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Detailedmicrofacies analysis of carbonate rocks from the Tingri and Nyalam areas of southern Tibet allowed us to
reconstruct the evolution of sedimentary environments and relative sea-level changes during the Early toMiddle
Jurassic. Based on texture, sedimentary structure, grain composition, and fossil content of ~500 thin sections, 17
microfacies overall were identified, and three evolutionary stages of sedimentary environments were defined.
Stage 1 (Rhaetian?–lower Sinemurian Zhamure Formation) is characterized by siliciclastic and mixed
siliciclastic-carbonate sedimentation on a barrier island environment. Stage 2 (upper Sinemurian–Pliensbachian
Pupuga Formation) is characterized by high-energy grainstoneswith rich benthic faunas thriving on a carbonate
platform, documenting transgressions in the early and late Pliensbachian. Stage 3 (Toarcian–lower Bajocian
Nieniexiongla Formation) is characterized by low-energy mudstones intercalated with frequent storm layers
on a carbonate ramp, documenting the climax of the early Toarcian transgression in the beginning of the unit.
The transition fromStage 1 to Stage 2 points to a paleogeographic and paleoclimatic change, as the Tibetan Tethys
Himalayamoved toward tropical latitudes characterized by highly suitable climatic and ecological conditions for
carbonate sedimentation. The abrupt change from Stage 2 to Stage 3 is interpreted as a consequence of the early
Toarcian Oceanic Anoxic Event, accompanied by short-termwarming and sea-level rise. The failed recovery from
the carbonate crisis in the early Bajocian, with continuing deposition on a low-energy carbonate ramp, may
reflect tectonic migration toward higher southern latitudes and/or a reduction of the effect of warm tropical
currents reaching the southern Tethys.
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1. Introduction

The Lower to Middle Jurassic sedimentary succession of southern
Tibet was deposited on the northern passive margin of the Indian
subcontinent along the southern edge of Neo-Tethys. Studying the
sedimentological and biological records preserved in Tibetan Tethys
Himalayan strata is critical to reconstruct the Jurassic paleogeography
of the eastern Tethys Ocean.

Many paleontological, sedimentological, stratigraphic studies and
several investigating sea-level changes specifically have been carried
out on the Jurassic sedimentary successions of the Tibetan Tethys
Himalaya (Wang et al., 1980; Westermann and Wang, 1988; Xu et al.,
1990; Li and Grant-Mackie, 1993; Shi et al., 1995, 1996; Jadoul et al.,
1998; Wan and Yin, 2000; Li and Wang, 2005; Yin, 2010), but the
Early to Middle Jurassic chronostratigraphic framework has not been
defined yet in sufficient detail. Changes in depositional environments
and sea level and their causes are still poorly understood.

We present here a detailed study of the Lower to Middle Jurassic
sedimentary succession in the Tingri (Wölong section) and Nyalam
areas (Nianduo section) of southern Tibet, where strata are well
preserved and exposed continuously, thus offering an excellent
opportunity to perform high-resolution microfacies analysis. We
reconstruct themajor changes in depositional environment and relative
sea level throughout the stratigraphic succession and finally discuss the
controlling factors on their evolution.

2. Geological setting

2.1. Tectonic setting

The Tethys Himalayan sedimentary sequence, stretching from the
Zanskar Range of NW India to the Thakkhola Graben of Nepal and south-
ern Tibet, is located south of the Yarlung Zangbo Suture Zone and north
of the Greater Himalayan sequence (Fig. 1A, B) (Gansser, 1964). The
Gyirong–Kangmar thrust separates the Tibetan Tethys Himalaya into
Northern and Southern Zones. The Northern Zone is characterized by
Mesozoic to Paleogene deep-water outer shelf, continental slope and
rise deposits (Li et al., 2005), whereas the Southern Zone is dominated
by Paleozoic to Eocene shallow-water carbonates and terrigenous
rocks (Jadoul et al., 1998; Garzanti, 1999). The two studied Jurassic
sections are situated in the Southern Zone and represent the central
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part of the Permian to Paleocene Neo-Tethyan drift sequence deposited
on the northern Indian continental margin (Fig. 1D) (Liu and Einsele,
1994; Garzanti, 1999). The few existing paleomagnetic data from
Upper Triassic strata suggest a paleolatitude of 25.0° ± 11.7°S for the
Tibetan Tethys Himalaya (Ran et al., 2012), and of 27.4° ± 5.3°S and
34.6° ± 4.9°S for the Thakkhola and Manang regions of Nepal,
respectively (Klootwijk and Bingham, 1980; Appel et al., 1991). These
broadly consistent values are supplemented by paleobiogeographic
studies that document how the Tethys Himalaya entered the tropical/
subtropical belt in the latest Triassic (Yin and Fürsich, 2009; Niu et al.,
2011). A paleolatitude of 23.8°S [21.8°S, 26.1°S] was inferred for the
studied Jurassic limestones of the Wölong section by Huang et al.
(2015), which would imply continuing northward drift of the Indian
plate well into the Early Jurassic.

2.2. Stratigraphy

The Lower to Middle Jurassic sedimentary succession of the
southern Tethys Himalaya in southern Tibet can be subdivided into
three superposed stratigraphic units, which are from base to top the
Zhamure, Pupuga (equivalent to the Lower Kioto Group), and
Nieniexiongla (equivalent to the Upper Kioto Group and Laptal
Formation) formations (Fig. 2).
The Zhamure Formation, named after the Zhamure mountain
near the Tulong village in the Nyalam County (Wang et al., 1980),
is 120- to 130-m-thick in the Wölong section and mainly consists
of fine-grained quartzose sandstones locally rich in bioclasts or
ooids and interbedded with shell beds and mudstones (Shi et al.,
1995; Jadoul et al., 1998). The unit was deposited between the latest
Triassic (Yin, 2010) and the earliest Jurassic, the first Orbitopsella-
bearing bed indicating the early Sinemurian being found at the top
of the unit. The Zhamure Formation was previously interpreted as
deposited in (1) onshore environments, based on abundance of
cross-laminated quartzose sandstones (Li and Grant-Mackie, 1993;
Shi et al., 1995); (2) mixed carbonate–siliciclastic coastal environ-
ments, based on the occurrence of abundant mixed deposits (Liu
et al., 1983; Zhao and Wan, 1998); (3) high-energy coastal to
shallow-marine environments influenced by both meteorological
and tidal currents, based on a variety of wave- and tide-induced
sedimentary structures (Jadoul et al., 1998); or (4) restricted bay
or lagoon with paleo-water depth from 0 to 20 m (Yin and Wan,
1996; Yin et al., 1999).

