F THE GEOLOGICAL SOCIETY
‘ OF AMERICA®

Mid-Cretaceous thick carbonate accumulation in Northern

Lhasa (Tibet): eustatic vs. tectonic control?

Yiwei Xu!, Xiumian Hu'-", Eduardo Garzanti2, Marcelle BouDagher-Fadel3, Gaoyuan Sun*, Wen Lai’,

and Shijie Zhang®

IState Key Laboratory of Mineral Deposits Research, School of Earth Sciences and Engineering, Nanjing University,

Nanjing 210023, China

2Department of Earth and Environmental Sciences, Universita di Milano-Bicocca, Milano 20126, Italy
3Department of Earth Sciences, University College London, Gower Street, London, WCIE 6BT, UK
4College of Oceanography, Hohai University, Nanjing 210098, China
3School of Tourism, Henan Normal University, Xinxiang 453007, China

ABSTRACT

Widespread accumulation of thick car-
bonates is not typical of orogenic settings.
During the mid-Cretaceous, near the Ban-
gong suture in the northern Lhasa terrane,
the shallow-marine carbonates of the Lang-
shan Formation, reaching a thickness up to
~1 km, accumulated in an epicontinental
seaway over a modern area of 132 X 10° km?,
about half of the Arabian/Persian Gulf. The
origin of basin-wide carbonate deposits lo-
cated close to a newly formed orogenic belt
is not well understood, partly because of the
scarcity of paleogeographic studies on the
evolution of the northern Lhasa. Based on a
detailed sedimentological and stratigraphic
investigation, three stages in the mid-Creta-
ceous paleogeographic evolution of northern
Lhasa were defined: (1) remnant clastic sea
with deposition of Duoni/Duba formations
(Early to early Late Aptian, ca. 125-116 Ma);
(2) expanding carbonate seaway of Langshan
Formation (latest Aptian—earliest Cenoma-
nian, ca. 116-99 Ma); and (3) closure of the
carbonate seaway represented by the Dax-
iong/Jingzhushan formations (Early Ceno-
manian to Turonian, ca. 99-92 Ma). Com-
bined with data on tectonic subsidence and
eustatic curves, we emphasized the largely
eustatic control on the paleogeographic evo-
lution of the northern Lhasa during the latest
Aptian—earliest Cenomanian when the Lang-
shan carbonates accumulated, modulated by
long-term slow tectonic subsidence and high
carbonate productivity.

fCorresponding author: huxm@nju.edu.cn.

INTRODUCTION

The Lhasa terrane, lying between the In-
dus—Yarlung suture to the south and the Ban-
gong suture to the north (Fig. 1A), is the latest
microcontinent accreted to Asia before colli-
sion between the Indian and Asian continental
margins. The timing of collision between the
Qiangtang and Lhasa terranes along the Ban-
gong suture (Fig. 1A) is widely debated (Gi-
rardeau et al., 1984; Dewey et al., 1988; Fan
etal.,2014; Zhuetal.,2016; Maet al., 2017; Li
etal., 2019). However, it is widely accepted that
collision started before the late Early Creta-
ceous based on: (1) non-marine clastics depos-
ited in the Nima basin between the late Early to
early Late Cretaceous (Kapp et al., 2007; Kapp
and DeCelles, 2019); and (2) terrigenous detri-
tus supplied to northern Lhasa by the Bangong
suture and southern Qiangtang since the late
Early Cretaceous (Lai et al., 2019a; Li et al.,
2020). During the mid-Cretaceous, the north
Lhasa region was thus situated in an orogenic
setting where a several-km-thick succession
was deposited, including upward-shallowing
siliciclastics (Duoni and Duba formations),
carbonates (Langshan Formation), and thick
conglomerate-bearing deposits (Jingzhushan
and Daxiong formations) (Pan et al., 2004;
Sun et al., 2015a; Sun et al., 2017; Lai et al.,
2019a, 2019b).

The Langshan Formation is the youngest
marine unit in the northern Lhasa terrane (Pan
et al., 2004), and its occurrence close to an
evolving suture zone is unusual for its basin-
wide distribution (Fig. 1B) and great thickness
(~1 km). Cenozoic carbonates in foreland ba-
sins are mostly limited to the distal margin,
and with a ribbon-like shape (Bosence, 2005).

Moreover, their thickness does not exceed a
few hundreds of meters, because carbonate
production is hampered in orogenic settings
where tectonic uplift and erosion produce
abundant terrigenous detritus (Wilson, 1975;
Dorobek, 1995). However, in a few cases (e.g.,
the Papua—New Guinea foreland basin) car-
bonate thickness may reach 1.2 km (Sinclair,
1997). Finally, carbonates generally occur only
in the starved initial stage of foreland-basin de-
position (Davies et al., 1989; Sinclair, 1997),
whereas the succession mostly consists of si-
liciclastic, “molasse-type” deposits (Busby and
Ingersoll, 1995).

Several scenarios have been envisaged as
a framework for deposition of the Langshan
Formation, including (1) a back-arc extension-
al basin (Zhang et al., 2004); (2) a peripheral
foreland basin (Leeder et al., 1988; Leier et al.,
2007; DeCelles et al., 2007); (3) a retroarc
foreland basin (Zhang et al., 2011); and (4) a
composite foreland basin (Lai et al., 2019a).
Moreover, Leeder et al. (1988) emphasized the
role played by eustatic changes in peripheral
foreland basins. However, these diverging in-
terpretations are largely based on studies of the
mid-Cretaceous clastic strata in the northern
Lhasa terrane (Leeder et al., 1988; Leier et al.,
2007; Zhang et al., 2011; Sun et al., 2015a,
2017; Lai et al., 2019a, 2019b, Li et al., 2020).
In contrast, the 1-km-thick Langshan Forma-
tion has been the target of only a few studies on
fossil content and depositional age (Scott e al.,
2010; Rao et al., 2015; BouDagher-Fadel et al.,
2017; Rao et al., 2020). The sedimentology
and the paleogeographic context of the Lang-
shan Formation have been poorly investigated
so far, and its depositional environment was
simply described as either carbonate platform
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Figure 1. (A) Simplified tectonic map of the Himalaya and Tibet showing major tectonic domains and suture zones (Pan et al., 2004).
BNSZ—Bangong-Nujiang suture zone; IYZS—Indus-Yarlung-Zangbo suture; JSSZ—Jinshajiang suture zone; LMF—Luobadui-
Milashan fault; JF—Jiali fault; KLF—Kunlun fault; KF—Karakoram fault; ALT—Altyn Tagh fault. (B) Simplified geological map of the
Lhasa terrane, showing the studied sections (modified after Pan et al., 2004). GST—Gaize-Selin Co thrust; SGAT—Shiquan—-Gaize-Amdo
thrust; GLT—Gugu La thrust; ST—Shibaluo thrust; ET—Emei La thrust. Stratigraphic data from northern sections from Xu et al.,
(2020). (C) Cretaceous strata in the Northern Lhasa terrane. (D) Conformable contact between the Duoni and Langshan formations in the
Geren Co area (GPS: 31°20'47.80”N; 88°11'36.81”E). (E) More close observation on conformable contact between the Duoni and Langshan
formations in the Geren Co area. (F) Langshan Formation in the Geji section (GPS: 32°27'41.545”N; 80°54'56.108”E). (G) Langshan
Formation in the Baoji section (GPS: 30°57°54.85”N; 90°19°33.83”E). (H) Langshan Formation in the Xiongmei section (GPS: 31°19°9.09”N;
88°51'22.38”E). Dip direction and dip angle of members 1, 2, and 3 are 200°/52°, 195°/55° and 195°/50°, respectively.

or carbonate ramp (Leeder et al., 1988; Yu
and Wang, 1990; Sun et al., 2017). The lack
of information about the Langshan Formation
hinders our understanding of its origin and of
the paleogeographic evolution of the northern
Lhasa terrane.

