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Abstract

The Xigaze forearc basin is a key region to understand the
evolution of active continental margins related to Neo-
Tethyan oceanic subduction. Most studies have focused
on the sedimentary evolution during filling of the marine
basin, but we here provide a detailed sedimentological and
biostratigraphic analysis of the last, uppermost Cretaceous
to Paleogene phases of forearc sedimentation documented
by the shallow marine to deltaic to fluvial Qubeiya, Quxia,
and Jialazi formations exposed in the Cuojiangding area.
By comparing these sequences with regional tectonic and
global climate events and sea-level curves, a reconstruction
of the environmental evolution during this final filling
stage is proposed, placing emphasis on the eustatic
control of carbonate deposition in the Qubeiya and Jialazi
formations. These transgressive intervals are separated
by two regressive episodes unrelated to global sea-level
trends that led to the demise of the carbonate platform.
The first episode, documented by fan-delta deposits of
the Quxia Formation, occurred at the time of initial India-
Asia collision. The second episode, documented in the
central part of the Jialazi Formation, occurred during the
Paleocene-Eocene Thermal Maximum, likely driven by an
intensified hydrological cycle. These results provide new
insight into the palaeo-tectonic and palaeo-environmental
evolution during the closure of the Neotethys seaway
between India and Asia.
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Introduction

Forearc basins, located between the magmatic arc and the
accretionary wedge in arc-trench systems, are generally
affected indirectly by oceanic subduction-related magmatic
and tectonic processes. As a consequence, they preserve
the complete sedimentary record during the cycle from
subduction initiation to collision, essential to understand
the evolution of active continental margins (Ingersoll,
1979; Einsele et al., 1994; Dickinson, 1995; DeGraaff-
Surpless et al., 2002; Cawood, 2005; An et al., 2014;
Orme et al., 2015). The Xigaze forearc basin, situated
along the southern margin of the Lhasa Block by the
northward subduction of the Neotethys Ocean (Wang et
al., 2017). After an initial starved stage documented by
slow accumulation of chert layers, the basin served as
the primary depositional area for detritus eroded from the
Gangdese arc, providing a direct record of the tectonic
and palacogeographic evolution of the southern margin of
Asia (Garzanti et al., 1987; Garzanti & Van Haver, 1988;
Einsele et al., 1994; Wu et al., 2010; Wang et al., 2012;
Anetal., 2014).

After decades of extensive stratigraphic, sedimentary
provenance and tectonic research, a comprehensive
understanding of the geological evolution of the Xigaze
forearc basin has been achieved. However, most studies
have primarily focused on the lower and central part of
the basin-filling megasequence, represented by deep-
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water turbidites transitioning upward to deltaic deposits,
with limited attention given to the younger strata (Qian
et al., 1982; Liu et al., 1988; Sun & Wang, 2001; Wan
et al., 2001; Li et al., 2008; An et al., 2014; Orme et
al., 2015; Hu et al., 2016b; Wang et al., 2017; Ingalls,
2019). Continuously exposed in the Cuojiangding
area of southern Tibet is the most complete uppermost
Cretaceous to Paleogene succession of the Xigaze forearc
basin, offering an excellent record of the sedimentary and
palaecogeographic evolution of the southern active margin
of Asia during this time interval (Qian et al., 1982; Liu et
al., 1988; Hu et al., 2016b). The aim of the present study
is to systematically investigate the uppermost Cretaceous—
Paleogene stratigraphic units of the Xigaze forearc basin
and relate the observed changes in sedimentary facies to
potential controlling factors including tectonics, climate,
and eustatism. This approach aims to provide new insights
into the palacogeodynamic evolution of the southern
active margin of Asia during the progressive closure of
the Neotethys Ocean, both prior to and during the India-
Asia collision.

Geological setting

The Xigaze forearc basin

The Xigaze forearc basin is bordered by the Yarlung-
Zangbo ophiolite belt to the south and by the Gangdese
arc to the north and extends for ~550 km east-west along
the suture zone with a width of ~25 km (Fig. 1A). The
basin was filled by Albian to Santonian deep-sea turbidites
(Einsele et al., 1994; Diirr, 1996; Wan et al., 1998; Wang
etal., 1999, 2012), overlain by Campanian-Maastrichtian
shelfal and deltaic deposits (Liu et al., 1988; Wang et al.,
2012; An et al., 2014; Hu et al., 2016b), followed in turn
by fluvial sediments marking the final filling stage. After
the early Paleogene India-Asia collision onset (DeCelles
etal., 2014; Ding et al., 2016 Hu et al., 2015, 2016a), the
Xigaze forearc basin evolved into a syn-collisional basin
(Orme et al., 2015; Hu et al., 2016D).