The overlying Pupuga Formation, first defined at the Pupuga bridge
east of Tulong village in the Nyalam County (Wang et al., 1980) and
equivalent to the Unit K1 of Jadoul et al. (1998), is ~90 m thick in the
Wölong section and dominated by gray medium-thick bioclastic
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Jadoul et al.
   (1998)

Hettangian

Sinemurian

Pliensbachian

Toarcian

Aalenian

 Bajocian

Rhaetian

Norian

This study

Pupuga

ZhamureZhamure 

Lower Kioto
Group (K1)

Upper Kioto
 Group (K2)

Laptal
L

at
e 

T
ri

a s
si

c
E

ar
ly

 J
ur

as
si

c
M

id
dl

e 
Ju

r a
ss

ic

Bathonian
Ferruginous Oolite

201.3

199.3

190.8

182.7

174.1

170.3

204.5

168.3

Wan and Yin
      (2000)

Germig

Pupuga

Qumile Ferruginous Oolite

200

205

195

190

185

180

175

170

Age
(Ma) Epoch/Stage Ammonite zones Faunas (southern Tibet) 

Choristoceras marshi

Choristoceras nyalamense
Neophyllites sp.

Neophyllites cf. biptychus
Psiloceras calliphyllum

Hypoxynoticeras sp.

Protogrammoceras sp.

Phymatoceras cf. crasstcosta
Dumortieria sp.

Polyplectus discoides

Psiloc. spelae

Haugia variabilis

Grammoceras
  thouarsense

Dumortieria
   levesquei

W. laeviuscula

Asteroceras
   obtusum

Amaltheus
margaritatus

Hyper. discites

S. propinquans

Tragophylloceras
            ibex

Prodactylioceras
         davoei

Pleuroceras
  spinatum

Dactylioceras
tenuicostatum

Hildoceras bifrons

Harpoceras
 falciferum

S. humphriesianum

Eudmetoceras-Trilobiticeras
               assemblage

Witchellia-Fontannesia
         assemblage

Hebetoxyites assemblage

Dorsetensia-Chondroceras
             assemblage

Psiloceras tibeticum

Psiloc. Planorbis
?

Oxynoticeras
   oxynotum

  Echioceras
raricostatum

Uptonia jamesoni
Orbitopsella (foraminifera)

Lithiotis
(bivalve)

Nieniexiongla

? ? ?

  Key taxa occurring 
  in study sections 

Choristoceras 
      marshi

Arietites bucklandi

Arnioceras
semicostatum

Caenisites turneri

Tarap

S
tr

at
ig

ra
ph

ic
 

   
   

ra
ng

e
N

ia
nd

uo
 s

ec
ti

on
W

öl
on

g 
se

ct
io

n

Pleydellia aalensis

?

?

N
ie

ni
ex

io
ng

la

Fig. 2. Stratigraphic framework and faunas for the Lower andMiddle Jurassic of southern Tibet (after Yin andWan, 1998; Cai et al., 2006; Yin, 2010). Geological time scale and ammonite
zones after Ogg et al. (2012).
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grainstones interbedded with quartzose sandstones and mudstones
(Wang et al., 1980; Xu et al., 1990; Li and Wang, 2005). A few
ammonites togetherwithOrbitopsella foraminifers and Lithiotis bivalves
indicate a Sinemurian–Pliensbachian age (Yin andWan, 1998; Cai et al.,
2006; Yin, 2010). The unit was interpreted as deposited on a shallow
inner shelf (Liu et al., 1983; Li and Grant-Mackie, 1993; Zhao and
Wan, 1998) or on a carbonate platform (Liu and Einsele, 1994; Shi
et al., 1995; Jadoul et al., 1998), which belongs to the Kioto carbonate
platform traced all along the Tethys Himalaya (Gaetani and Garzanti,
1991).

The Nieniexiongla Formation, named after the Nieniexiongla section
in theNyalamCounty (Wang et al., 1980) and equivalent to Unit K2 and
Laptal Formation of Jadoul et al. (1998), is ~120 m thick in the Wölong
section and characterized by rhythmically interbedded thin to medium,
gray to light gray mudstones and marls (Xu et al., 1990; Li and Wang,
2005). Ammonite assemblages indicate a Toarcian–Bajocian age (Yin,
2010). The unit was interpreted as deposited in inner to outer shelf or
inner to outer ramp settings (Liu et al., 1983; Li and Grant-Mackie,
1993; Shi et al., 1995; Zhao and Wan, 1998).

3. Materials and methods

The studied samples were collected in measured stratigraphic
sections from the Tingri andNyalam areas (Fig. 1B, C), two key locations
for the study of Lower to Middle Jurassic carbonates in the Tethys
Himalaya. The ~350 m thick Wölong section is located near Wölong
village on the Mount Everest base-camp road in the Tingri area
(28°29′2″N, 87°02′3″E); 292 samples were collected every 0.5–2 m
from the Zhamure Formation to the Nieniexiongla Formation, but
sample spacingwas reduced to 0.1–0.2m across the boundary between
the Pupuga and Nieniexiongla formations. The ~174 m thick Nianduo
section is located near Nianduo village between the 5263 and
5264 km milepost on the Tingri–Nyalam Highway in the Nyalam area
(28°40′52″N, 86°08′7″E); 207 samples were collected every 1 m from



Table 1
Average composition, sedimentary structures, corresponding standardmicrofacies (SMF: rimmed carbonate platform; RMF: carbonate ramp), and relative sea level of eachmicrofacies type. Annotation: themean composition ofMF13–MF17was only
calculated for tempestite intervals, and the size range of terrigenous clastics was present if no less than 5%.

Microfacies Carbonate grains Groundmass Terrigenous
clastics (size
range, mm)

Sedimentary
structures

Standard
microfacies
(Flügel,
2010)

Relative sea level

Ooids Lumps Peloids Bioclasts Oncoids Intraclasts Dolomites Matrix Cement

Barrier
island

MF1 Micritic sandstone \\ \\ \\ 6 \\ 8 10 23 \\ 53 (0.05–0.1) Skolithos
cross-lamination

Washover deposits back the barrier,
between the NHT and NLT

MF2 Quartzose sandstone \\ \\ \\ \\ \\ \\ \\ \\ 11 89 (0.1–0.4) A high-energy foreshore setting,
between the NHT and NLT

MF3 Sandy oolitic
grainstone/oolitic sandstone

23 \\ 9 8 \\ 5 \\ 3 24 28 (0.1–0.2) A high-energy foreshore setting, but
slightly deeper than the MF2

Carbonate
platform

MF4 Fenestral mudstone and
finely crystalline dolostone

\\ \\ 4 6 \\ \\ 15 70 \\ 5 (0.02–0.05) Fenestral structures SMF 21 Upper intertidal just below the NHT