In order to investigate the origin of the
Langshan Formation, we have carried out an
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integrated stratigraphic, sedimentological, and
microfacies analysis of seven stratigraphic sec-
tions measured throughout the Langshan Forma-
tion in the northern Lhasa terrane. These new
data, combined with previous observations, are
used to reconstruct the mid-Cretaceous tectonic
subsidence and paleogeographic evolution of
northern Lhasa and to differentiate the potential
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controlling factors of this thick and basin-wide
carbonate accumulation.

GEOLOGICAL BACKGROUD
The Lhasa terrane is divided into the south-

ern Lhasa and northern Lhasa terranes by the
Luobadui-Milashan Fault (Fig. 1A) (Pan et al.,
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2004; Kapp and DeCelles; 2019). The south-
ern Lhasa terrane mainly comprises the Xigaze
forearc basin and the Gangdese arc, developed
during subduction of Neo-Tethyan oceanic litho-
sphere (Kapp and DeCelles, 2019). The north-
ern Lhasa terrane mainly comprises Paleozoic
metasedimentary rocks, Jurassic—Cretaceous
sedimentary strata, and Mesozoic igneous rocks
(Fig. 1B) (Pan et al., 2004).

Cretaceous Stratigraphy of Northern Lhasa

Cretaceous strata in the northern Lhasa ter-
rane include the Duoni, Duba, Langshan, Jing-
zhushan, and Daxiong formations (Pan et al.,
2004; Sun et al., 2015a; Lai et al., 2019a,
2019b) (Fig. 1C). The Duoni and Duba forma-
tions consist of terrigenous clastics sourced from
the volcanic rocks of the Zenong Group (Duoni
Formation) and from the Bangong suture and
southern Qiangtang terrane (Duba Formation)
(Leier et al., 2007; Zhang et al., 2011; Sun et al.,
2017; Lai et al., 2019a; Li et al., 2020). The
depositional ages of these units are constrained
as 123-110 Ma based on detrital-zircon chro-
nostratigraphy and age of intercalated volcanic
rocks (Leier et al., 2007; Sun et al., 2017; Lai
et al., 2019a).

The Langshan Formation conformably over-
lies the Duoni Formation (Figs. 1D and 1E). The
unit is widely distributed in the northern Lhasa
terrane with a modern area of ~132 x 10° km?,
and consists of shallow-marine bioclastic lime-
stone interbedded with sandstone, mudrock,
marlstone, tuff, and adakitic volcanic rocks (Sun
et al., 2015b, 2017). The Langshan Formation,
deposited between the Late Aptian and the Early
Cenomanian based on biostratigraphy (BouDa-
gher-Fadel et al., 2017; Xu et al., 2020), is over-
lain either unconformably or in fault contact by
the red pebbly siliciclastics of the Jingzhushan
or Daxiong formations. The Jingzhushan For-
mation, exposed to the north of the Langshan
Formation outcrop belt, was chiefly derived from
erosion of the Langshan Formation (Lai et al.,
2019b). The Daxiong Formation, exposed to
the south of the Langshan Formation outcrop
belt, was mainly sourced from both the Zenong
Group and the Langshan Formation (Sun et al.,
2015a). The depositional age of the Jingzhushan
and Daxiong formations is constrained at the
Turonian (ca. 92 Ma), based on the age of inter-
calated tuffs (Sun et al., 2015a; Lai et al., 2019b).

METHODS
Microfacies Analysis

Samples were collected from seven measured
stratigraphic sections (Fig. 1B) with a sampling
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frequency of 2—4 m for limestone strata. Lime-
stone beds intercalated with siliciclastic strata
were also sampled. A total of 854 thin sections
were used for microfacies analysis, performed
by examining grain components, textures, and
macrofossil and microfossil assemblages. Car-
bonate rocks were classified based on Dunham
(1962) and Embry and Klovan (1971).

Larger Benthic Foraminiferal Biozones

Based on the foraminiferal assemblages stud-
ied in thin sections, biozones were identified and
correlated to the established Tibetan Larger Ben-
thic Foraminiferal biozones of the Cretaceous
according to BouDagher-Fadel et al. (2017).
The eight identified foraminiferal biozones (TL-

Kla-h) are Aptian to early Cenomanian in age,
were used to correlate the South Tibetan sedi-
mentary successions (Fig. 2B), and were cali-
brated against the biostratigraphic time scale and
chronostratigraphy as defined by Gradstein et al.
(2012). For additional details about biozone sub-
divisions, see BouDagher-Fadel et al. (2017).

Tectonic Subsidence Analysis

The reconstruction of tectonic-subsidence
curves was based on stratigraphy of the Duoni,
Duba, Langshan, and Jingzhushan formations.
The ages of the Duoni/Duba and Jingzhushan
formations, constrained by U-Pb dating of zircon
crystals in tuffs and zircon grains in sandstones,
are from published data (Sun et al., 2017; Lai
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et al., 2019a, 2019b). The age of the Langshan
Formation is constrained by larger benthic fo-
raminiferal biozones (BouDagher-Fadel et al.,
2017; Xu et al., 2020; and this study). Follow-
ing standard backstripping procedures (Allen
and Allen, 2005), strata were first decompacted
based on the relationship between porosity and
depth empirically derived from the study of
eight wells in the North Sea (Sclater and Chris-
tie, 1980). Next, the effect of sediment load was
removed based on Airy isostatic balance. Paleo-
water depth was estimated based on microfa-
cies analysis. Correction for global eustasy was
based on Miller et al. (2005). The tectonic sub-
sidence curve was generated with BasinMod1-D
software (provided by Platte River Associates;
www.platte.com). Data on which the analysis
was made are provided in Table S1 of Supple-
mentary Materials'.

STRATIGRAPHY
Lithostratigraphy

The characterization of the Langshan Forma-
tion was relied on the seven sections newly mea-
sured in this work (Baoji, Xiongmei, Guolong,
Xiagezi, Langshan, Daya, and Geji sections) and
on three sections reported in Xu et al. (2020)
(Azhang, Letie and Zulong sections). Three ar-
eas were identified: (1) south: Baoji, Xiongmei,
Guolong, and Xiagezi sections, located at the
southern edge of the Langshan Formation out-
crop belt; (2) center: Langshan, Daya, and Geji
sections; and (3) north: Azhang, Letie, and Zu-
long sections exposed along the northern edge of
the Langshan Formation outcrop belt (Fig. 2A).

In the southern area (Baoji, Xiongmei, and
Guolong sections), the Langshan Formation
can be subdivided into three informal mem-
bers based on lithology. Member 1 comprises
massive bioclastic limestone, with a thickness
of 412 m in the Baoji section, 271 m in the
Xiongmei section, and 235 m in the Guolong
section. Member 2 comprises red to green mu-
drock interbedded with sandstone and limestone
over a thickness of 720 m in the Baoji section
and 661 m in the Xiongmei section (Figs. S1
and S2; see footnote 1). In the Guolong sec-
tion, sandstone is interbedded with tuffs and
limestones over a thickness of 400 m (Fig. 2A).
Member 3 comprises massive bioclastic lime-

ISupplemental Material. Biozones of the Baoji,
Xiongmei, Xiagezi and other central sections,
and stratigraphic data used to reconstruct tectonic
subsidence of the north Lhasa. Please visit https:/
doi.org/10.1130/GSAB.S.14239910  to  access
the supplemental material, and contact editing@
geosociety.org with any questions.
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stone with a thickness of 119 m in the Baoji sec-
tion, 446 m in the Xiongmei section, and 200 m
in the Guolong section (Figs. 2A, S1, and S2).
All stratigraphic contacts between members are
conformable (Figs. 1G and 1H). In the Xiagezi
section, the Langshan Formation is character-
ized by 67 m of bioclastic limestone (Fig. S6;
see footnote 1).

