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a b s t r a c t
The Paleogene marine strata in the Gamba area of south Tibet comprise carbonates of the Zongpu Formation and siliciclastic rocks of the Enba and Zhaguo Formations, documenting the ﬁnal stages of marine
deposition in the Tethyan Himalaya. The 350-m-thick Zongpu Formation was dated as late Danian to
Ypresian based on larger benthic foraminifers. Thirteen distinct microfacies identify three sedimentary
environments. Mudstone, wackestone with Udoteacean algae, bioclastic-peloidal packstone, packstone
with Rotaliids and green algae, ﬂoatstone with Alveolina and Orbitolites were deposited in restricted
lagoonal environments. Bioclastic packstone and grainstone with Rotaliids were deposited in high-energy
shoal environments. Floatstones with Nummulitids or Alveolinids were deposited in shallow open-marine environments. The Zongpu Formation was accumulated on a carbonate ramp. It documents two deepening-upward sequences separated by an unconformity corresponding to the Palaeocene/Eocene
boundary and marked by a conglomerate with limestone clasts. The overlying Enba Formation comprises
greenish grey calcareous shales intercalated with litho-quartzose sandstones in the upper part and
capped by subaerial litho-quartzose red beds of the Zhaguo Formation. Petrographic analysis, detrital zircon geochronology and Hf isotopic data indicate that detritus in the Enba and Zhaguo Formations, deposited on the Indian passive margin, was derived from the Asian active margin in the north. These clastic
units were thus deposited after the onset of the India–Asia continental collision in the early Himalayan
foreland basin. Major lithological and paleoenvironmental changes occurred at three stratigraphic levels:
the Jidula/Zongpu boundary (62 Ma), the Paleocene/Eocene boundary (56 Ma) and the Zongpu/Enba
boundary (51 Ma). Our provenance study conﬁrms that the India–Asia collision was already under
way during the deposition of the Enba Member (i.e., by 51 Ma) and, along with facies analysis and general palaeogeographic considerations, indicates that Neo-Tethys was still wide open during the Early–
Middle Paleocene. It is thus argued, consistently with previous studies, that the Paleocene/Eocene disconformity documented in the Gamba area as in the northwestern Tethyan Himalaya is likely to record ﬂexural uplift consequent to initial underthrusting of the Indian continental margin beneath Asia at, or just a
little earlier than, 56 Ma.
Ó 2014 Elsevier Ltd. All rights reserved.

1. Introduction
The timing of the initial India–Asia continental collision is critical to understand the Himalayan orogenic process and the subsequent crustal shortening and deformation. During the past
decades, a variety of approaches and techniques have been used
to constrain the timing of the initial India–Asia collision (e.g.,
⇑ Corresponding author. Tel.: +86 25 89683002.
E-mail address: huxm@nju.edu.cn (X. Hu).
http://dx.doi.org/10.1016/j.jseaes.2014.10.027
1367-9120/Ó 2014 Elsevier Ltd. All rights reserved.

Rowley, 1996; Najman et al., 2010; Yi et al., 2011). Nevertheless,
a precise age of the collision remains disputed, with views ranging
from 70 to 34 Ma (Yin and Harrison, 2000; Aitchison et al., 2007).
The Paleogene marine sediments of southern Tibet preserve crucial
information that helps us to constrain the age of initial India–Asia
continental collision and paleogeographic scenarios immediately
before and after closure of the Neo-Tethys Ocean.
The Cretaceous–Paleogene strata in the Gamba area have been
the subject of several palaeontological, stratigraphical and sedimentological studies (Hayden, 1907; Mu et al., 1973; Wen, 1974;
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Zhang and Geng, 1983; Wan, 1987; Xu and Mao, 1992; Willems
and Zhang, 1993; Li and Wan, 2003; Wan et al., 2002, 2010;
Wang et al., 2010a,b). However, detailed studies on carbonate
microfacies and sandstone provenance are lacking. Here we present a new sedimentary study of the Paleogene succession, corroborated by detailed microfacies analysis, sandstone-petrography,
and detrital-zircon U–Pb–Hf geochronology and geochemistry
aimed at reconstructing the step-by-step evolution of the Zongpu
carbonate ramp and successive Enba and Zhaguo siliciclastic sedimentation during the initial stages of the India–Asia collision.
2. Geological setting
2.1. Geological background of the Tibetan–Himalayan orogen
The Himalayan orogenic belt consists of a series of east–west
(or northwest) oriented lithotectonic units (Fig. 1A). From north
to south, these units include: (1) the Gangdese magmatic arc, composed of Upper Triassic to Paleogene calc-alkaline granitic batholiths (Chung et al., 2005; Chu et al., 2006; Wen et al., 2008; Ji
et al., 2009), intruding Paleozoic and Mesozoic sedimentary strata
and unconformably overlain by the Paleogene Linzizong volcanic
succession (Mo et al., 2008; Lee et al., 2009); (2) the Xigaze forearc
basin, ﬁlled mainly by Cretaceous deep-water turbidites and minor