MF5 Laminated oolitic-peloidal
grainstone

14 \\ 31 9 \\ 7 2 11 22 4 Laminated fenestral
structures

SMF 16 Intertidal zone between the NHT
and NLT

MF6 Sandy bioclastic floatstone 2 \\ \\ 32 \\ 7 \\ 38 8 13 (0.1–0.2) Storm-generated shell
beds Erosive surfaces

SMF 14 Intertidal zone between the NHT
and NLT

MF7 Sandy Orbitopsella
grainstone

7 \\ 9 25 \\ 10 \\ 14 21 14 (0.1–0.3) SMF 18 Shallow subtidal zone just below
the NLT

MF8 Bioclastic wackestone \\ \\ 7 27 \\ 2 \\ 64 2 1 SMF 10 Shallow subtidal zone just below
the NLT

MF9 Coral limestone \\ \\ \\ 100 \\ \\ \\ \\ \\ \\ SMF 8 Deep subtidal zone around the
FWWB

MF10 Lump grainstone 13 27 6 17 10 1 \\ 2 24 \\ SMF 17 Subtidal zone between the NHT and
FWWB

MF11 Bioclastic grainstone 5 4 15 34 9 \\ 4 29 \\ SMF 11 High-energy shoals around the NHT
MF12 Oolitic grainstone 41 10 9 9 \\ \\ \\ \\ 31 \\ SMF 15 High-energy shoals around the NHT

Carbonate
ramp

MF13 Mudstone with siltstone
and rudstone

\\ \\ 11 6 \\ \\ \\ \\ 35 48
(0.02–0.05)

Thick bioclastic graded
lamination

RMF 7? High-energy middle ramp just
below the FWWB

MF14 Mudstone with oolitic
grainstone

31 \\ 18 8 \\ \\ \\ 7 31 5 (0.1–0.2) Gutter casts Climbing
ripples Sandy lenses

RMF 9? High-energy middle ramp between
the FWWB and SWB

MF15 Burrowed mudstone with
peloidal packstone

7 \\ 19 6 \\ \\ \\ 38 14 16
(0.05–0.15)

Bioclastic burrows RMF 2 Low-energy middle ramp between
close to the SWB

MF16 Mudstone with fine-grained
peloidal wackestone

\\ \\ 14 4 \\ \\ \\ 63 11 8 (0.02–0.05) Ripples marks Parallel
lamination

RMF 4 Low-energy outer ramp just below
the SWB

MF17 Spiculitic
wackestone/mudstone

\\ \\ 14 16 \\ \\ \\ 66 3 1 Millimetric shell beds
Smooth erosive surfaces

RMF 1 Outer ramp deeper than the MF16,
below the SWB
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the upper Pupuga Formation to the lower Nieniexiongla Formation, but
sample spacing was reduced to 0.2 m across the boundary between the
Pupuga and Nieniexiongla formations.

Microfacies analysis was carried out on the ~500 thin sections ob-
tained, based on texture, sedimentary structure, grain composition,
and fossil content. Semiquantitative analysis of average composition
for each microfacies type was carried out using the “visual comparison
charts” of Flügel (2010) (Table 1). Carbonate rocks (siliciclastic detritus
b10%) were described according to the nomenclature of Dunham
(1962), revised and integrated by Embry and Klovan (1971); an
additional microfacies type was identified and described as coral
limestone. Layers including mixed carbonate and siliciclastic detritus
(N10%, consisting dominantly of quartz grains), common throughout
both Wölong and Nianduo sections and particularly abundant from
the Zhamure to the Pupuga formations, were described based on the
classification scheme of Mount (1985) and Zuffa (1985). Then these
microfacies are interpreted mainly according to lithologic characters
from both microscope and outcrops, meanwhile the carbonate
microfacies were compared with the standard microfacies and the
depositional models of Flügel (2010).

Microfacies types and assemblages are diagnostic of deposition
above, between or below ideal interfaces situated at progressively
increasing water depths: 1) normal high tide, 2) normal low tide,
3) fair-weather wave base, and 4) storm wave base (Flügel, 2010). In
shallow environments of Lower Jurassic, these interfaces can be
indicated by the special sedimentary composition (e.g., ooids, cortoids,
aggregate grains, and larger foraminifera) and fabrics (e.g., fenestral
structures and cross-lamination), excellent paleodepth indicators
(Flügel, 2010), which are scarce in deep muddy ramp carbonates of
Middle Jurassic. However, the abundant tempestite intervals and
storm-generated structures can provide valuable information for
paleodepth according to the interpretation of energy regimes and
depositional mechanisms (Pérez-López and Pérez-Valera, 2012).
Consequently, under the assumption of unchanged tide and wave
energy, microfacies analysis offers the key to reconstruct the temporal
succession of relative sea-level changes in the region. Highstands and
lowstands of original curves were linked by the semiquantitative
method of Ruban (2015), which allowed us to determine the hierarchy
of cycles and infer long-term transgressive and regressive trends.
However, much uncertainty remains concerning the number of orders
of “eustatic” cycles in the Mesozoic and how they compare with the
“eustatic” curves established previously (Ruban, 2015). We thus
followed the recommendations by Ruban (2016) in our description of
the terminology of different hierarchical levels (i.e., epoch-, stage-, and
substage-order fluctuations, rather than the traditionally used first-,
second-, and third-order cycles).

4. Microfacies analysis

We have identified 17 microfacies (MF) from the Zhamure, Pupuga,
and Nieniexiongla formations in the Wölong section (Figs. 3, 4, 5).
Twelve among them are identified also from the upper Pupuga and
lower Nieniexiongla formations in the Nianduo section (Fig. 6).

4.1. Barrier island

4.1.1. MF1: Micritic sandstone
Angular to subangular, well-sorted quartz grains representing ~50%

of the rock (Fig. 7A) are associated with scattered heavy minerals,
lithoclasts containing siliciclastic detritus and bioclasts (bivalves,
miliolids, echinoderms). Dolomitizationmay be present. MF1 is uncom-
mon and mainly occurs in the lower and middle Zhamure Formation
(Fig. 3). Textural features, low faunal diversity, and dolomitization of
the micritic matrix suggest a low-energy environment with anomalous
salinity (Flügel, 2010). Quartz grains are envisaged as transported
across the barrier beach by washover processes.
4.1.2. MF2: Quartzose sandstone
Well-sorted, rounded and fine to medium sand-sized quartz grains,

associated with minor zircons, make up ~90% of the framework
(Fig. 7B). The contacts between terrigenous grains aremostly tangential
and concavo-convex, and occasionally lined with zoned dolomite
rhombs. Sandstone beds display common Skolithos burrows (Fig. 10C),
planar oblique or parallel lamination (Fig. 10D), and iron nodules. MF2
is the most common microfacies in the Zhamure Formation and occurs
locally in the Pupuga Formation (Figs. 3, 4, 6). Sedimentary structures
and Skolithos burrows, commonly formed by opportunistic sea-bottom
feeders colonizing the sand after storm events (Droser, 1991), indicate
a high-energy foreshore to shallow shoreface environment (Blomeier
et al., 2011).