In the central area, the Langshan Formation
consists of bioclastic limestone without any si-
liciclastics, and volcanic rocks. In the Daya sec-
tion, the 219-m-thick lower part is characterized
by orbitolinids and the 68-m-thick upper part by
rudists (Fig. S4; see footnote 1). The 77-m-thick
Langshan section exposes orbitolinid limestone,
whereas thin- to medium-bedded bioclastic
limestones are 80 m thick in the Geji section
(Figs. 1F and S5; see footnote 1).

In the three sections described by Xu et al.
(2020) in the northern area, the Langshan For-
mation can also be subdivided into three in-
formal members. Members 1 and 3 consist of
massive bioclastic limestone, whereas member
2 comprises gray marlstone containing calci-
spheres and planktonic foraminifers interbedded
with thin limestone (Xu et al., 2020) (Fig. 2A).

Biostratigraphy

The biostratigraphy of the Guolong and
Xiagezi sections in the southern area is described
in detail in BouDagher-Fadel et al. (2017). In the
present study, we shall mainly focus on the other
southern and central sections, where orbitolinid
limestones is widely exposed. Further details on
paleontological determinations are provided in
Plate 1 and Figs. S1-S5 of the Supplementary
Material.

In the Baoji section of the southern area, the
lower part of member 1 contains Palorbito-
lina lenticularis, Daxia minima, and Sabaudia
capitata, indicating an Aptian 4 age (TLKlc).
In the upper part of member 1, the occurrence
of Stomatostoecha plummerae and Vercorsella
camposauri indicates an Albian 1 age (TLK1d).
The occurrence of Palorbtolinoides hedini in the
lower part of member 2 indicates an Albian 2 age
(TLK1e). The upper part of member 2 contains
Mesorbitolina aperta, indicating an Albian 3 age
(TLK1f). Praeorbitolina cf. wienandsi appears
at the base of member 3, indicating an Albian
4 age (TLK1 g). The occurrence of Orbitolina
qatarica in member 3 indicates a Cenomanian 1
age (TLK1 h) (Fig. S1 and Plate 1).

In the Xiongmei section of the southern area,
the lower part of member 1 contains Palorbito-
lina lenticularis, Vercorsella arenata, and Me-
sorbitolina parva, indicating an Aptian 4 age
(TLK1c). In member 2, the occurrence of Pal-
orbtolinoides hedini and Mesorbitolina aperta

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/134/1-2/389/5496656/b35930.1.pdf
bv Naniina Universitv user

indicates an Albian 2-3 age (TLKle-f). Con-
sidering the conformable relationship between
members 1 and 2, the age of member 1 is Aptian
4—Albian 1. The lower part of member 3 con-
tains Praeorbitolina cf. wienandsi, Conicorbi-
tolina cf. cuvillieri, and Nezzazatinella picardi,
indicating an Albian 4 age (TLK1 g). The oc-
currence of Daxia cenomana and Orbitolina qa-
tarica in the middle and upper parts of member 3
indicates a Cenomanian 1 age (TLK1 h) (Fig. S2
and Plate 1).

In the Langshan section of the central area,
Vercorsella arenata appears in the lower part, in-
dicating an Aptian 4 age (TLK1c). In the middle
part, the occurrence of Palorbtolinoides hedini,
Mesorbitolina aperta and Praeorbitolina cf.
wienandsi indicates an Albian 1-Albian 4 age
(TLK1d-g). The occurrence of Orbitolina qa-
tarica and Daxia cenomana in the upper part in-
dicates a Cenomanian 1 age (TLK1 h) (Fig. S3
and Plate 1; see footnote 1).

In the Daya section of the central area, the as-
sociation of Daxia minima, Vercorsella arenata,
and Sabaudia capitata in the lower part indicates
an Aptian 4 age (TLK1c). The occurrence of Pal-
orbtolinoides hedini, Cuneolina parva, and Me-
sorbitolina aperta in the middle part indicates
an Albian age. The upper part contains Daxia
cenomana and Orbitolina qatarica, indicating
a Cenomanian 1 age (TLKI1 h) (Fig. S4 and
Plate 1).

In the Geji section of the central area, Ver-
corsella arenata and Mesorbitolina texana ap-
pear at the base of the Langshan Formation,
indicating an Aptian 4 age (TLK1c). The lower
part contains Stomatostoecha plummerae and
Vercorsella camposaurii, indicating an Albian 1
age (TLK1d). The middle part contains Palorb-
tolinoides hedini and Cuneolina parva, indicat-
ing an Albian 2 age (TLKle). The presence of
Mesorbitolina aperta and Conicorbitolina cf.
cuvillieri in the upper part indicates an Albian 3
age (TLK1f). The appearance of Praeorbitolina
cf. wienandsi in the uppermost part indicates an
Albian 4 age (TLK1 g), and the occurrence of
Daxia cenomana at the top of the unit indicates
a Cenomanian 1 age (TLK1 h) (Fig. S5 and
Plate 1).

In summary, the Langshan Formation is dated
as Aptian 4—Cenomanian 1 in most southern,
central, and northern sections. In the southern-
most Xiagezi section, depositional age is re-
stricted to Albian 4-Cenomanian 1 (BouDagher-
Fadel et al., 2017), and in the Azhang section,
the age is Aptian 3—Cenomanian 1 (BouDagher-
Fadel et al., 2017). Members 1-3 were deposited
diachronously in southern sections: member 2 is
Albian 2-3 in the Baoji and Xiongmei sections,
but Albian 1 in the Guolong section (BouDagh-
er-Fadel et al., 2017) (Fig. 2A).
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MICROFACIES OF THE LANGSHAN
FORMATION

The 19 microfacies (hereafter MF), were rec-
ognized from the seven studied sections of the
Langshan Formation. Five depositional environ-
ments (patch reef, open lagoon, shallow lagoon,
tidal flat, and delta plain) were identified.

Patch Reef
MF1 Coral Packstone

This microfacies, mainly distributed in the
Xiongmei and Guolong sections, contains

Thick carbonate accumulation in orogenic belts

50%-75% carbonate grains (50%—60% coral
debris, partly bored by microorganism and bi-
valves). Bivalves and peloids are subordinate
(10%-15%) (Fig. 3A).

In the Cretaceous, corals dwelled in relatively
deeper water than rudists (Gili et al., 1995; Fernan-
dez-Mendiola et al., 2013). In the Xiongmei and
Guolong sections, this microfacies is interbedded
with rudist-rich beds and is thus interpreted as
deposited in patch reef to fore-reef environments.

MF2 Red Algae-Rudist Wackestone-Packstone
This microfacies, mainly occurring in the
Guolong section and interbedded with MF1, con-

tains 35%—-80% carbonate grains, dominated by
red algae, rudists, and other bivalves (30%—70%)
commonly displaying a micritic envelope. The
occurrence of echinoderms is minor (5%—10%)
and benthic foraminifers are rare (Fig. 3B).