marly carbonates (Einsele et al., 1994; Dürr, 1996; Wan et al.,
1998; An et al., 2014); (3) the Yarlung Zangbo suture zone, which
marks the contact between the Indian and Asian continental margins and includes ophiolites and tectonic mélange (Hébert et al.,
2003; Dubois-Côté et al., 2005; Dupuis et al., 2005; Bédard et al.,
2009) overlain by post-early Eocene siliciclastic sediments (Wang
et al., 2010a,b); (4) the Tethyan Himalayan sedimentary succession, deposited along the northern margin of the Indian subcontinent, and subdivided into a proximal southern zone and a distal
northern zone (Ratschbacher et al., 1994). The southern Tethyan
Himalaya is characterized by shelfal carbonates and terrigenous
Palaeozoic to Eocene strata (Willems and Zhang, 1993; Jadoul
et al., 1998; Garzanti, 1999), whereas the northern Tethyan
Himalaya is dominated by Mesozoic to Paleogene outer shelf, continental slope and rise deposits (Liu and Einsele, 1994; Hu et al.,
2008).
2.2. Paleogene stratigraphy of the Gamba area
The Gamba area is a classic locality for Paleogene stratigraphy
in the southern Tethyan Himalaya, including the Jidula, Zongpu,
Enba and Zhaguo Formations (Mu et al., 1973; Wan, 1985, 1987;
Willems and Zhang, 1993; Zhou et al., 1997; Li and Wan, 2003;
Wang et al., 2010a,b) (Figs. 1B, 2).

Fig. 1. (A) Geological sketch map of the Himalayan Range (modiﬁed after Gansser, 1964); (B) Geological map of the Gamba area showing the studied stratigraphic sections
(modiﬁed after the 1:200,000 Gyangze sheet, Wan and Liu, 2005).
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assemblage in Member 4 the Ypresian (Fig. 3) (Wan, 1987;
Willems and Zhang, 1993; Wan et al., 2002; Zhang et al., 2012).
The top of the Zongpu Formation is dated at the Ypresian SBZ10
Zone (larger benthic foraminiferal data kindly provided by Marcelle
BouDagher-Fadel; Shallow Benthic Zonation of Serra-Kiel et al.,
1998). This corresponds to 51 Ma according to the Gradstein
et al. (2012) timescale.
The overlying Enba Formation (32 m-thick) comprises greenish-grey shales intercalated with green thin-bedded sandstones
and rare storm-deposited calcareous beds (Fig. 3j). The Zhaguo Formation (P20 m-thick) consists of red shales with lenticular sandstones (Fig. 3i) deposited on a subaerial delta plain. These units
were assigned a Lutetian or younger age by Willems and Zhang
(1993) based solely on stratigraphic position; Li and Wan (2003)
reported Ypresian to early Priabonian ostracod assemblages. Petrographic and geochemical analysis of these lithic-rich sandstones
indicates an active continental arc provenance (Cai et al., 2008).
3. Materials and methods
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Fig. 2. Simpliﬁed Paleocene–Eocene stratigraphic column in the Gamba area.

The Jidula Formation is 160–180 m thick in the Zongpu Section 1
(Fig. 1B), and comprises mainly yellowish-white medium-grained
to pebbly quartz arenites containing a few felsitic volcanic rock
fragments, feldspars (K-feldspar P plagioclase) and minor tourmaline, zircon, rutile and opaques. Sandstone beds displaying oblique
or parallel lamination, Skolithos ichnofacies and Zoophycos-type
burrows are intercalated with sandy limestone beds in the middle
and upper parts of the Jidula Formation, and with condensed transgressive yellowish-brown ferruginous sandstone beds at the top.
The Jidula Formation was deposited in a coastal environment
(Willems and Zhang, 1993; Schaller, 1996). Sandstone petrography
and geochemistry indicates provenance from the Indian subcontinent and overlying Deccan continental ﬂood basalts (Cai et al.,
2008; Garzanti and Hu, 2014). The unit contains a few foraminifera,
ostracods and algae indicating an early Danian age (Willems and
Zhang, 1993; Wan et al., 2002, 2010).
The conformably overlying Zongpu Formation (350 m thick)
comprises thick-bedded to massive limestones in the lower part,
nodular limestones in the middle part, and thick-bedded limestones in the upper part (Willems and Zhang, 1993; Wan et al.,
2002, 2010) (Figs. 1B and 3). Four Members are identiﬁed, from
bottom to top: (1) Member 1 (195 m thick) includes thin- to medium-bedded yellowish-grey limestones and marly limestones with
green algae and foraminifera; (2) Member 2 (80 m thick) is a dark
grey nodular limestone with marly interbeds; (3) Member 3
(40 m thick) consists of nodular marls; (4) Member 4 (25 m
thick) includes grey massive and thick-bedded limestones with a
grey thick-bedded conglomerate with limestone clasts at the base.
A Selandian age is indicated by the Rotalia–Lockhartia benthic foraminiferal assemblage contained in Member 1, whereas the Miscellanea, Ranikothalia, Orbitosiphon, Operculina assemblage in Members
2 and 3 indicates the Thanetian, and the Alveolina–Orbitolites