4.1.3. MF3: Sandy oolitic grainstone/oolitic sandstone
Thesemixed carbonate–siliciclastic deposits (Fig. 7C) containmainly

fine-sand-sized, well-sorted and subrounded quartz grains with minor
feldspars. Carbonate grains are mainly ooids, with shallow-water
bioclasts locally; quartz-bearing intraclasts also occur. The base of
beds is locally irregular and erosive. MF3 is widespread throughout
the Zhamure Formation, appearing locally in the Pupuga Formation
(Figs. 3, 4, 6). Abundant quartz grains mixed with ooids with quartz
nuclei, intraclasts ripped from the substratum and erosive bases reflect
high-energy shallow shoreface environment.

4.2. Inner platform

4.2.1. MF4: Fenestral mudstone and finely crystalline dolostone
Gray to black mudstones with minor ostracods, miliolids, and

gastropods display a few burrows and abundant fenestral structures
(Fig. 7D). Dolostones consist of zoned and euhedral to subeuhedral
crystalline dolomite filled with matrix, comprising ~90% of the
rock (Fig. 7E). MF4 is common in the Zhamure and Pupuga
formations (Figs. 3, 4). Dark, fine-grained sediments with a paucity
of fossils and bioturbation suggest a restricted low-energy environ-
ment with abnormal salinity. Fenestrae, generally associated with
shrinkage, microbial mats, and organic decay (Scholle and Ulmer-
Scholle, 2003), together with dolomitization, indicate a lower
supratidal or upper intertidal zone (Flügel, 2010; Davis and
Dalrymple, 2012).

4.2.2. MF5: Laminated oolitic-peloidal grainstone
These grainstones, alternating rhythmically with thin-bedded

mudstones, mainly consist of well-sorted peloids and ooids. Bioclasts
(ostracods, bivalves, and gastropods), intraclasts, and angular to
subangular quartz grains are locally present. Sparite and micrite
coexist, and dolomitization is present locally as well as laminated fe-
nestral structures associated with microbial mats (Fig. 7F). MF5 is
identified in the middle Zhamure Formation and throughout the
Pupuga Formation (Figs. 3, 4). A low-energy environment with
anomalous salinity is suggested by low fossil diversity and presence
of angular quartz grains. Laminated fenestral structures are typical of
intertidal to supratidal zones, and together with dolomitization
indicate intertidal deposition (Flügel, 2010; Davis and Dalrymple,
2012).

4.2.3. MF6: Sandy bioclastic floatstone
These floatstones are dominated by poorly sorted bioclasts

(mainly large benthic bivalves) (Fig. 7G), with common intraclasts
and angular to subangular quartz grains. Coquinas in 15- to 20-cm-
thick beds with densely packed mollusk shells and coarse grains
(Fig. 10A) or containing soft, oval to spherical limestone clasts
(Fig. 10B) commonly display erosive or wavy contact with underly-
ing beds. MF6 is uncommon, occurring mainly in the upper Zhamure
Formation and locally in the Pupuga Formation (Figs. 3, 4, 6). Shell
beds with sharp base indicate high-energy storm events (Davis and
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Dalrymple, 2012). Intraformational clasts were produced by erosion
of the shallow bottom of a restricted intertidal environment (Flügel,
2010; Pérez-López and Pérez-Valera, 2012).
4.2.4. MF7: Sandy Orbitopsella grainstone
Intraclasts, ooids, peloids, aggregate grains, and bioclasts are associat-

ed with well-sorted and subangular to subrounded quartz grains.
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Oversized intraclasts containing quartz grains and bioclasts occur locally.
Benthic foraminifera (Orbitopsella, Lituosepta, Pseudopfenderina,
Everticyclammina, Haurania), bivalves, and echinoderms are present
(Fig. 7H). Beds with erosive base are observed. MF7 is common in the
Pupuga Formation (Figs. 4, 6). Foraminiferal assemblages with
Orbitopsella characterize these peloidal wackestone/packstone beds
deposited on shallow-marine inner platforms with restricted water
circulation (BouDagher-Fadel and Bosence, 2007). Abundant quartz
grains and ooids were transported from the coast nearby during high-
energy events, testified by large intraclasts and erosive structures.
4.3. Open platform

4.3.1. MF8: Bioclastic wackestone
Carbonate grains are mainly bivalves, brachiopods, gastropods,

and foraminifera (Fig. 8A), with subordinate calcareous spicules,
echinoderm spines, and ostracods. Peloids, ooids, and quartz grains
are rare. MF8 is common in the upper Pupuga Formation (Figs. 4,
6). Abundant, high-diversity, and well-preserved fossils set in
micrite indicate relatively deep and low-energy open platform
environments with efficient current circulation (Flügel, 2010).
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Fig. 7. Photos of representative microfacies (MF1-MF7): (A) Micritic sandstone with secondary intergranular porosity partly filled with dolomite rhombs (arrow) (MF1-13WL08). (B)
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4.3.2. MF9: Coral limestone
MF9, least common and occurring near the top of the Pupuga Forma-

tion (Fig. 4), is dominated by of corals representing primary framework
builders (Fig. 8B). Coral chambers have geopetal micritic fills and well-
preserved network of labyrinthine pores. Such in situ preserved corals
suggest an isolated patch reef growing on an open platform close to
the platform margin (Flügel, 2010).
4.3.3. MF10: Lump grainstone
MF10, characterizing the upper Pupuga Formation (Figs. 4, 6), con-

tains mainly lumps associated with ooids and bioclasts (Fig. 8C). The
lumps are aggregates with smooth outline, commonly micritized
strongly and with hollow interiors (Flügel, 2010). Intensely micritized
bioclasts include echinoderms, bivalves, foraminifera, brachiopods,
and gastropods. Intergranular pores are filled with blocky calcite, and
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Fig. 8. Photos of representative microfacies (MF8-MF14): (A) Bioclastic wackestone yielding crinoids (a), bivalves (b) and miliolids (arrow) (MF8-13WL98). (B) Coral limestone (MF9-
13WL130). (C) Lump grainstone (MF10-13WL93). (D) Bioclastic grainstone (MF11-13WL126). (E) Oolitic grainstone displaying circumgranular cement rims (arrow) (MF12-
13WL101). (F, G) Mudstone with storm-deposited siltstone or rudstone layers with large bivalves (arrow, F), erosive contact (a, G) and burrows (b, G) (MF13-13WL135, 147). (H)
Storm-deposited oolitic grainstone (MF14-13TC82).
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syntaxial rims on echinoderms are common. Transition between an
open platform and the platform margin is indicated by the abundance
of lumps, originating preferentially on platforms dominated by fluctuat-
ingmoderate water energy, and by ooids, bioclasts, and circumgranular
cements commonly found near the seaward edge of platforms with
high-energy conditions (Flügel, 2010).
4.3.4. MF11: Bioclastic grainstone
Bioclasts (~30%) are mainly bivalves, foraminifera, echinoderms,