Red algae occur within the euphotic zone, in-
dicating a shallow-water environment. Consider-
ing its relationship with MF1, this microfacies is
interpreted as deposited in a patch-reef-related
environment.

MF 3 Rudist Packstone-Rudstone
This microfacies, interbedded with MF1 and
MEF2 in the Guolong and Xiongmei sections,

Figure 3. (A) MF1 Coral packstone, 16XM39. (B) MF2 Red algae-rudist wackestone—packstone, 13GL155. (C) MF3 Rudist packstone-
rudstone, 16XM59. (D) MF4 Bivalve wackestone, 16XM24. (E) MF5 Peloid packstone, 13GL159. (F) MF6 Bacinella boundstone, 13GL194.
(G) MF7 Orbitolinid wackestone-packstone, 13GL179. (H) MF8 Orbitolinid packstone-grainstone, 16L.S22. (I) MF9 Calcareous spicule
wackestone, 17DY(07. B—bivalve; E—echinoderm; M—miliolid; O—orbitolinid; R—rudist; RA—red algae; S—sponge spicule. Scale
bar =1 mm.
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contains 70%—-80% carbonate grains, mostly
represented by angular and bored rudist debris
(60%—-70%) with a diameter of 0.3—2 mm and
locally encrusted by Lithocodium and Bacinella.
The occurrence of bivalves and orbitolinids is
minor (10%) (Fig. 3C). Red algae, gastropods,
echinoderms, and green algae are rare.

Rudists were typical shallow-water reef biota
in the Cretaceous (Masse, 1992) forming build-
ups together with corals (Masse et al., 1981).
Angular rudist debris indicates a short transport
distance. This microfacies testifies to a patch-
reef environment.

MF4 Bivalve Wackestone

This microfacies, mainly distributed in all
sections besides the Langshan and Xiagezi sec-
tions, contains 30% carbonate grains, mostly
represented by bivalves (25%) with diameters of
0.3-2 mm. The bivalves comprise Chondrodon-
ta, oysters, and rudists commonly encrusted by
Lithocodium and Bacinella. The occurrence of
orbitolinids (5%), small benthic foraminifers
(3%), and green algae (2%) is minor. Red algae
and echinoderms are rare (Fig. 3D).

The Chondrodonta dwelled in reef or lagoon-
al environments (Jordan et al., 1985; Di Stefano
and Ruberti, 2000) and micritic matrix encasing
small benthic foraminifers and green algae indi-
cates low energy and shallow water. A back-reef
environment is thus indicated.

Open Lagoon

MFS5 Peloid Packstone

This microfacies, interbedded with MF1,
MF3, and MF4 in the Xiongmei and Guolong
sections, contains 60%—70% carbonate grains,
mostly represented by peloids (60%). The occur-
rence of other bioclasts (orbitolinids, bivalves,
benthic foraminifers, and sponge spicules) is mi-
nor (5%) (Fig. 3E). Geopetal and thrombolitic
structures occur. This facies indicates a back-reef
lagoonal environment.

MF6 Bacinella Boundstone

This microfacies, mainly distributed in mem-
ber 1 of the Guolong section and interbedded
with MF5 and MF7, is characterized by Ba-
cinella with sparite infill (Fig. 3F). The occur-
rence of Bacinella indicates a reef crest or la-
goonal environment (Stein et al., 2012; Kaya and
Altiner, 2015).

MF?7 Orbitolinid Wackestone-Packstone

This microfacies, distributed in all sections
besides the Baoji, Langshan, and Daya sections,
contains 20%-60% carbonate grains, mostly
represented by well-preserved conical and
discoidal orbitolinids (10%-50%) (Fig. 3G).
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Peloids are common. Bivalve debris and green
algae are minor (10%). Rare calcareous spic-
ules, small benthic foraminifers, and terrigenous
silt occur.

Orbitolinids lived in shallow waters (10—
50 m) (Banner and Simmons, 1994), and their
micritic matrix indicates a low-energy state. This
microfacies is never flanked by deep-water de-
posits in this study and is thus interpreted to have
been deposited in an open lagoon.

MF 8 Orbitolinid Packstone-Grainstone

This microfacies, mainly identified in the
Langshan section, contains 70%—80% carbonate
grains, mostly represented by oriented, rounded,
and densely packed discoidal orbitolinids (70%—
75%) partly encrusted by Bacinella (Fig. 3H).
The occurrence of gastropods and echinoderms
is minor (5%).

The rounded and oriented orbitolinids indi-
cate a relative high-energy state, suggesting a
shoal environment within a lagoon.

Shallow Lagoon

MF9 Calcareous Spicule Wackestone

This microfacies, mainly distributed in the
Daya and Geji sections, contains 15%-30%
grains. Calcareous sponge spicules (10%—-20%)
are associated with orbitolinids, miliolids, bi-
valves, and small benthic foraminifers (5%—
10%) (Fig. 3I).

In contrast with siliceous sponge spicules,
which occur in basinal environments (Wil-
son 1975), calcareous sponge spicules sug-
gest a shallow-water environment (James
and Jones, 2015). This microfacies is inter-
bedded with strata containing green algae
and small benthic foraminifers. A shallow
lagoon environment is thus inferred, in anal-
ogy with microfacies FZ-7 in Bachmann and
Hirsch (2006).

MF 10 Green algae Wackestone-Packstone

This microfacies, mainly distributed in the
Baoji, Langshan, Geji, and Xiagezi sections,
contains 30%—-70% carbonate grains, mostly
well-preserved green algae (dasycladaceans
and Halimeda) (20%-50%) locally showing a
micritic envelope. The occurrence of orbitolin-
ids, bivalves, and echinoderms is minor (15%).
Miliolid and textulariid foraminifers occur (3%—
5%). Gastropods and calcareous spicules are rare
(Fig. 4A).

Dasycladaceans live at euphotic water depths
(5-10 m; Banner and Simmons 1994). Green
algae are well preserved, suggesting they are
in situ or transported over a short distance. A
shallow and low-energy lagoonal environment
is suggested.
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MF 11 Orbitolinid Wackestone with Small
Benthic Foraminifers

This microfacies, mainly distributed in the
Guolong, Xiongmei, and Baoji sections, con-
tains 15%-30% carbonate grains, mostly orbito-
linids (10%—-20%). The occurrence of miliolids
and textulariids is minor (5%—10%). Some dasy-
cladaceans and bivalves occur (5%) (Fig. 4B).

The occurrence of small benthic foraminifers
suggests that MF11 was deposited in a shal-
lower environment than MF7, plausibly a shal-
low lagoon.

MF12 Small Benthic Foraminifera
Mudstone-Wackestone

This microfacies, distributed in all sections
besides the Langshan section, contains 5%—-20%
carbonate grains, including various kinds of
small benthic foraminifera (5%—-15%). Locally
micritized miliolids and textulariids are com-
mon. The occurrence of green algae is minor
(5%). Gastropods, echinoderms, and calcareous
spicules are rare (Fig. 4C).

Abundant small benthic foraminifera indicate
a shallow lagoon environment with water depth
not exceeding 10 m (Davies et al., 2002; Gha-
beishavi et al., 2010).

MF 13 Bioclastic Grainstone

This microfacies, mainly distributed in the
Guolong, Xiongmei, Baoji, and Xiagezi sec-
tions, contains 70% carbonate grains, mostly ori-
ented bivalves (50%—-60%). Peloids are common
(10%—-20%) and the occurrence of intraclasts is
minor (Fig. 4D). The lack of micrite and oriented
bioclasts indicate high-energy conditions in a
shoal within a shallow lagoon.