The studied samples were collected, at stratigraphic intervals
between 50 cm and 1 m, from four measured sections in the
Gamba area: Zongpu I (GPS: 28°160 41.200 N, 88°310 39.100 ); Zongpu
II (GPS: N 28°160 58.900 , E 88°310 47.100 ); Zengbu (GPS: N
28°160 43.300 , E 88°320 45.600 ), and Zengbudong (GPS: N 28°160 52.900 ,
E 88°320 17.100 ) (Fig. 1B). Sample spacing was reduced to 20 cm
across the Paleocene–Eocene boundary. Carbonate microfacies of
540 samples from the Zongpu Formation were described based
on Dunham’s (1962) classiﬁcation extended by Embry and
Klovan (1971), and interpreted according to Burchette and
Wright (1992), Read (1985), Flügel (2004), Beavington-Penney
and Racey (2004) and BouDagher-Fadel (2008). Four less altered
ﬁne-grained sandstones from the Enba (samples 10ZPB13 and
10ZPB11) and Zhaguo Formations (samples 12ZB-F and 12ZB-I)
were selected for petrographic analysis; 400 points were counted
on each sample according to the Gazzi-Dickinson method
(Ingersoll et al., 1984).
Zircon U–Pb dating and Hf isotope analysis on three sandstone
samples were conducted at the Institute of Geology and Geophysics, CAS, China. U–Pb ages were measured by LA–ICP–MS, following
the method of Jackson et al. (2004). Most zircons yielded concordant U–Pb ages; analyses with more than 20% discordance were
excluded. We used 206Pb/238Pb and 207Pb/206Pb ages for zircons
younger and older than 1000 Ma, respectively. Hf isotope analysis
of detrital zircons were performed using a Thermo Scientiﬁc Neptune Plus MC–ICP–MS coupled to a New Wave UP193 solid-state
laser ablation system following the procedure described by
Grifﬁn et al. (2000). To calculate the Hf model ages of zircons, we
have adopted the depleted mantle with 176Hf/177Hf = 0.28325 and
176
Lu/177Hf = 0.0384 and chondrite with 176Hf/177Hf = 0.282772
and 176Lu/177Hf = 0.0332 (Grifﬁn et al., 2000). The adopted decay
constant of 176Lu is 1.867  1011 per year (Soederlund et al.,
2004).
4. Zongpu Formation: carbonate microfacies and depositional
environments
Willems and Zhang (1993) distinguished 5 microfacies in the
Zongpu Formation of the Gamba area (algal wackestone with rotaliids, rotaliid grainstone/packstone with Keramosphaera, nummulitids ﬂoatstone with Discocyclina, ﬂoatstone with Alveolina and
Orbitolites, and grainstone/packstone with radial ooids). In the
present study, we have recognized 14 microfacies (MF), documenting 3 different depositional environments (restricted lagoon,
shoals, and open shallow-marine). The Zongpu I and Zongpu II sec-
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Fig. 3. Field photographs: (a) stratigraphic contact between the Jidula Fm. and Member 1 of the Zongpu Fm. (Zongpu I section); (b) Members 2, 3 and 4 of the Zongpu Fm.
(Zongpu II section); (c) Members 3 and 4 of the Zongpu Fm. (Zengbudong section); (d) Enba and Zhaguo Fms. (Zengbu section); (e) limestone of Member 1; (f) nodular
limestone of Member 2; (g and h) conglomerate at the base of Member 4 (Zengbudong section); (i) sandstones of the Zhaguo Fm.; (j) oolitic and bioclastic limestones at the
base of the Enba Fm.

tions include 12 microfacies (MF1–12; Fig. 11), and the Zengbudong Section 5 microfacies (MF8–13; Fig. 12), as described below.
4.1. Restricted lagoon

Scattered small rotaliids, textulariids, miliolids, echinoderms and
ostracods occur locally, as well as detrital quartz testifying to sporadic terrigenous inﬂuence. Restricted lagoonal conditions are indicated by low bio-diversity.

4.1.1. MF1 Mudstone
Massive dark-grey limestones at the base of Member 1 can be
classiﬁed as mudstones and subordinately wackestones (Fig. 4a).

4.1.2. MF2 Wackestone with Udoteacean algae
Massive dark grey and locally dolomitic limestones in the lower
part of Member 1 can be classiﬁed as mainly wackestone and pack-
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Fig. 4. Representive microfacies from Middle Paleocene to Lower Eocene strata (MF1–MF7). (a) MF1 mudstone (sample 12ZP03); (b) MF2 wackestone with Udoteacean algae
(12ZP06); (c) MF3 bioclastic-peloidal packstone (12ZP023); (d) MF4 Green-algal packstone with rotaliids (12ZP06); (e) MF5 bioclastic packstone (12ZP35); (f and g) MF6
Rotaliids grainstone with ﬁrst appearance of Keramosphaera (12ZP39); (h) MF7 Rotaliids packstone with Dasycladacean algae (12ZP81).

stone (Fig. 4b). Grains are poorly sorted and angular. Bioclasts represent 20–45% of the rock and comprise mainly the Udoteacean
alga Ovulites, which decreases up-section. Dasycladacean algae,
rotaliids, and rare miliolids, textulariids, planktonic foraminifers,
gastropods, bivalves, ostracods, echinoderms and corals also occur.
Dasycladacean algae and rotaliids increase up-section, where they
constitute up to 35–40% of the rock, indicating better water circulation. Ovulites thrives in shallow subtidal lagoonal environments
at tropical latitudes (Wray, 1977; Flügel, 2004).
4.1.3. MF3 Bioclastic peloidal packstone
Dark-grey and locally dolomitic limestones in the lower part of
Member 1 are mainly packstones (Fig. 4c). Very-ﬁne grained, very

well-sorted, and rounded pelsparites comprise 25–45% of the rock.
Along with scarcity of fossils (echinoderms, rotaliids), this microfacies indicates a restricted lagoonal environment.
4.1.4. MF4 Algal packstone with rotaliids
Massive-thick bedded limestones in the lower part of Member 1
of the Zongpu Formation can be classiﬁed as packstones with subordinate wackestones (Fig. 4d). Poorly sorted Udoteacean and
Dasycladacean algae make up 34–50% of the rock and decrease
up-section, whereas small benthic foraminifera (mainly rotaliids)
make up 10–15% of the rock and increase up-section. A few miliolids, textulariids, planktonic foraminifers, gastropods, ostracods
and echinoderms are also found. Sparitic cement locally occurs.
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Fig. 5. Representative microfacies from Middle Paleocene to Lower Eocene strata (MF8–MF14): (a) MF8 Nummulitids packstone (12ZP142); (b) MF8 Nummulitids rudstone
(12ZP230); (c) MF10 Floatstone with Alveolina and Orbitolites, associated with Miliolids (12ZB72); (d) MF12 Alveolina ﬂoatstone showing deformation (13ZB66); (e) MF11
Alveolina ﬂoatstone with Lenticulina (13ZB62); (f and g). MF13 Alveolina ﬂoatstone with Nummulites (12ZBA01); (h) MF14 Grainstone with radial ooids (13ZB02).