brachiopods, and bryozoans (Fig. 8D), most extensively micritized.
Intraclasts, peloids, and ooids occur. Sparry cements or locally
circumgranular cement rims are present. MF11 occurs at the top of
the Pupuga Formation (Fig. 4). Abundant and high-diversity fossils,
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micritization, grain-supported texture, and cement rims indicate high-
energy bioclastic shoals (Flügel, 2010).

4.3.5. MF12: Oolitic grainstone
Well-sorted and rounded tangential ooids mostly show small

peloids, bioclasts, or quartz grains at the nucleus (Fig. 8E) and are
associated with bivalves, echinoderms, foraminifera, and gastropods.
Ooids and bioclasts are micritized extensively, and aggregates formed
by ooids occur. Intergranular pores are completely filled with sparry
calcite, and most grains are surrounded by circumgranular cement
rims. MF12, common in the upper Pupuga Formation (Figs. 4, 6),
indicates deposition in high-energy ooid shoals (Flügel, 2010).

4.4. Middle ramp

4.4.1. MF13: Mudstone with siltstone and rudstone
Thin-bedded mudstones alternate with hybrid siltstones including

peloids and well-sorted, poorly rounded quartz grains, and with richly
fossiliferous rudstones yielding well-preserved bivalves and minor
brachiopods, gastropods, and echinoderms (Fig. 8F). Siltstone beds dis-
play scoured bases (Fig. 8G) and locally graded bedding and parallel or
cross-lamination. MF13 is dominant in the upper Nieniexiongla
Formation (Figs. 5, 6). Low-energy background mudstone deposition
frequently interrupted by storm events affecting the upper part of a
middle ramp is indicated (Flügel, 2010; Pérez-López and Pérez-Valera,
2012).

4.4.2. MF14: Mudstone with oolitic grainstone
Thin-bedded mudstones comprising 3–5% scattered bioclasts

(calcareous spicules, small echinoderm fragments) are intercalated
with oolitic, peloidal, and bioclastic grainstones (Fig. 8H) commonly
displaying sharp erosive base (Fig. 9A) and graded bedding (Fig. 9B).
U- or V-shaped gutter casts and climbing ripples occur (Fig. 10E); 0.25
to 0.5-m-thick shell beds are also common. MF14 is mainly found in
the lower and upper Nieniexiongla Formation (Figs. 5, 6). Grainstones
with erosive base indicate deposition by storms effectively winnowing
out the mud fraction (Mohseni and Al-Aasm, 2004; Flügel, 2010).
Gutters were generated by turbulent flows eroding the underlying
cohesive substrate (Pérez-López, 2001), and their increasing width/
thickness ratio suggests transition toward deeper waters in middle
ramp environments (Pérez-López and Pérez-Valera, 2012).

4.4.3. MF15: Burrowed mudstone with peloidal packstone
Background mudstones similar to those of MF14 commonly contain

thin (0.1–0.2 mm) wavy laminae (Fig. 9C) and lens-shaped packstones.
Quartz grains, peloids, and ooids occur (Fig. 9D). Bioclastic burrows
filled with fine-grained peloids, quartz grains, and microsparite are
common (Fig. 9E).MF15 is found in the lower andmiddle Nieniexiongla
Formation (Figs. 5, 6). Lower-energy storms at deeper water depth than
for MF14 are suggested by incomplete winnowing of intergranular
micrite and features of basal bed contacts indicating weaker erosion
ability. Ubiquitous bioturbations are also typical of the low-energy
lower part of a middle ramp (Flügel, 2010).

4.5. Outer ramp

4.5.1. MF16: Mudstone with fine-grained peloidal wackestone
Prevailing mudstones are intercalated with fine-grained peloidal

wackestones and minor fine- to medium-grained packstone lenses.
Mudstones include diverse bioclasts (small echinoderm fragments,
calcispheres, miliolids, calcareous spicules, and thin-shelled bivalves)
accounting for 2–5% of the rock. Wackestones include silt-sized, well-
sorted, and scattered peloids and quartz grains (Fig. 9F), reaching up
to 20–30% of the rock. Centimetric beds formed by thin-shelled bivalves
oriented subhorizontally to horizontally with both convex-down and
convex-up shells display wavy erosive basal boundary (Fig. 10F).
Parallel lamination (Fig. 10G) and ripples occur (Fig. 10H).MF16 is com-
mon in the middle and upper Nieniexiongla Formation (Figs. 5, 6). A
generally quiet-water environment testified by background mud-
stones/wackestones was temporarily affected by distal storm events
documented by shell beds with erosive base (Flügel, 2010). Common
convex-up shells suggest laminar flows during which unstable
convex-down shells flipped into the stable convex-up position
(Quaglio et al., 2014). Ripples form close to storm wave base where
surge flows pass distally into turbidity currents generating parallel lam-
ination below storm wave base (Pérez-López and Pérez-Valera, 2012;
Puga-Bernabéu et al., 2014). Calm outer ramp settings close to storm
wave base are indicated.

4.5.2. MF17: Spiculitic wackestone/mudstone
Mainly thin-bedded gray to black mudstones intercalate with

minor silt-sized peloidal wackestones including 10–20% bioclasts
(subhorizontally to horizontally oriented calcareous spicules, rare
gastropods, echinoderms, foraminifers, and brachiopods; Fig. 9G).
Millimetric shell beds display smooth contact with the underlying
mudstone (Fig. 9H). Well-developed burrows are mainly filled with
microsparite (Fig. 9G). MF17 characterizes the basal Nieniexiongla
Formation (Figs. 5, 6). Thin shell beds with smooth base point to
distal storm lag deposits in relatively deep offshore settings, with
unidirectional tractive currents able just to align calcareous spicules
but too weak to remove mud (Flügel, 2010). A calm outer ramp set-
ting below storm wave base is indicated (Mohseni and Al-Aasm,
2004; Flügel, 2010; Pérez-López and Pérez-Valera, 2012).