Tidal Flat

MF 14 Oncoid Rudstone

This microfacies, mainly occurring at the base
of member 3 in the Guolong section in erosional
contact with underlying siltstones, contains 70%
carbonate grains, mostly symmetrical laminated
oncoids, with a diameter of 8 cm at the base
of the bed and decreasing upwards of 1-3 cm
(Fig. 4E).

Oncoids are indicators of low intertidal to
shallow subtidal environments (Fliigel, 2010).
The MF14 overlies an erosion surface at the
base of member 3, interpreted as the base of a
transgressive sequence in shallow subtidal to in-
tertidal environments.

MF15 Red and Green Mudrock

Alternating red and green marly mudrocks
intercalated with thin siltstone, sandstone, lime-
stone, and sandy limestone layers characterize
the Xiongmei section (Fig. 4F). Green mudrocks
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Figure 4. (A) MF10 Green algae wackestone-packstone, 16XM143. (B) MF11 Orbitolinid wackestone with small benthic foraminifers,
16XM157. (C) MF12 Small benthic foraminifer mudstone-wackestone, 16XM219. (D) MF13 Bioclastic grainstone, 16XM138. (E) MF14
Oncoid rudstone (base of member 3, Guolong section). (F) MF15 Red and green mudrocks (member 2, Xiongmei section). (G) Wave ripples
(member 2, Xiongmei section). (H) MF16 Discoidal orbitolinid packstone/floatstone, 16XM74. (I) MF17 Oyster packstone (member 2,
Xiongmei section). (J) MF17 Oyster packstone, 16XM105. (K) MF18 Sandy bioclastic wackestone, 16XM101. (L) Microconglomerate
lenses (member 2, Guolong section). B—bivalve; GA—green algae; M—miliolid; O—orbitolinid; SBF—small benthic foraminifer. Scale
bar =1 mm.
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dominate instead in the Baoji section. Wavy bed-
ding and symmetrical ripples occur in both sand-
stone and bioclastic limestone beds (Fig. 4G).

A red color suggests a subaerial oxic environ-
ment, whereas a green color suggests weakly
reducing environment. Together with wave rip-
ples, this indicates deposition in peri-tidal envi-
ronments characterized by different and varying
redox conditions.

MF 16 Discoidal Orbitolinid Packstone/
Floatstone

This microfacies, mainly found in member 2
of the Xiongmei and Baoji sections and interbed-
ded with MF15 (Figs. 5 and 6), contains 60%—
70% carbonate grains, mostly discoidal orbito-
linids with test locally including quartz grains set
in mixed micrite and terrigenous mud (Fig. 4H).

The occurrence of micrite mixed with silt and
clay, and the discoidal form of orbitolinids sug-
gesting adaptation to turbid waters (Pittet et al.,
2002), indicates a low-energy, terrigenous-influ-
enced intertidal environment.

MF17 Oyster Packstone

This microfacies, mainly occurring in mem-
ber 2 of the Xiongmei and Baoji sections and
intercalated with MF15 in centimetric layers
(Figs. 5 and 6), contains 60%—80% carbonate
grains, mostly represented by well-preserved
oysters (60%—70%). The occurrence of ooids
is minor (10%). Silt-sized quartz grains occur
(Figs. 41 and 4J). An intertidal environment is
suggested by association with MF15.

MF18 Sandy Bioclastic Wackestone

This microfacies, mainly occurring in member
2 of the Xiongmei and Baoji sections and inter-
calated with MF15 in centimetric layers (Figs. 5
and 6), contains subequal amounts (20%-30%
each) of silt- to sand-sized quartz grains and
carbonate allochems. Oysters, green algae, orbi-
tolinids, and ooids are common (Fig. 4K). Wave
ripples were observed in the field.

Green algae and ooids indicate shallow water.
An intertidal environment is suggested by asso-
ciation with MF15.

Delta Plain

MF19 Coarse-Grained Clastics

This microfacies, occurring only in the
Guolong section, consists of red and green lensoid
sandstone interbedded with green mudrock, con-
glomerate, and limestone. The limestone interval
contains orbitolinids, oncoids, and bivalves. Up
to 10-m-thick sandstone intervals display parallel
and tabular oblique lamination. Conglomerate in-
tervals begin with a basal scour surface and may
fine upward to sandstone (Fig. 4L).
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Lenticular conglomerates and sandstones with
parallel and oblique lamination indicate depo-
sition by fluvial currents, whereas interbedded
limestones indicate marine deposition. Deposi-
tion in a fan delta, including distributary-chan-
nels, delta-plain, and marine prodelta environ-
ments is suggested.

TECTONIC SUBSIDENCE

The mid-Cretaceous tectonic subsidence his-
tory of northern Lhasa can be subdivided into
three stages.

Stage 1 (Aptian 1-3, ca.123-116 Ma). Dur-
ing deposition of the Duoni and Duba formation,
tectonic subsidence rate for the Duoni Formation
is calculated to be ~107 m/m.y. in the Guolong
section at the southern edge of the Langshan
Formation outcrop belt and ~175 m/m.y. in
the Azhang section at the northern edge. In the
central area (near Baingoin, DB02 section in
Lai et al., 2019a), instead, the rate of tectonic
subsidence calculated for Duba Formation in the
Langshan section is only ~42 m/m.y. (Fig. 7).

Stage 2 (Aptian 4-Cenomanian 1, ca. 116—
99 Ma). During deposition of the Langshan
Formation, tectonic subsidence rate was much
reduced, and calculated to be ~20 m/m.y. and
37 m/m.y. in the southern Guolong and Xiongmei
sections, respectively. Tectonic subsidence was
13 m/m.y. in the northern Azhang section, whereas
analysis of central section suggests tectonic inver-
sion and uplift rate of 1.7 m/m.y. (Fig. 7).

Stage 3 (Early Cenomanian to Early Turonian,
ca. 99-92 Ma). During deposition of the Jing-
zhushan Formation, tectonic inversion became
generalized, with calculated average uplift rate
around 16 m/m.y. (Fig. 7).

DISCUSSION

Paleo-Environmental Evolution of the
Langshan Formation

Based on new biostratigraphic and micro-
facies analysis of seven sections and the three
northern sections described in Xu et al. (2020),
the paleo-environmental evolution recorded by
the Langshan Formation can be subdivided into
three phases (Fig. 8).

(1) Aptian 4-Albian 2 (116-107 Ma). During
Aptian 4 in the southern sections, member 1 of
the Baoji section is dominated by MF2, MF3,
and MF11-12, indicating deposition in a shallow
lagoon (Fig. 6). In the Xiongmei and Guolong
sections, microfacies MF1 to MF7 indicate in-
stead a patch-reef to open-lagoon environment
(Fig. 5). In the central sections, microfacies MF8
to MF12 testify to orbitolinids shoals and shal-
low lagoons (Fig.S3-S5). The northern sections
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document shallow lagoons and rudist banks (Xu
et al., 2020).

During Albian 1-2, microfacies MF14 to
MF19 dominate in the southern sections, indicat-
ing a tidal flat—delta plain environment (Figs. 5
and 6), whereas sedimentation in shoals to shal-
low lagoons is documented in the central and
northern sections (Figs.S3-S5). A tidal flat in the
south transitioning to an open lagoon in the north
indicates deposition on a northward-deepening
carbonate ramp (Fig. 8).