Green algae thrive in shallow-subtidal environments evolving
in time from protected lagoonal to more open marine conditions
with better water circulation, as indicated by the increasing presence of Rotaliids.

4.1.5. MF10 Floatstone with Alveolina and Orbitolites
Dark grey nodular limestones in Member 4 are mainly poorly
sorted ﬂoatstone (Fig. 5c). Larger benthic foraminifera (mainly
Alveolina and Orbitolites) make up 40–55% of the rock. Small
benthic foraminifera (mainly miliolids and Lenticulina) make up
10–15% of the rock, and increase up-section in abundance. A few
textulariids, ostracods and echinoderm fragments also occur,
whereas the larger benthic foraminifera typical of MF8 (Miscellanea,

Operculina, Ranikothalia and Orbitosiphon) are absent. Alveolina and
Orbitolites were mechanically re-oriented during compaction, plastically deformed and extensively recrystallized into microsparite
(Fig. 5d). Patches of sparitic cement are present.
Alveolina and Orbitolites thrive in shallow-subtidal protected
environment (Reiss and Hottinger, 1984; Hottinger, 1997), and
their association with miliolids of high diversity point to a
restricted lagoonal setting.
4.2. Shoals
4.2.1. MF5 Bioclastic packstone
Dark grey, thick bedded to massive limestones in the lower part
of Member 1 are mainly poorly sorted and angular to rounded
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packstones (Fig. 4e). Bioclasts, representing 50–75% of the rock,
include small benthic and planktonic foraminifera, a few ostracods,
and echinoderms. Intraclasts occur locally. The high faunal diversity indicates deposition in shallow but open environments adjacent to shoal bars.
4.2.2. MF6 Grainstone with rotaliids
This microfacies characterizes irregularly bedded dark grey
limestones in the lower part of Member 1 (Fig. 4f and g). Well
sorted bioclasts constitute 65–90% of the rock. They are benthic
foraminifera (Lockhartia, Daviesina, Rotalia, Kathina, textulariids,
and miliolids with abundant Keramosphaera locally) associated
with ostracods, bivalves, echinoderms and red algae. Bioclasts
commonly show micrite envelopes, and intraclasts occur locally.
Intragranular pores are lined by thin isopachous rims and ﬁlled
by blocky calcite; syntaxial rims on echinoderms are also common.
Textural and faunal evidence indicates a well agitated shoal
environment.
4.3. Open shallow marine
4.3.1. MF7 Rotaliids packstone with Dasycladacean algae
Thick-bedded to massive and locally dolomitic dark grey limestone in the upper part of Member 1 can be classiﬁed as wellsorted and angular packstone and partly wackestone (Fig. 4h).
Dasycladacean algae show high diversity and make up 10–35% of
the rock, with rotaliids representing 25–45% (mainly Lockhartia,
Daviesina, Rotalia, Kathina). Miliolids, textulariids, gastropods,
ostracods, bivalves, sponge, corals, echinoderms and red algae also
occur. Lockhartia and Daviesina lived in agitated shallow subtidal
environments, and Dasycladacean algae in open marine settings
with good light penetration (Reiss and Hottinger, 1984;
Hottinger, 1997; Flügel, 2004).
4.3.2. MF8 Floatstone with Nummulitids
Nodular limestones and marlstones in Members 2 and 3 include
poorly sorted angular ﬂoatstone or packstones (Fig. 5a, b). Larger
benthic foraminifera (45–70% of the fauna) are represented mainly
by Miscellanea, Orbitosiphon and Ranikothalia. Operculina occurs upsection. Rotaliids (mainly Lockhartia and Daviesina, 10–15%)
decrease up-section. Orbitosiphon is ubiquous. Small miliolids,
textulariids, Dasycladacean algae, ostracods, corals and echinoderms also occur. Detrital quartz represents 5–10% of the rock.
The matrix is locally recrystallized or dolomitised selectively, and
compaction led to formation of stylolites. Co-existence of Nummulitids and Dasycladacean algae, living in shallow agitated seas with
good light penetration, with Ranikothalia and Operculina, typical
inhabitants of greater water depths (60–90 m; Reiss and

