections of other acerctionary wedges contain
such turbidites it scems unlikely that Bainang terrane turbidites
were removed by off-scraping. Unless forcarc basin growth was
prodigious, entrapment of arc-derived volcanic detritus can also
be ruled out, as the forcarc region would have been over-topped.
The Barbados Ridge region is the only modern accrctionary
wedge studied by Occan Drilling Program drilling in an intra-
occanic island arc where pelagic and hemipelagic sediments are
being delivered on a subducting plate (Moorc er al. 1995).
Despite the occanic sctting, the incoming Atlantic Plate carrics
significant  sedimentary and  biogenic influxes derived  from
nearby South America (Mascle & Shipboard Scientific Party
1988, Moore e al. 1995). Although most accreted sedimentary
scctions are terrigenous, the locally sourced sediment influx at
the deformation front and within the wedge is minimal. Older
on-land portions of this wedge also appear to contain scant
volcanogenic material (Westbrook 1982). In an intra-ocecanic arc
sctting, where there is limited detrital scdiment supply from a
chain of widely spaced and largely submerged volcanocs, it
scems likely that the trench might be starved of sediment.

The development of mélanges is widely regarded as a hall-
mark of subduction--accrction complexes (Dickinson & Sccly
1979; Kusky & Bradley 1999). This can be related to shearing
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along the décollement during underthrusting (Moore & Byme
1987; Hashimoto & Kimura 1999; Kusky & Bradley 1999) or to
mud diapirism (Orange 1990). Despite widespread structural
disruption, the Bainang terrane is devoid of extensive zoncs of
classic block-in-matrix méclange. We suggest that becausc the
upper portion of underthrust sections lacked any thick, water-
saturated clastic deposits this did not favour the formation of
mélanges. As the scdimentary vencer upon subducting Neoteth-
yan lithosphere was thin, this probably predetcrmined shear
strain distribution, resulting in the development of thin tectonic
slices (Kusky ef al. 1997) in the imbricate thrust stack. Out-of-
scquence thrusting and duplexing further accentuated the alrcady
thin-skinned imbrication. Elements of the structure within the
Bainang terrane exhibit characteristics of duplexes and the entirc
terranc might be described as a complex imbricate duplex thrust
system.

Although some structural overprinting and tectonic telescoping
within the Bainang terranc might have occurred during the arc—
continent and later continent—continent collisions, little cvidence
for this is scen. Despite its position within the Yarlung-Tsangpo
suturc zone, only the faults that bound the terrane and rarc
strike-slip faults cutting the terranc are clearly related to
collision. As shearing, folding and associated small-scalc fabrics
described hercin are restricted to the Bainang terrane we interpret
these featurcs as products of compound diachronous deformation
during accretion, rather than a complex polyphasc history.

When the Indian passive margin arrived at the subduction
zone, deformation affected the continental risc. Southward
progradation of thrusting resulted in the devclopment of a
rcgional imbricate thrust stack. Early deformation within the
Indian passive margin has been interpreted as syncollisional
stacking, and was accompanied by low-grade metamorphism
dated at around 50 Ma (Burg 1983; Burg & Chen 1984; Burg
et al. 1987; Ratschbacher e al. 1994). The only post-accretion-
ary features mapped within the Bainang terranc are NNW—SSE-
trending cross-faults that cut the terrane. As thesc faults do not
extend across adjacent terrancs they are inferred to have devel-
oped prior to terrane bounding faults.

Distinctly dissimilar sedimentary histories are recorded by the
northern and southern tracts of the Bainang terrane, which arc
most simply interpreted as having developed in separate arcas
within Tethys. As differences in structural styles preclude the
intcrpretation that these two tracts are juxtaposed along an out-
of-sequence thrust, it secems probable that thc northern tract
developed to the north of its southern counterpart and was the
first to be accreted into the terrane. Existing models for the
northward transit of India and consumption of Neotethyan litho-
sphere along the southern margin of Asia suggest that conver-
gence was approximately trench-normal. The Bainang terrane,
however, did not develop in association with this particular
convergent (continental margin) plate boundary. Its development
was instcad associated with a south-facing intra-occanic subduc-
tion system within Neotethys. The orientation of this plate
boundary is not particularly well constrained, but magnetic data
from volcanic rocks that developed above the subduction zone
indicate that portions preserved in central Tibet developed at
ncar cquatorial latitudes (Abrajevitch ef al. 2001).

The carliest subduction-related accretion in the Bainang
terranc closely post-dates suprasubduction zone generation of
ophiolite in the Dazhuqu terrane (Ziabrev 2001; Ziabrev er al.
2003). Biostratigraphic data indicate that the northern tract had
been accreted by the end of the Aptian. The youngest hemi-
pelagic deposits, especially those in the Zongxia unit, include
abundant felsic tff layers indicating that related volcanic arc

activity persisted until at least the late Aptian. The rest of the
Bainang tcrrane was accreted some time later, with the three
units of the southern tract being consccutively underplated. By
correlation with the Karamba Complex in NW India, we infer
post-Campanian accretion prior to arrival of Indian continental
crust at the subduction zone.

Although fragmentary preservation of terranes characterizes
many collision zoncs, there appcars to be a temporal gap
between the two episodes of accretion. Seismic tomography
suggests continuous, rather than episodic, subduction of a single
slab of occanic lithosphere beneath the intra-Neotethyan oceanic
island arc (Van der Voo et al. 1999). Thus, some cxplanation
must be sought for thc gap between accretion events. Rare,
isolated blocks of foliated garnct-bearing amphibolite in serpenti-
nite mélange at the base of the Dazhuqu terrane ophiolitic suite,
as well as mylonitic peridotites (base of the West Dazhuqu
massif), have been interpreted to indicate early intra-oceanic
southward thrusting (Girardeau ef al. 1984). The amphibolites
have been dated using Ar/Ar methods (84 Ma; Wang ef al. 1987)
and development of such rocks has traditionally been interpreted
as an indicator of when an ophiolitc is emplaced onto a
continental margin. However, it has recently been suggested that
analogous high-temperature metamorphic rocks associated with
Tethyan ophiolitcs potentially reflect the subduction of a mid-
ocean ridge rather than emplacement (Shervais 2001). If so, this
could explain the presence of two distinct tracts of accreted
material within the Bainang terrane. However, other potential
indicators of ridge subduction such as near-trench magmatism
have not been reported from the region. Some of the intervening
frontal portions of thc Bainang terrane that had been accreted by
the time of a ridge subduction event may have been tectonically
croded. Accretion of ncw oceanic fragments resumed only after
subduction of buoyant segments of the mid-ocean ridge. Under-
plating of the southern tract units was rapidly followed by
collision with the Indian subcontinent. Collision of the intra-
oceanic island arc system, comprising the Bainang, Dazhuqu and
Zedong terranes, and its emplacement onto the Indian passive
margin occurred during the Palcocene (Aitchison et al. 2000;
Davis ef al. 2002). Further removal of the rock record may have
occurred then and we note that recent models for arc—continent
collision suggest that the preservation potential of arc, forearc
and subduction complexes during such events is not high
(Chemenda et al. 2001; Boutelier et al. 2003). Together, the
units, which accreted to India, travelled northwards as passengers
to witness and participate in the final India—Eurasia collision.
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