5. Sedimentary evolution

Three different depositional environments, including barrier island,
carbonate platform, and carbonate ramp, are identified by microfacies
analysis of the Lower to Middle Jurassic Tethys Himalayan succession
of southern Tibet (Fig. 11).

5.1. Barrier island

Lowermost Jurassic strata of the Zhamure Formation mainly docu-
ment deposition of quartzose sandstones (MF2) and sandy oolitic
grainstones or oolitic sandstones (MF3) on high-energy foreshore to
shoreface environments (Fig. 11A). Minor micritic sandstones (MF1)
accumulated in the adjacent, protected back-barrier setting, and fenes-
tral mudstones and finely crystalline dolostones (MF4), laminated
oolitic-peloidal grainstones (MF5), and sandy bioclastic floatstones
(MF6) were deposited locally on a restricted inner platform at times
when terrigenous input was reduced and sea level raised transiently.

5.2. Carbonate platform

The upper Lower Jurassic Pupuga Formation in the Wölong section
documents two sedimentary sequences from inner platform to open
platform and platform margin environments influenced by terrigenous
supply (Fig. 11B). The upper sequence is documented also in the studied
upper part of the unit in the Nianduo section, where terrigenous input,
sandstones with planar cross-lamination, and oncoids are more
abundant, suggesting a shallower environment much closer to the
coast. Deposition ofMF4–MF6andMF7 (sandyOrbitopsella grainstones)
on an inner platform at the base of the unitwas followed by transition to
an open platformwith better water circulation dominated by bioclastic
wackestones (MF8), and next to a high-energy platform margin
dominated by lump-bearing (MF10) or oolitic grainstones (MF12).
The second sequence starts again with inner platform deposits (MF3–
MF5), passing upward to open platform deposits (MF10–MF12) also
including isolated patch reefs (MF9).



a

b

G H

E F

C D

A B

Fig. 9. Photos of representative microfacies (MF14-MF17): (A) Mudstone overlain with erosive contact by storm-deposited oolitic grainstone (arrow) (MF14-13TC95). (B) Intraclastic-
bioclastic packstone with graded bedding (arrow) (MF14-13TC91). (C) Mudstone with an intercalated lamina enriched in heavy minerals (MF15-13TC62). (D) Storm-deposited
peloidal packstone with erosive contact (MF15-13TC51). (E) Large burrow (arrow) (MF15-13TC56). (F) Fine-grained peloidal wackestone (MF16-13TC100). (G, H) Spiculitic
mudstone/wackestone showing burrows (arrow, G), smooth erosive base (a, H) or millimetric shell beds (b, H) (MF17-13TC22, 27).
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5.3. Carbonate ramp

A major platform-drowning transgressive event took place in the
early Toarcian throughout the Neo-Tethys (Trecalli et al., 2012). Deposi-
tional environments changed rather abruptly from high-energy open
platform conditions above fair-weather wave base at the top of Pupuga
Formation to a low-energy outer carbonate ramp below storm wave
base at the base of Nieniexiongla Formation (Fig. 11C), as documented
by spiculitic mudstones/wackestones (MF17) with millimetric shell
beds. Relative sea level next decreased, as indicated by transition from
outer ramp to middle ramp environments dominated by mudstones
with storm-deposited oolitic grainstones (MF14) and burrowed
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Fig. 10. Photos of representative sedimentary structures from theWölong and Nianduo sections. (A) Storm-deposited shell bedsmainly composed of large benthic bivalves. (B) Proximal
storm bedwith erosive base (a) and limestone clasts (b). (C) Quartzose sandstonewith Skolithos burrows oriented perpendicular to bedding planes. (D) Planar cross-lamination. (E) U- or
V-shaped gutter casts (a), sandy lenses (b) and climbing ripples (c). (F) Centimetric distal stormbedwith thin-shelled bivalves and erosive surface at the base. (G) Stormbedswith parallel
lamination. (H) Ripple marks generated by storm waves.
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mudstones with storm-deposited peloidal packstones (MF15) deposit-
ed close to fair-weather wave base. Paleo-water depths between 40
and 70 m are suggested by ammonite assemblages (Yin and Wan,
1996). Relative sea level increased again later, as indicated by outer
ramp mudstones or fine-grained peloidal wackestones (MF16) finally
mainly overlain in the upper Nieniexiongla Formation bymudstones in-
tercalated with siltstones and rudstones deposited on a middle ramp
close to fair-weather wave base (MF13).
6. Relative sea-level changes

6.1. Long-term cycles

High-resolution microfacies analysis indicate that microfacies MF1–
MF6, deposited chiefly between the normal high tide and normal low
tide, and MF7–MF12 deposited mainly between the normal low-tide
and fair-weather wave base. After the Toarcian transgressive event,
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microfacies MF13–MF15 and MF16–MF17, respectively, point to
deposition between fair-weather wave base and storm wave base, and
below stormwave base. Such resultswere used to reconstruct synthetic
long-term curves of relative sea-level changes throughout the Lower to
Middle Jurassic of the Tibetan Tethys Himalaya (Fig. 12). Owing to the
limited biostratigraphic control, our curves were plotted in terms of
lithology rather than of time.

The reconstruction of relative sea-level changes implies three orders
of long-term cycles (i.e., substage-, stage-, epoch-order fluctuations;
Fig. 12). The high-frequency and low-amplitude fluctuations of
cyclothems observed in the Lower Jurassic are indicative of substage-
order level, whereas Middle Jurassic cyclothems suggest stage-order
level. Two major transgressive events from coastal to open platform
settings are clearly documented in the early and late Pliensbachian,
with an intervening transient decrease of relative sea level (Figs. 4, 6,
12). The late Pliensbachian transgression continued into early Toarcian
(Figs. 5, 6), when relative sea level increased further abruptly to reach
maximum (Fig. 12), followed by a slight decreasing trend during the
Aalenian and early Bajocian. Such long-term fluctuations compare
only broadly with the sea-level curves proposed by Hallam (2001)
and Haq and Al-Qahtani (2005).