Hottinger, 1984; Beavington-Penney and Racey, 2004), indicates
an open shallow marine environment below fair-weather wave
base.
4.3.3. MF11 Alveolina ﬂoatstone with Lenticulina
Thick-bedded to massive or nodular grey limestones in Member
4 include poorly sorted and angular ﬂoatstones and packstones
(Fig. 5e). Larger benthic foraminifers (Alveolina with minor Orbitolites) make up 15–20% of the rock. Small benthic foraminifers
(mainly Lenticulina) represent10–15% of the rock and decrease
up-section; miliolids, ostracods and echinoderms also occur.
Patches of sparitic cement are present.
Association of Lenticulina with Alveolina and Orbitolites, which
dwell on soft sea-ﬂoors at depths of 50–90 m where energy is
low (Reiss and Hottinger, 1984; Flügel, 2004; Beavington-Penney
and Racey, 2004), indicates an open shallow marine environment.
4.3.4. MF12 Alveolina ﬂoatstone
In this microfacies, a variant of MF11 also characterizing Member 4 (Fig. 5d), larger benthic foraminifers (mainly well-preserved
Alveolina and Orbitolites) represent 30–45% of the fauna and are
associated with miliolids, bivalves, ostracods and echinoderms.
The high diversity of Alveolina species suggests deposition in open
shallow-marine environments.
4.3.5. MF13 Alveolina ﬂoatstone with Nummulites
This further variant of microfacies MF11 and MF12 occurring in
Member 4 (Fig. 5f and g) shows bimodal size distribution. The larger benthic foraminifers make up 45–60% of the fauna and are
associated with Dasycladacean algae, ostracods, corals, and echinoderms. Detrital quartz occurs locally. An open shallow-marine setting is indicated by smaller Nummulites coexisting with Alveolina
(Racey, 1994; Beavington-Penney and Racey, 2004).
4.4. Other microfacies
4.4.1. MF9 Conglomerate with limestone clasts
A poorly sorted, clast-supported, laterally variable to continuous, up to 4 m-thick conglomerate interval occurs at the base of
Member 4 in the Zongpu II and Zengbudong sections (Fig. 3g and
h). The conglomerate beds are markedly lenticular with sharply
erosional bases and ﬂat, normally graded tops. Angular to more
commonly subrounded or rounded clasts range in diameter from
0.5 to 15 cm and mainly consist of coarse-grained wackestone
and packstone with nummulitids (MF8) eroded from the underlying Members 2–3.
The poor sorting, the monolithological character of the clasts,
and the presence of still angular fragments suggest a local source
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Fig. 6. Sandstone petrography: (a) litho-quartzose sandstone from the Enba Formation (10ZBF11), showing abundant volcanic rock fragments; (b) litho-quartzose sandstone
from the Zhaguo Formation (13ZB-F), showing abundant carbonate grains. Q = quartz; Pl = plagioclase; L = aphanitic lithic grains (Lv = volcanic; Ls = sedimentary).
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Fig. 8. U–Pb concordia for detrital zircons from Enba and Zhaguo sandstones (Gamba area, South Tibet). Ages are in Ma and ellipses show 1r errors.

area. The occurrence of rounded clasts does imply transport in a
channel system, but not necessarily signiﬁcant transport distance,
because limestone pebbles get rounded easily by mechanical abrasion (Kuenen, 1964; Mills, 1979). The lenticular, erosive nature of
the channelized conglomerate indicates deposition by bedload
traction from high energy, channelized ﬂow. The thicker, more laterally continuous conglomerate units are interpreted as resulting
from channel and bar amalgamation in a braided river system.
Similar conglomerate beds are found at the base of the French
Alpine foreland basin, and represent the initial transgression and
deepening of the basin at the onset of basin subsidence. The basal
unconformity, separating the passive margin succession from the
foreland-basin ﬁll, points to signiﬁcant uplift and erosion, interpreted as associated with the passage of a ﬂexural bulge (Sinclair
et al., 1998; Crampton and Allen, 1995).

4.4.2. MF14 Grainstone with radial ooids
Thin (0.1–0.2 m) limestone beds with variable grain sorting and
roundness are intercalated with greenish grey marls at the base of
the Enba Formation (Fig. 5h). Most grains are superﬁcial ooids with
radial structure, up to 1.2 mm in diameter and commonly showing
a bioclast at the core (Nummulites, Orbitolites, Miliolids, ostracods,
echinoderms or red algae). Intraclasts and detrital quartz may
occur, as well as micrite patches.
These grainstones, thinly interbedded with greenish-grey calcareous shales, are inferred to represent storm events (Flügel,
2004), that reworked ooids and bioclastic debris from nearshore
shoals or hypersaline lagoons and mixed them with terrigenous

quartz in a pro-delta setting, or possibly in quieter outer shelf
waters.
5. Sandstone petrography and provenance analysis
The Enba Formation (32 m) can be subdivided into two members, most clearly distinguished in the Zengbu section (Fig. 3d). The
lower member contains exclusively greenish-grey calcareous
shales with intercalated storm-deposited oolitic and bioclastic
limestones (Fig. 3j), whereas the upper member includes interbedded sandstones. In the overlying Zhaguo Formation (P20 m), calcareous red shales are thinly interbedded with lenticular
sandstones with scoured base and parallel or oblique lamination
(Fig. 3i). Sandstones become more frequent, thicker and coarser
grained up-section, documenting the progradation of a subaerial
deltaic plain.
5.1. Sandstone petrology
Enba sandstones are litho-quartzose volcaniclastic (average
composition Q:F:L = 76:3:21; Lv:Lm:Ls = 88:0:12). Mainly subangular to subrounded monocrystalline quartz is associated with volcanic and sedimentary rock fragments. Volcanic rock fragments are
moderately altered (Fig. 6a) and indicate provenance from intermediate-acidic rocks. Sedimentary rock fragments comprise
mainly carbonate grains with minor chert. K-feldspar and plagioclase are minor; zircon and epidote occur.
Zhaguo sandstones are also litho-quartzose (average composition Q:F:L 55:3:42 and Lv:Lm:Ls 19:1:80), but with much more
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abundant calcareous grains (Fig. 6b), which represent at least in
part reworked pedogenic caliche. In the lack of sufﬁcient criteria
for safe discrimination, all carbonate grains were included in the
L pole. K-feldspar and plagioclase are minor; zircon occurs.
On the QFL ternary diagram, sandstones of the Jidula Formation
plot very close to the Q pole, indicating ultimate provenance from
the Indian subcontinent (Garzanti and Hu, 2014) (Fig. 7a). In contrast, the litho-quartzose sandstones of both Enba and Zhaguo Formations testify to a drastic change in provenance, documenting the
ﬁrst arrival of orogenic detritus from the magmatic arc north to the
Tethyan Himalayan, formerly passive continental margin (Fig. 7a).
Our data are consistent with previous petrographic work by Cai
et al. (2008) in the Gamba area and Najman et al. (2010) in the Tingri area (Fig. 7). Differences with petrographic data in Najman et al.
(2010) may be ascribed to either differences in detrital sources or
different criteria in the evaluation of carbonate clasts and diagenetic replacements of feldspar grains.