(2) Albian 3-Albian 4 (ca. 107-100 Ma).
During Albian 3 in southern sections, tidal-flat
deposition continued in the Baoji and Xiongmei
sections, as documented by microfacies MF15
to MF18 (Figs. 5 and 6), whereas MF7 and
MF11-MF12 in the Guolong section are indica-
tive of shallow lagoonal environments (Fig. 5).
In northern sections, marlstones with abundant
calcispheres and planktonic foraminifers over-
lie the rudist banks (Xu et al., 2020), indicating
open-marine sedimentation.

During Albian 4 in the southern sections,
microfacies MF2-MF3 and MF11-MF12 char-
acterize the Baoji and Xiongmei sections, indi-
cating patch-reefs to shallow lagoons (Figs. 5
and 6). Shallow lagoonal environments are indi-
cated also in the Xiagezi section, characterized
by microfacies MF12 (Fig.S6). Open-marine
sedimentation continued in the northern sec-
tions (Xu et al., 2020). During Albian 34, the
central sections are dominated by shallow la-
goonal microfacies MF9 to MF12 (Figs.S3-S5).
In this time interval, facies distribution docu-
ments drastic deepening from shallow-lagoon
and rudist-bank to open-marine environments in
the north, whereas environmental conditions did
not change significantly in central and southern
regions. This indicates a flat-topped platform
morphology passing rapidly northward to a ba-
sin rather than a gently sloping ramp. During
Albian 34, therefore, the Langshan Formation
deposited in a carbonate rimmed platform envi-
ronment (Fig. 8).

(3) Cenomanian 1 (ca. 100-99 Ma). The
southern and central sections are dominated by
lagoonal microfacies MF10-MF12 (Figs. 5, 6,
and S3-S6), whereas northern sections indicate
transition from open-marine to rudist-bank and
shallow-lagoon environments (Xu et al., 2020).
Langshan Formation carbonates at this time
were deposited in a wide shallow lagoon extend-
ing from south to north (Fig. 8).

Mid-Cretaceous Paleogeography of
Northern Lhasa

Based on stratigraphic and microfacies analy-
sis of the Langshan Formation carried out in this
study and combined with previous work, the
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paleogeographic evolution of the northern Lhasa
terrane is schematically envisaged in three stag-
es (1-3), subdivided in turn to seven substages
(Fig. 9A-9G).

Stage 1: Remnant Clastic Sea (Aptian 1-3)

After the collision between the Qiangtang
and Lhasa terranes, a seaway remained as a
remnant of the Bangong Ocean that once ex-
tended to the north of the Lhasa terrane (Lai
et al., 2019a).

(A) Aptian 1-2 (ca. 125-120 Ma) remnant
sea (Fig. 9A). In the Baingoin area, shelf sand-
stones of the Duba Formation were derived
from the uplifting Bangong suture zone and
southern Qiangtang terrane since 122 Ma (Lai
et al., 2019a; Li et al., 2020). In the Geren Co
area, submarine fan deposition took place since
125 Ma (Zhang et al., 2011). In the Cogen ba-
sin, the Duoni Formation was deposited in flu-
vial and next shallow shelf environments with
volcaniclastic detritus sourced from the Zenong
Group (Sun et al., 2017).

(B) Aptian 3 (ca. 120-116 Ma) shrinking rem-
nant sea (Fig. 9B). The Duoni Formation in the
Namco, Geren Co, and Selin Co areas, as in the
Duba Formation in the Baingoin area, shows a
shallowing-upward shallow-marine to fluvial
succession (Leeder et al., 1988; Leier et al.,
2007; Zhang et al., 2011; Lai et al., 2019a). The
Duoni Formation in the Namco area and Cogen
basin was derived from the Zenong Group (Sun
etal., 2017; Lai et al., 2019a), indicating erosion
of a volcanic highland to the south. Changing
depositional environments indicate that large
areas of the remnant sea were now exposed, al-
though shallow-marine conditions still existed
in southern Gaize area (Sun et al., 2017). Non-
marine sediments accumulated in the Northern
Nima basin since 118 Ma (DeCelles et al., 2007).

Stage 2: Expanding Carbonate Seaway
(Aptian 4—Cenomanian 1)

(C) Aptian 4—Albian 1 (ca. 116-110 Ma), na-
scent carbonate seaway (Fig. 9C). The Langshan
Formation started to be deposited above fluvial
deposits of the Duoni Formation in the south and
east (Leeder at al., 1988; Zhang et al., 2011; Sun
et al., 2017; Lai et al., 2019a), documenting a
major transgressive event that transformed the
Northern Lhasa terrane into a carbonate seaway.
The seaway was then largely a shallow lagoon-
patch reef environment as indicated by microfa-
cies analysis.

(D) Albian 2 (ca. 110-107 Ma), slightly nar-
rower carbonate seaway (Fig. 9D). Langshan
Formation sediments changed from lagoonal
to tidal flat or deltaic in the south, indicating a
regression. The Damxung conglomerate was de-
posited to the east of Namco Lake, documenting
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Figure 7. Tectonic subsidence of
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Rudist
bank

the onset of tectonic uplift of northern Lhasa at
its eastern part (Wang et al., 2017).

(E) Albian 34 (ca. 107-100 Ma), maximum
extent of the carbonate seaway (Fig. 9E). A
second gradual transgression is documented
by open-marine environments established since

Geological Society of America Bulletin, v. 134, no. 1/2

107 Ma in the northern Gaize-Gegyai area,
whereas tidal flat deposits were overlain by
shallow-lagoonal limestones around 102 Ma in
the Namco area. The maximum distribution of
carbonates is documented when lagoonal lime-
stones overlaid the volcanic rocks of the Zenong

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/134/1-2/389/5496656/b35930.1.pdf
bv Naniina Universitv user

Group to the south of Cogen (Xiagezi section).
In the southern Nima basin, instead, non-ma-
rine deposits occur since 106 Ma (DeCelles
et al., 2007).

(F) Cenomanian 1 (ca. 100-99 Ma), disap-
pearance of open-marine deposits (Fig. 9F).
Microfacies analysis indicates that the seaway
was now a shallow-lagoon and rudist-bank en-
vironment (Xu et al., 2020), deeper areas having
been filled by rudist debris.

Stage 3: Closure of Carbonate Seaway (Early
Cenomanian to Turonian)

(G) Early Cenomanian to Turonian (ca.
99-92 Ma), end of carbonate sedimentation
(Fig. 9G). Deposition of the Langshan Forma-
tion ceased in most areas during the Early Ceno-
manian (ca. 99-96 Ma), although a residual sea
persisted in the northern Gegyai area as docu-
mented by marine deposits (Tangza Formation)
of Cenomanian age (ca. 100-94 Ma) (Ye at al.,
2019). The seaway disappeared completely
around Turonian time (ca. 94-92 Ma), when
the Jingzhushan and Daxiong formations indi-
cate tectonic inversion with extensive erosion of
Langshan carbonates.

Factors Controlling the Paleogeographic
Evolution of Northern Lhasa

In this section, we shall discuss the role
played by different potential factors that con-
trolled the paleogeographic evolution of north-
ern Lhasa during the three stages illustrated in
the previous section, i.e., remnant sea during
Aptian 1-3 (ca. 125-116 Ma), expanded car-
bonate seaway during Aptian 4-Cenomanian 1
(ca. 116-99 Ma), and closure of the carbonate
seaway during the Early Cenomanian-Turonian
(ca. 99—92 Ma). Because shortening and uplift
are widely accepted as the principal causes for
basin inversion and termination of the carbon-
ate seaway in the northern Lhasa (Kapp et al.,
2003, 2007; Volkmer et al., 2014; Sun et al.,
2015a; Lai et al., 2019b), we focus here on the
earlier and more controversial transition from
clastic remnant sea to carbonate seaway. Two
main scenarios have been envisaged: (1) deep-
ening caused by accelerated tectonic subsidence
associated with flexure, extension, or subduc-
tion (DeCelles et al., 2007; Zhang et al., 2004;
Zhu et al., 2016); and (2) deepening caused
by eustatic rise (Leeder et al., 1988; Zhang
etal., 2011).