The Jurassic sea-level changes reconstructed in earlier studies of the
southern Tibetan succession (Li and Grant-Mackie, 1993; Shi et al.,
1995, 1996) were claimed to correspond closely to the published
standard eustatic curves. Those previous curves, however, have serious
problems. (1) The stratigraphic sections considered by these authors
include several repetitions, leading to an inferred cumulative thickness
for the Lower and Middle Jurassic exceeding 1500 m, which is nearly
five times more than measured in the Wölong section (~330 m) and
elsewhere (Jadoul et al., 1998). (2) The used stratigraphic framework
is inaccurate, because (a) the Lanongla (Bathonian) and lower Xiumo
formations (Tithonian) of Li and Grant-Mackie (1993) were later
established to be equivalent to the Nieniexiongla and Pupuga forma-
tions based on lithology and faunas, respectively (Wan and Yin,
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2000); (b) the Kangdui Formation of Shi et al. (1995, 1996), claimed to
be ~865 m thick of Sinemurian–Pliensbachian age, contains abundant
mudstones and black shales and is most probably equivalent to Middle
and Late Jurassic deep-water deposits. (3) The Witchellia–Fontannesia
ammonite assemblage, ascribed to the Aalenian by Li and Grant-
Mackie (1993), is in fact early Bajocian in age (Wan and Yin, 2000).
The sea-level curves drawn by Li and Grant-Mackie (1993) and Shi
et al. (1995, 1996) are therefore based on very inaccurate stratigraphic
data.

The comparison of long-term cycles with the published eustatic
curves demonstrates striking difference (Fig. 12). During the Rhaetian?
to Pliensbachian, Hallam (2001) andHaq and Al-Qahtani (2005) show a
continuous rising trend, whereas the current curves in the Tibetan
Tethys Himalaya envisage a relative stable condition, with only two
transgressive events from coastal to open platform settings in the
Pliensbachian. Other widespread events, such as the early Hettangian,
early Sinemurian, and early Bajocian transgressions and latest Rhaetian
and Aalenian regressions described by Hallam (2001) and Haq and Al-
Qahtani (2005) are barely recorded in the Tibetan Tethys Himalaya.
Moreover, the late Pliensbachian transgression was not instantly
followed by a distinct regression as in the western Tethys (see
discussion below). These significant differences reflect with all
likelihood tectonic control associated with stepwise break-up of Gond-
wana in the considered period of time (Gaetani and Garzanti, 1991).
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6.2. Major episodes of relative sea-level rise

6.2.1. Early Pliensbachian transgression
During the early Pliensbachian, transition from coastal to shallow-

marine environments documents a transgressive event (T1; Figs. 4,
12) comparable to that recorded in early Pliensbachian times in
Poland, France, Portugal, England, Scotland, Greenland, and the
southern Andes (Hallam, 2001; Pieńkowski, 2004; Plancq et al., 2016).
This sea-level rise was associated with a ~2‰ negative shift in δ13C
documented by bulk-carbonate, marine-benthic, nektobenthic-
molluscs, brachiopods, and terrestrial-wood data in many areas
worldwide during the earliest Pliensbachian (Jenkyns et al., 2002;
Woodfine et al., 2008; Korte and Hesselbo, 2011). This shift points to
an apparently global climatic and environmental change, documented
in this study for the first time also in the Tibetan Tethys Himalaya.

6.2.2. Late Pliensbachian transgression
After a transient regression, renewed transgression (T2; Figs. 4, 6,

12) is documented by a similar environmental change in the late
Pliensbachian, an event not identified by Hallam (2001) and Haq
and Al-Qahtani (2005). In fact, the late Pliensbachian is generally
envisaged as a cool period based on a positive excursion in oxygen-
isotope values (Dera et al., 2011; Korte and Hesselbo, 2011), which
was held to be associated with a major glacio-eustatic regression
documented in several localities of the western Tethys (Suan et al.,
2010). Just before the cooling event, however, compelling evidence
indicates short and sharp warming events (Silva and Duarte, 2015),
interpreted as associated with sea-level rise (Haq et al., 1988) and
corresponding to the Maximum Flooding Interval of the
Pliensbachian Transgressive–Regressive Facies Cycle by Duarte
et al. (2010). The late Pliensbachian transgression identified in the
Tibetan Tethys Himalaya may correspond to such warming event in
the western Tethys, although it was not rapidly followed by an obvi-
ous regression as in the western Tethys. Considering that relative sea
level results from the interference between eustatic and subsidence
rates, we shall never expect perfect correspondence in widely sepa-
rated areas inevitably affected by distinct regional tectonic
processes.

6.2.3. Early Toarcian transgression
The demise of the Kioto carbonate platform coincides in time with

the major early Toarcian transgression (T3; Figs. 5, 6, 12) documented
globally (Hallam, 2001; Haq and Al-Qahtani, 2005; Ruban, 2015).
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et al. (2015).
However, the precise age and duration of the event in southern Tibet re-
main poorly defined because of insufficient biostratigraphic and
chronostratigraphic constraints. During the early Toarcian transgres-
sion, organic-rich black shales were deposited in poorly oxygenated to
anoxic conditions from a vast area including the Western Tethys
(Jenkyns, 1988), western Canada (Caruthers et al., 2011), Japan (Izumi
et al., 2012) and Argentina (Al-Suwaidi et al., 2010). Carbon-isotope
records from marine carbonates and marine or terrestrial organic
matter show an abrupt negative shift (Hesselbo et al., 2007; Jenkyns,
2010), pointing to climatic and environmental changes caused by the
variation of global carbon reservoirs (Burgess et al., 2015).

7. Factors controlling sedimentary evolution

7.1. Growth of the Kioto carbonate platform

At the beginning of the Early Jurassic, changes in depositional
environments were not abrupt in the Tibetan Tethys Himalaya
(Fig. 12). The Triassic–Jurassic mass extinction was apparently less
severe than elsewhere, and some ammonites and bivalves survived
into the earliest Jurassic (Fig. 13, Yin and Fürsich, 2009). Climatic and
ecological conditions remained relatively stable while the region
migrated into tropical/subtropical zones as indicated by paleomagnetic
and paleobiogeographic studies (Yin and Fürsich, 2009; Niu et al., 2011;
Ran et al., 2012). Carbonate production was, however, disturbed by
abundant terrigenous supply. The appearance of sandy packstones/
grainstones rich in Orbitopsella assemblages reflected improved
paleogeographic and paleoclimatic conditions. Carbonate production
remained hindered and temporarily even interrupted by the continuing
terrigenous influx at first, but diversified faunas including larger
foraminifers, brachiopods, crinoids, solitary corals, and photosymbiotic
bivalves flourished later on, as recorded also in the western Tethys
(Franceschi et al., 2014). A better oxygenatedmeso-oligotrophicmarine
environment developed in the latest Pliensbachian, when a stable
ecosystem fostered the bloom of carbonate factories in shallow-water
tropical realms of Tethys and Panthalassa characterized by the reef-
building Lithiotis bivalves (Fraser et al., 2004; Trecalli et al., 2012;
Franceschi et al., 2014). The Tethys Himalaya became a part of this trop-
ical belt as a result of northward drift of northern Gondwana (Huang
et al., 2015) (Fig. 13), as documented by widespread open platform to
platform margin deposition of the shallow-water Kioto carbonates
including Lithiotis bivalves, brachiopods, echinoderms, bryozoans, and
solitary corals (Jadoul et al., 1998).
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7.2. Demise of the Kioto carbonate platform