5.2. U–Pb zircon ages
One sandstone sample (10ZPB13) from the Enba Formation was
collected for detrital zircon geochronological analysis. 90 zircon
grains were dated by the U–Pb method, 79 ages resulted to be of
sufﬁcient concordance and precision for provenance interpretation
(Fig. 8). These zircons are mainly of Precambrian–Paleozoic in age
(51%), but Mesozoic and Cenozoic ages are also common (49%),
with a prominent Late Cretaceous cluster (18 grain ages between
74 and 94 Ma, with main peak between 82 and 86 Ma). Other
young ages group between 108 and 117 Ma (4 grains) (Fig. 9).

The youngest zircon age in the Enba Formation is 54 ± 1 Ma (2%
discordance).
Sandstone samples 12ZB-F and 12ZB-I, collected from the middle and top of the Zhaguo Formation, yielded 159 usable zircon
ages. The age pattern is broadly similar to that for zircons in the
Enba Formation (Fig. 9). Most zircons are of Precambrian–Paleozoic
age (63%), with subordinate Mesozoic and Cenozoic ages (37%).
Younger zircons cluster between 81 and 113 Ma (27 grains, with
peaks at 88, 92 and 103 Ma) and between 53 and 70 Ma (15 grains,
with peaks at 55, 61, 65 and 68 Ma). Other young zircons cluster
between 117 and 126 Ma or between 139 and 154 Ma (Fig. 9).
The youngest zircon ages in the Zhaguo Formation are 53 ± 1 Ma
and 55 ± 0.9 Ma (2% discordance).

5.3. Hf isotopes in detrital zircons
From the Zhaguo Formation, 159 zircon grains were analysed
for Hf isotope ratios. The 59 analysed zircon grains with accepted
age <250 Ma can be separated into two populations based on their
eHf (t). The dominant population (39 grains; 66%), with U–Pb ages
from 55 to 172 Ma, yielded positive eHf (t) values between +0.36
and +16.09 and TCDM model ages between 0.15 and 1.13 Ga
(Fig. 10). The subordinate population (20 grains), with U–Pb ages
from 53 to 227 Ma, yielded instead invariably negative eHf (t) values
between 0.28 and 14.54 and TCDM model ages between 1.15 and
2.09 Ga. Positive eHf (t) indicates a predominantly depleted mantle
magma source, whereas negative eHf (t) indicates a chemically
evolved magma source produced by repeated melting of continental
crust (Grifﬁn et al., 2000).
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5.4. Provenance interpretation
Petrographic data, U–Pb zircon ages and Hf isotopic ratios provide cogent evidence for provenance interpretation. Zircon crystallization ages and Hf isotopic compositions differ signiﬁcantly
between intrusive and volcanic rocks of the Lhasa Terrane and
Tethyan Himalayan strata (Hu et al., 2010, 2012; Cai et al., 2011;
Zhu et al., 2011b). Zircon ages of from the Lhasa terrane show four
magmatic episodes between the Late Triassic and the Miocene
(216–175, 109–80, 69–41.5, 21–13.5 Ma), with magmatic gaps at
80–69 and 41–21 Ma (Wen et al., 2008; Ji et al., 2009; Zhu et al.,
2011a). Detrital zircons in siliciclastic units of the Tethyan Himalaya yield much older ages, clustering around 500 and 1100 Ma
with lesser peaks at 1500–1700 and 2500 Ma, but Early Cretaceous
ages also occur (140–110 Ma) (Hu et al., 2010; Gehrels et al., 2011).
The eHf (t) values of Early Cretaceous zircons from the Tethyan
Himalayan Wölong Volcaniclastics range between 1.5 and 7.2
(Hu et al., 2010; Fig. 10b).
Three distinct groups of zircons from the Lhasa terrane with
ages of <250 Ma can be distinguished: Late Triassic–Paleogene
(215–39 Ma) zircons with positive eHf (t) > 0, indicating mainly
mantle sources; Late Triassic–Early Jurassic (216–180 Ma) zircons
with strong negative eHf (t) between 14 and 2; and latest Jurassic–Early Cretaceous (160–101 Ma) zircons with negative eHf (t)
between 17 and +3.
U–Pb zircon ages and Hf isotopic ratios conﬁrm that the Enba
and Zhaguo Formations have similar provenance, the main source
being the intrusive and volcanic rocks of the Lhasa terane (Figs. 9
and 10). The same conclusion is indicated by petrographic and

U–Pb–Hf isotopic data from equivalent units in the Tingri area
(Najman et al., 2010; Hu et al., 2012) (Figs. 9 and 10).