During stage 1, tectonic subsidence is at maxi-
mum both in the north and south of the northern
Lhasa terrane (107-175 m/m.y.), although mod-
erate in the central region (~42 m/m.y.) (Fig. 7).
During stage 2, subsidence rates are markedly
reduced to 13-37 m/m.y., indicating a more
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leogeographic  evolution of
the northern Lhasa terrane
subdivided into three stages
and seven substages: remnant
clastic sea (A-B), expanding
carbonate seaway (C-F) and
closure of carbonate seaway
(G). Numbers in each panel
indicate stratigraphic sec-
tions. Data sources: sections
1-7 (this study); section 8-10

(Xu et al.,, 2020); section 11
(Lai et al., 2019a); section 12
(Leier et al., 2007); section 13
(Zhang et al., 2011); section 14
(Sun et al., 2017); section 15 (Li
et al., 2020); section 16 (Leeder
et al., 1988); section 17 (Wang
et al.,, 2017); section 18 (De-
Celles et al., 2007); section 19
(Ye et al., 2019); section 20 (Lai
et al., 2019b); section 21 (Sun
et al., 2015a).
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stable tectonic environment than during stage
1. If our assumptions and calculations are cor-
rect, then tectonic activity cannot account for in-
creased water depth between stage 1 and stage 2.

The extensional model had been invoked to
interpret this transition (Zhang et al., 2004). In
this scenario, the concave-upward shape of the
tectonic-subsidence curve (Fig. 7) would corre-
spond to the stretching phase of rapid subsid-
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ence characterizing stage 1, followed by expo-
nentially-decreasing thermal subsidence (stage
2) (Einsele, 2000).

Such an extensional-basin model is, however,
contradicted by several observations. (1) Dur-
ing stages 1 and 2, few small-scale extensional
structures have been recognized (Zhang et al.,
2004). Compressional tectonics is better docu-
mented, for instance by activity along the Bain-
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goin (Ding and Lai, 2003) and Shiquanhe-Gaize-
Amdo thrusts (Kapp et al., 2007; Volkmer et al.,
2014). (2) In extensional basins, the stratigraphic
succession is expected to display a deepening-
upward trend (Ravnas and Steel, 1998; Mar-
tins-Neto and Catuneanu, 2010). Conversely, a
clear shallowing-upward trend characterizes the
stage 1 of rapid subsidence (Duoni and Duba
formations) (Leier et al., 2007; Zhang et al.,
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2011; Lai et al., 2019a). (3). Foreland basins
may also display a tectonic-subsidence curve
with concave-upward shape during the transition
from the thrusting phase to the quiescent phase
(Flemings and Jordan, 1990).

Subsidence caused by northward subduction
of Neotethyan lithosphere has also been pro-
posed to explain this transition concurrent with
widening of the seaway (Leier et al., 2007; De-
Celles et al., 2007). In this scenario, however,
tectonic subsidence should increase toward the
subduction zone (Burgess and Moresi, 1999),
but the thickness of the Langshan Formation
does not show such a trend from north to south.
As mentioned above, no accelerated tectonic
subsidence is observed between stage 1 and
stage 2, and we can thus exclude subduction-
related subsidence as a main driving mechanism.

During the Cretaceous, the long-term global
eustatic curve is seen to have changed from fall-
ing to slow rising since Aptian 4 (ca. 116 Ma)
(Fig. 10) (Miller et al., 2005; Haq, 2014). This
coincides with the first transgression event that
marked the beginning of stage 2 (expanded
carbonate seaway). At about Albian 2 time (ca.
107 Ma), corresponding to the second trans-
gression event recorded by maximum spread
of Langshan Formation carbonates and open-
marine deposits, the rate of eustatic rise is en-
visaged to have reached its maximum (Fig. 10).

Thick carbonate accumulation in orogenic belts

During this second transgression, the Langshan
Formation also changed from carbonate ramp
to rimmed platform and then back to ramp,
a transition that may have been controlled
by eustasy.

During Aptian 4-Albian 2 intervals (ca.
116-107 Ma), carbonate production across the
seaway kept up with slow eustatic rise (Fig. 10),
resulting in a northward deepening ramp. In
contrast, during Albian 3—Albian 4 (ca. 107-
100 Ma), eustatic rise was too rapid (Fig. 10) for
carbonate production to keep up in the entire sea-
way, resulting in local drowning and transition
to open-marine basinal deposits. The carbonate-
production rate remained locally high enough to
compensate for rapidly rising sea level, and rud-
ist banks formed a rim around the open-marine
deposits, resulting in a rimmed platform relief.
During Cenomanian 1 (ca. 100-99 Ma), eustatic
rise slowed down (Fig. 10) and carbonate pro-
duction exceeded the rate of sea-level rise, re-
sulting in highstand shedding and filling of the
basin with ramp geometry.

Similar transitions from ramp to rimmed plat-
form, and then back to ramp, have been widely
documented in Cretaceous carbonate strata of
the Arabian passive margin, where eustasy was
also considered to be a major controlling fac-
tor (van Buchem et al., 2002; Droste, 2010;
Razin et al., 2010, 2017). The correspondence

observed between facies distributions and in-
ferred long-term global sea-level curves sup-
ports eustatic control on the transition from
clastic remnant sea to the initial establishment
and subsequent evolution of the Langshan car-
bonate seaway.

A notable reduction in width of the carbonate
seaway took place between Albian 1 and Albian
3 intervals (ca. 113-107 Ma), during continu-
ing rise of global sea level (Fig. 10). This re-
gressive trend is documented only in southern
stratigraphic sections. In the Guolong section,
deltaic clastics were deposited in a relative short
interval during Albian 1 (between ca. 113 and ca.
110 Ma), which corresponds to the activity of the
Shibaluo thrust in the same area (Murphy et al.,
1997). Local erosion feeding the progradation
of a delta may thus be ascribed to tectonic con-
trol. In the Baoji and Xiongmei sections, clastic
sediments were deposited in tidal flats between
Albian 2 and Albian 3 (ca. 110-102 Ma), a ter-
rigenous episode that can be ascribed to either
tectonic uplift of eastern northern Lhasa, docu-
mented by coeval deposition of the Damxung
conglomerate (Wang et al., 2017) or possibly
to climatic influence. Although our data are in-
sufficient to discriminate between these diverse
possible controls, the general stratigraphic trend
is best interpreted as largely affected by eustatic
sea-level change.
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Figure 10. Stratigraphy and facies comparison among Cretaceous basins on the northern Lhasa terrane. Data sources: Duoni Formation in
Baingoin Basin (Lai et al., 2019a) and Selin Co Basin (Zhang et al., 2011); Duoni Formation and Zenong Group in Cogen Basin (Sun et al.,
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Thick and Basin-Wide Carbonate
Accumulation on Northern Lhasa

Carbonate accumulation implies high carbon-
ate production and preservation and low terrig-
enous input (Einsele, 2000). In sedimentary ba-
sins adjacent to orogenic belts, intense tectonic
activity and erosion generally produces large
volumes of terrigenous detritus which tend to
suppress and dilute carbonate production (Wil-
son, 1975).