The Pliensbachian–Toarcian transitional interval is held to be a time
of global warming, with temperatures reaching maximum in the early
Toarcian (Dera et al., 2011). This is considered one of strongest environ-
mental perturbations of the Phanerozoic, as shown by a pronounced
negative δ13C shift of ~2‰ at the Pliensbachian–Toarcian boundary
and by an even more extreme negative δ13C shift in the early Toarcian,
known as the Toarcian Oceanic Anoxic Event (T-OAE) (Jenkyns, 1988;
Littler et al., 2010). The carbon-isotope anomaly at the Pliensbachian–
Toarcian boundary is commonly associatedwith drowning of carbonate
platforms in the Western Tethys (Bodin et al., 2010; Léonide et al.,
2012). On the resilient platforms, the biotic factory dominated by
Lithiotis/Palaeodasycladus changed into a chemical factory dominated
by unfossiliferous oolitic limestones, generally with final drowning
during the early Toarcian event (Trecalli et al., 2012). Drowning
successions both at the Pliensbachian–Toarcian boundary and in the
early Toarcian are punctuated by several depositional hiatuses,
condensed intervals and hardgrounds (Blomeier and Reijmer, 1999;
Léonide et al., 2012). They document extinctions affecting taxonomic
groups ranging from bivalves to brachiopods, crinoids and solitary
corals, and reaching the climax in the early Toarcian (Lathuilière and
Marchal, 2009; Caswell et al., 2009). The background carbonate
production dominated by diverse faunas was replaced by lower-
energy, hemipelagic, oligophotic or non-photic, muddy offshore facies
(Wilmsen and Neuweiler, 2008; Léonide et al., 2012).

The Kioto platform of the Tethys Himalaya drowned in the early
Toarcian as well (Fig. 13), although the precise timing and duration of
the event remain poorly constrained. During sea-level rise, high-
energy platform deposits were replaced by low-energy ramp deposits
devoid of the Lithiotis bivalves, gastropods, foraminifera, calcareous
sponges, brachiopods, and solitary corals commonly observed in the
Pupuga Formation (Wignall et al., 2006; Cai et al., 2006). Deposition in
deeper-water dysoxic settings is documented by mudstones with
pelagic bivalves and calcite-replaced radiolaria, containing pyrite
framboids and abundant Tasmanites (Wignall et al., 2006). Such
sedimentary and biological record of platform demise is typical of the
T-OAE.

7.3. Failed recovery from the carbonate crisis

During a brief warming event from the early Aalenian to the early
Bajocian as reflected by δ13O data (Dera et al., 2011; Brigaud et al.,
2014), improved ecological conditions favored the return of carbonate
production to a relatively high level in the western Tethys (Dromart
et al., 1996). Carbonate factories dominated by hermatypic corals, echi-
noderms, brachiopods, and bryozoans in the western Tethys (Brigaud
et al., 2014) correspond to the global reefal event in shallow-water trop-
ical/subtropical settings dominated by scleractinian corals (Leinfelder
et al., 2002; Lathuilière and Marchal, 2009). However, carbonate ramp
deposition frequently influenced by terrigenous input persisted in the
Tethys Himalayan margin (Jadoul et al., 1998) (Fig. 13), where carbon-
ate production did not recover from the Toarcian crisis. Failed recovery
may be ascribed to the initial opening of the Somali Basin, resulting in
southward drift of the Tethys Himalayan margin back to the temperate
zone of southern latitudes (Gaetani and Garzanti, 1991; Sciunnach and
Garzanti, 2012). In fact, the overlying Lower Cretaceous volcaniclastic
sandstones yielded a paleolatitude of 55.5° ± 3.1°S in the Wölong
section (Huang et al., 2015) (Fig. 13), suggesting continuing displace-
ment toward even more southern latitudes during the Middle and
Late Jurassic.

Recent paleoceanographic simulations suggest that during the Early
Jurassic the southern Tethys was possibly influenced markedly by
warm anticlockwise currents from the equatorial Tethys (Dera and
Donnadieu, 2012). However, such Tethyan current systemwas destroyed
because of the progressive opening of the Hispanic Corridor during the
early Bajocian, which probably weakened the tropical influence to the
Tethys Himalayan margins (Labails et al., 2010; Brunetti et al., 2015).
Because of latitudinal drift and/or changes in oceanic circulation pattern,
ecological conditions suitable for carbonate platform growth were never
re-established after the early Toarcian drowning event, despite the
climatic amelioration in the early Bajocian.

8. Conclusions

The careful stratigraphic and sedimentological study of the Tibetan
succession reveals the temporal succession of three distinct depositional
settings during the Early to Middle Jurassic. The Rhaetian? to lower
Sinemurian Zhamure Formation documents barrier island environ-
ments dominated by siliciclastic and mixed siliciclastic-carbonate
deposits, overlain by the upper Sinemurian–Pliensbachian Pupuga
Formation. This carbonate platform is dominated by high-energy
grainstones with rich benthonic faunas, documenting two sedimentary
sequencesmade of inner platformpassingupward to open platform and
platform–margin deposits. Finally, the Toarcian–lower Bajocian
Nieniexiongla Formation consists of low-energy mudstones alternating
with storm layers deposited on a carbonate ramp.

The reconstructed relative sea-level curves define a long-term rising
trend culminated in the early Toarcian, broadly concurrent with those
presented in Hallam (2001) and Haq and Al-Qahtani (2005). Detailed
microfacies analysis allowed us to identify another two distinct
transgressive episodes in the early and late Pliensbachian, which may
be globally distributed, although the latter was not followed soon by a
regression as in the western Tethys.

WidespreadKioto carbonate platformgrowth in the southern Tethys
Himalaya was fostered by improved ecological conditions within the
tropical/subtropical belt, reached by the passive margin of India after
northward drift from high southern latitudes began in the Permian
(Sciunnach and Garzanti, 2012). The abrupt drowning of the carbonate
platform, followed by deposition in deeper and quieter waters on a
carbonate ramp, is inferred to be an effect of global warming and
eustatic rise during the Toarcian Oceanic Anoxic Event. The Tethys
Himalayan succession shows no evidence of recovery from the early
Toarcian carbonate crisis, and mixed carbonate–siliciclastic sedimenta-
tion on a carbonate ramp continued despite ameliorated climatic and
ecological conditions. This is ascribed to the reduced effect of warm
tropical currents reaching southern Tethys while the passive margin of
northern India was drifting toward higher southern latitudes away
from the tropical/subtropical belt.
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