6. Evolution of the Zongpu carbonate ramp
The symbiont-bearing larger benthic foraminifera and green
algae are restricted to shallow, well-lit sea ﬂoors at depths
<130 m (Hottinger, 1983; Hallock and Glenn, 1986; BeavingtonPenney and Racey, 2004). In the Middle Palaeocene to Early Eocene,
Lockhartia–Daviesina or Alveolina–Orbitolites associations indicate
shallow depths of <40 m, and Miscellanea–Ranikothalia or Nummulites–Alveolina associations slightly greater depths of 40–80 m
(Hottinger, 1997). The turnover of these associations characterizes
the evolution of Eocene carbonate ramps (Racey, 1994;
Beavington-Penney and Racey, 2004).
The Zongpu Formation is a carbonate platform, for which three
different geometries are possible: (1) carbonate ramp (gently sloping shelf with water depths steadily increasing basinwards); (2)
rimmed shelf with a reef or carbonate bank along its outer margin;
(3) isolated platform surrounded by deep waters (Tucker and
Wright, 1990; Wright and Burchette, 1996). Presence of a reef or
carbonate mound in the Zongpu Formation is ruled out by careful
microfacies analysis, and the occurrence of terrigenous quartz
throughout the Zongpu Formation, along with the coastal depositional environment of the underlying Jidula Formation, indicate
that the carbonate platform was not an isolated one. Abundant
micritic microfacies testifying to low-energy depositional environments, and the associations of larger benthic foraminifera showing
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Fig. 11. Lithological log of the Zongpu Formation (Zongpu section I and II), showing the distribution of larger benthic foraminifera, carbonate microfacies, interpreted palaeowater depths, and sedimentary environments. Legend as in Fig. 2. SBZ, Shallow Benthic Zonation of Serra-Kiel et al., 1998; FWWB, fair-weather wave base.

that water depth steadily increased basinwards, allow us to interpret the Zongpu Formation as a carbonate ramp.
A typical carbonate ramp is subdivided into three parts
(Burchette and Wright, 1992; Flügel, 2004): (a) the inner ramp,
lying above fair-weather wave base and dominated by oolitic
or bioclastic shoals, barrier and back-barrier sediments; (b) the
middle ramp, situated between fair-weather wave base and
storm wave base and (c) the outer ramp, dominated by deposition of carbonate or terrigenous mud carried offshore in
suspension.
The palaeoecology of larger benthic foraminifera and carbonate
microfacies document two deepening trends in the Zongpu Formation, interrupted by a disconformity (Figs. 11 and 12). The ﬁrst
deepening trend starts at the base of Member 1 in the Middle Palaeocene, with deposition in protected low-energy lagoons (MF1,

MF2, MF3, MF4) fringed by higher-energy shoals (MF5, MF6).
Younger beds document the progressive passage to open marine
environments - ﬁrst above (MF7) and next below fair-weather
wave base (MF8) – near the top of Member 3 at the close of the
Palaeocene.
The boundary between Members 3 and 4, roughly corresponding to the Paleocene/Eocene boundary, is a disconformity capped
by a conglomerate with limestone clasts (MF9), the palaeotectonic
signiﬁcance of which is discussed in Section 7 below. The second
deepening trend begins at the base of the lower Ypresian Member
4. Restricted lagoonal inner-ramp deposits characterized by Alveolina and Orbitolites (MF10, MF11, MF12) pass up-section to shallow-marine and ﬁnally open-marine ﬂoatstones with Nummulites
and Alveolina (MF13), deposited below wave base on a middle
ramp near the top of the Zongpu Formation (Figs. 11–13).
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7. Stratigraphic response to the onset of the India–Asia collision
The lowermost Palaeocene Jidula quartzarenites were derived
from the Indian subcontinent in the south (Cai et al., 2008;
Garzanti and Hu, 2014). Instead, litho-quartzose sandstones of
the Enba and Zhaguo Formations were derived from the Asian continent in the north. This radical change in provenance constrains
the onset of the India–Asia collision and the closure of the intervening Neo-Tethys Ocean between the end of deposition of the
Jidula Formation (late Danian; 62 Ma) and the base of the Enba
Formation (Ypresian 51 Ma). The Tethyan Himalayan succession
exposed in the Gamba area documents three major paleoenvironmental changes that potentially correspond to the initial underthrusting of India beneath Asia (Fig. 14). Three different scenarios
are thus examined below.
7.1. Collision at the Jidula/Zongpu boundary (62 Ma)
In this scenario (Hu et al., 2012 their Fig. 11), the Jidula/Zongpu
boundary should document the bulge unconformity, followed by
deposition of the Zongpu Formation on a stable carbonate ramp
during the early underﬁlled stage of foreland-basin sedimentation
(Sinclair, 1997). This is consistent with palaeomagnetic analysis by
Yi et al. (2011), favouring initial contact between India and Asia by