To the north of the Lhasa terrane, the Bangong
suture zone was formed, uplifted, and eroded far
earlier than deposition of the Langshan Forma-
tion (DeCelles et al., 2007; Kapp et al., 2007;
Ma et al., 2020). Abundant terrigenous detritus
was being shed southward from the suture zone
and accumulated as the Duba Formation in the
northern part of the Northern Lhasa terrane (Lai
etal., 2019a; Li et al., 2020), while volcaniclastic
detritus largely derived from the Zenong Group
accumulated as Duoni Formation in the southern
part of the Northern Lhasa terrane (Fig. 11A).
At this time (Aptian 1-3), only few carbonate
sediments were deposited in the central part of
the basin. Subsequently (Aptian 4-Cenomanian
1), the siliciclastic Duoni and Duba formations
were replaced by the widespread limestones of
the Langshan Formation.

The transition between the Duoni/Duba clas-
tics and the Langshan carbonates represents
a major marine transgression, as indicated by
facies change from fluvial clastic to shallow-
marine carbonate deposits across most northern
Lhasa (Figs. 9B and 9C). During initial expan-
sion of the carbonate seaway (Aptian 4—Albianl,
ca. 116-110 Ma), clastic supply did not cease
completely, and the Duoni/Duba clastics con-
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tinued to be deposited until to the Albian 1-2
(ca. 110-108 Ma) in marginal areas (Lai et al.,
2019a). During transgression, terrigenous detri-
tus was thus confined along the margin of the
seaway, leaving carbonate deposition to flourish
in the relatively clean waters of the underfilled
seaway. Continuing sea-level rise led carbonate
deposits to finally occupy the whole of northern
Lhasa (Figs. 9D-9F).

The character of the faunas also contributed
to the basin-wide distribution of carbonates.
Orbitolinids and rudists, the typical biota of the
Langshan Formation, are adapted to more tur-
bid water than corals (Wilson, 1975; Gili et al.,
1995; Pittet et al., 2002). Orbitolinids can coexist
with even abundant terrigenous supply and also
use terrigenous clast to build their test (as shown
in strata analogous to our MF 16 and by Pittet
et al., 2002). Carbonate production by orbitolin-
ids even in turbid waters close to the margin of
the seaway may have significantly contributed to
the progressive coastward expansion of carbon-
ate deposits (Fig. 11B).

The thickness of the Langshan carbonates
(~800-1200 m) cannot be explained solely by
eustatic changes. The magnitude of eustatic rise
between the late Aptian and the Cenomanian is
estimated as ~55-115 m (Miller et al., 2005;
Hagq, 2014). In the Airy isostasy model—assum-
ing densities of sea water, sediment, and asthe-
nosphere to be 1.03 g/cm?, 2.4 g/cm?, and 3.3 g/
cm? respectively (Einsele, 2000)—such a sea-
level rise would induce a maximum accommo-
dation space of ~140-290 m. Thus, additional
tectonically driven subsidence (~15-40 m/m.y.
as calculated by backstripping, Fig. 7) are re-
quired to compatible with the thickness of Lang-
shan carbonate accumulation.
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The thick and basin-wide carbonate accumu-
lation that occurred at mid-Cretaceous times in
the northern Lhasa terrane is thus interpreted as
mainly controlled by eustatic changes, combined
with long-term slow tectonic subsidence and fa-
vored by the tolerance of the mid-Cretaceous
fauna to relatively turbid water (Fig. 11B).

Three examples can be compared to this
study. The best one is represented by the Ara-
bian/Persian Gulf foreland basin, which was en-
tirely exposed subaerially during the last glacial
maximum (21,000~20,000 years ago; Lambeck,
1996; Garzanti et al., 2013). During the Holocene
global sea-level rise, the Gulf was reoccupied by
seawater and carbonate sedimentation became
widespread across the basin (Uchupi et al., 1999).
Because of arid climate, no terrigenous detritus
was being supplied from Arabia, very little from
the largely carbonate Zagros Mountains in Iran,
and even orogenic detritus from Anatolia and the
Zagros farther north was mostly trapped inland
in southern Mesopotamia (Garzanti et al., 2016).

Another example is provided by the Carbon-
iferous Appalachian foreland basin. Terrigenous
deposition during the middle Mississippian was
followed by a stage when relative tectonic qui-
escence and sea-level rise led to reduced influx
of terrigenous detritus and accumulation of
shallow-water carbonates throughout the basin
(Ettensohn, 1994). This stage, however, lasted
only ~3 m.y., and ~80-m-thick carbonates were
buried by terrigenous sediment in the latest Mis-
sissippian (Ettensohn, 1994; Ryder et al., 2015)

The third example is provided by Miocene car-
bonate strata of the central Great Barrier Reef in
the Papua-New Guinea foreland basin. Between
the middle Eocene and the early Oligocene,
Papua New Guinea was a passive margin with
limited distribution of up to 0.5-km-thick car-
bonate rocks (Pigram et al., 1989). Subsequently,
between the latest Oligocene and the earliest
Pliocene, 1.2-km-thick tropical carbonates were
deposited during long-term relative sea-level rise
(Davies et al., 1989; Pigram et al., 1989). The
distribution of tropical carbonates, however, was
limited to the southern part of the basin, largely
because the major carbonate producers were cor-
als (Davies et al., 1989). Corals flourish only in
clear water, and terrigenous detritus unhampered
by humid climate restricted carbonate accumula-
tion to the margin of the foreland basin (Davies
et al., 1989; Pigram et al., 1989).

Eustatic rise, long-term tectonic subsidence,
arid climate, and tolerance of carbonate biota to
turbid waters are thus all necessary concurrent
preconditions to foster carbonate accumulation
in a foreland basin. These conditions must all be
met for thick and basin-wide thick carbonates to
accumulate basin-wide near an active orogenic
belt. Such a strict combination of requirements
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explains why basin-wide and thick carbonate
accumulations rarely occur in orogenic settings.

CONCLUSIONS

Detailed sedimentological and biostratigraph-
ic analysis of the Langshan Formation deposited
on the Northern Lhasa terrane allowed identifi-
cation of 19 microfacies, corresponding to five
distinct depositional environments (delta plain,
tidal flat, shallow lagoon, open lagoon, and patch
reef). Biostratigraphic and geochronological
evidence indicates that the Langshan Formation
was deposited between Late Aptian and Early
Cenomanian.

By combining new stratigraphic and microfa-
cies observations with data from the literature,
three stages have been identified in the mid-
Cretaceous paleogeographic evolution of the
northern Lhasa terrane. Stage 1 (remnant clastic
sea; Early Aptian to early Late Aptian, ca. 125-
116 Ma) documents a regressive trend. During
stage 2, transgression and widespread carbonate
deposition were favored by slow subsidence and
reduced tectonic activity (expanding carbonate
seaway; latest Aptian to earliest Cenomanian, ca.
116-99 Ma). During stage 3 (closure of the car-
bonate seaway; Early Cenomanian to Turonian,
ca. 99-92 Ma), carbonate sedimentation came
to an end owing to tectonic uplift of northern
Lhasa. Reduced tectonic subsidence and com-
parison with the global sea-level curve suggests
that paleogeographic evolution during stage
2 was largely controlled by eustatic changes.
Thick and basin-wide carbonate accumulation in
orogenic settings require a suitable combination
of sea-level, long-term tectonic subsidence, arid
climate, as well as tolerance of carbonate-pro-
ducing organisms to relatively turbid sea waters.
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