60 Ma. However, considering the very fast convergence rate (13–
18 cm/a) of the Indian and Asian plates between 67 and 50 Ma
(Cande and Stegman, 2011; van Hinsbergen et al., 2011), this
model would imply implausibly large amounts of intracontinental
shortening. Only during the 11 Ma time interval (62–51 Ma),
when the Zongpu carbonate platform was deposited, about
1500–2000 km of the Tethyan Himalayan continental margin
would have been subducted. Moreover, the Jidula/Zongpu boundary documents a sharp transgression but by no means an
unconformity.
7.2. Collision within the Zongpu Formation (Member 3/Member 4
boundary 56 Ma)
The conglomeratic interval with limestone clasts marking the
base of Member 4 (MF9) documents a clear disconformity roughly
corresponding to the Paleocene–Eocene boundary. This is a much
better candidate than the Jidula/Zongpu boundary for a bulge
unconformity (Cai et al., 2008; Zhang et al., 2012), following stable
carbonate-ramp deposition during the Middle and Late Palaeocene
(Willems and Zhang, 1993; Wan et al., 2002; Wang et al., 2010a,b).
According to DeCelles’ (2011) model of foreland-basin
deposition, nodular limestones of Members 2 to 3 of the Zongpu
Formation would thus document the smooth transition between
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Fig. 14. Simpliﬁed Paleocene–lower Eocene lithostratigraphy in the Gamba and Tingri areas of South Tibet, with inferred paleobathymetric changes and eustatic curve
(Kominz et al., 2008). The three stars indicate the three major paleoenvironmental changes documented in the Paleocene/Eocene succession. The latest Danian transgression
at the base of the Zongpu Fm. may reﬂect cooling following the Deccan megaevent (Garzanti and Hu, 2014). The earliest Eocene transgression following the disconformity
separating Members 3 and 4 of the Zongpu Fm. may document initial foreland-basin sedimentation following ﬂexural uplift. The Zongpu/Enba boundary reﬂects choking of
the carbonate platform by ﬁne-grained detritus derived from the north, shortly followed by the end of marine sedimentation all along the Himalayas. SBZ, Shallow Benthic
Zonation of Serra-Kiel et al., 1998; Isotope age according to the Gradstein et al. (2012).
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passive-margin and back-bulge sedimentation, whereas Member 4
would have been deposited on the distal margin of the main
foreland-basin depozone not yet reached by detritus derived from
the Asian active margin in the north.
The Paleocene/Eocene disconformity documented by the MF9
conglomerate does not match any signiﬁcant sea-level drop on
the global eustatic curve (Fig. 14; Kominz et al., 2008), which
shows continuous sea-level rise throughout this time interval. Tectonic rather than eustatic forcing is thus suggested. Provenance of
limestone clasts exclusively from underlying Thanetian strata is
consistent with ﬂexural uplift and erosion of the carbonate platform during passage over a stationary bulge. Conglomerate beds
or any corresponding major unconformity are not equally well
documented in the classical Tingri area, which indicates that the
conglomerate is a feature of limited lateral extent. Nevertheless,
a major unconformity separating offshore limestones from the
overlying peritidal dolomites and burrowed subtidal limestones,
precisely corresponding to the Paleocene/Eocene boundary, has
long been documented in the northwestern Himalaya, and interpreted as a bulge unconformity marking the onset of the India/Asia
collision (Garzanti et al., 1987 their Figs. 3, 5 and 6).
7.3. Collision at the Zongpu/Enba boundary (51 Ma)
The termination of Zongpu carbonate sedimentation was sharply followed by deposition of greenish grey shales of the Enba Formation. This abrupt transition might suggest drowning due to
ﬂexuring at the onset of the India/Asia collision, but the choking
and ﬁnal death of the carbonate platform may be more simply
ascribed to pollution by progressively increasing ﬁne-grained terrigenous supply. In its upper part, the Enba Formation records in
fact the ﬁrst appearance of litho-quartzose volcaniclastic sandstones derived from the Asian margin, thus certifying that the
Neo-Tethys Ocean was closed already, and that collision was
underway by 51 Ma (Guillot et al., 2003).
This does not mean that collision started then. For Asianderived detritus to onlap onto the shallow-water inner margin of
the Tethyan Himalaya, the intervening deep trough between the
Indian and Asian continental margins should have been completely
ﬁlled, which might have taken a signiﬁcant time interval. This is
documented by the Lower Eocene Sangdanlin and Zheya Formations in the Saga area, consisting of synorogenic turbidites interpreted as deposited in the foredeep depozone between the two
colliding margins (Wang et al., 2010a; DeCelles et al., 2014).
Our data suggest that: (1) transgression of the Zongpu marine
carbonates was a synchronous drowning event recorded at the
close of the Danian (62 Ma) all along the Tethys Himalaya. Thermal subsidence is inferred to have taken place at the close of the
Deccan volcanic megaevent, when India moved away from the
magma source (Garzanti and Hu, 2014); (2) the Paleocene/Eocene
disconformity documented in the Gamba area as in the northwestern Tethyan Himalaya is ascribed to ﬂexural uplift consequent to
initial underthrusting of the Indian continental margin beneath
Asia at, or just a little earlier than, 56 Ma; (3) the earliest Eocene
transgression following the unconformity separating Members 3
and 4 of the Zongpu Formation documents initial foreland-basin
sedimentation following ﬂexural uplift; (4) the Zongpu/Enba
boundary reﬂects choking of the carbonate platform by ﬁnegrained detritus derived from the north, shortly followed by the
end of marine sedimentation all along the Himalayas (Fig. 14).
8. Conclusions
Microfacies analysis of the Zongpu Formation documents in
detail the evolution of a carbonate ramp, and reveals two

deepening-upward sequences separated by a disconformity. The
ﬁrst sequence extends from the Middle Paleocene to the end of
the Paleocene. After an abrupt shallowing event associated with
uplift, erosion of the top of the underlying sequence and deposition
of conglomerates with limestone clasts, transgression took place in
the Early Eocene marking the base of the second deepeningupward sequence.
Provenance analysis indicates that the Lower Paleocene quartzarenites of the Jidula Formation were derived from the Indian continent in the south, whereas litho-quartzose sandstones of the
Lower Eocene Enba and Zhaguo Formations including common volcanic detritus were supplied from the Asian margin in the north.
The two units were deposited in a foreland basin after ﬁnal closure
of the Neo-Tethys Ocean, which ﬁrmly constrains continental collision between India and Asia to have been well underway by the
late Ypresian (51 Ma).
The Paleocene–Eocene disconformity overlain by conglomerates with clasts derived entirely from the underlying Thanetian
limestones is best interpreted as related to tectonic uplift and erosion of the carbonate platform during passage of a stationary ﬂexural bulge (Zhang et al., 2012). Concurrently with analogous
evidence from the northwestern Tethyan Himalaya (Garzanti
et al., 1987), this strongly suggests that the Neo-Tethys Ocean
closed quasi-synchronously at, or just a little earlier than, 56 Ma.
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