Stratigraphy of the Cuojiangding area

In the studied Cuojiangding area (Zhongba County,
southern Tibet), belonging to the western segment of the
Xigaze forearc basin, well-preserved shallow-marine
and continental strata of the Qubeiya, Quxia, and Jialazi
formations (Qian et al., 1982; Liu et al., 1988) document
the terminal evolution of the basin (Ding et al., 2005; Hu
et al., 2016b). The stratigraphic succession is exposed
in a syncline, with strata on its flanks being in tectonic
contact along the Gangdese thrust in the north and with
the Zhongba ophiolite belt in the south (Fig. 1B).

The Qubeiya Formation, ~310-m-thick in the
Goukou section where it conformably overlies the Upper
Cretaceous Padana Formation (Fig. 2C), mainly consists
of light gray to grayish-yellow marlstone, with thin layers
of calcareous sandstone interbedded in the middle and
lower parts (Fig. 2E). Abundant benthic foraminifers are
locally associated with bivalves, gastropods, and crinoid
remains (Fig. 2F, G). A Campanian to Maastrichtian age
is indicated by ammonoid and foraminiferal assemblages
(Liu et al., 1988; Sun & Wang, 2001; Wan et al., 2001; Hu
et al.,2016b).

The 110-120 m-thick Quxia Formation conformably
overlies with transitional contact with the Qubeiya
Formation (Fig. 2D). The lower member is dominated by
gray-green and purplish-red mudrock with interbedded
medium-thick sandstone layers displaying erosional basal
surfaces and oblique lamination. The upper member
is characterized by multiple conglomerate-sandstone-
mudrock cyclothems (Fig. 2I) with imbricated structures
in conglomerates (Fig. 2J) and oblique lamination in
sandstones. A maximum depositional age of 66 Ma
(Cretaceous/Tertiary boundary) is indicated by detrital-
zircon chronostratigraphy (Hu et al., 2016b).

The ~200-m-thick Jialazi Formation conformably
overlies the Quxia Formation and chiefly consists of
limestone with abundant benthic foraminifers, bivalves,
gastropods, echinoderms, corals and coralline algae,
interbedded with mudrock and sandstone (Fig. 2K—M).
Foraminiferal biostratigraphy indicates a Late Paleocene
to early Eocene age (Liu et al., 1988; Wan et al., 2001;
Hu et al., 2016b; Jiang et al., 2021). Several tuff layers
in the middle Jialazi Formation yielded Ar-Ar ages of
56.3 £ 2.1 Ma (Ding et al., 2005) and zircon U-Pb ages
from 54.9 to 55.7 Ma (LA-ICP-MS; Hu et al., 2016b)
or from 55.1 to 56.1 Ma (SIMS; Jiang et al., 2021). The
youngest cluster of detrital-zircon ages constrains the
top of the formation to the earliest Eocene (54 + 1 Ma;
Hu et al., 2016b). Carbonate stratigraphy was redefined
by Kahsnitz et al. (2017). Jiang et al. (2021) identified
the Paleocene Eocene Thermal Maximum (PETM)
record in the Jialazi Formation and reconstructed the
sedimentary and hydrological-cycle evolution during this
hyperthermal event based on carbon-isotope stratigraphy,
biostratigraphy, and chronostratigraphy.

Material and methods

Two stratigraphic sections were measured: the Goukou
section exposing the Qubeiya, Quxia and lower Jialazi
formations (29°55'45.90" N, 84°19'14.70" E; Fig. 2A),
and the Quxia B section chiefly exposing the Quxia and
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FIGURE 1. Geological maps. A, Simplified tectonic map of Himalayan belt and southern Tibet (redrawn from Hu et al., 2016b),
illustrating major structural features: Great Counter Thrust (GCT), South Tibetan Detachment Zone (STDZ), Main Central Thrust
(MCT), Main Boundary Thrust (MBT), Main Frontal Thrust (MFT). B, Geological map of Cuojiangding area (redrawn from Ding
et al., 2005) showing location of studied Goukou and Quxia B sections.

Jialazi formations (29°56'19.20" N, 84°19'32.10" E; Fig. focuses principally on the environmental evolution testified
2B); 371 samples were collected in the Goukou section by the Qubeiya and Quxia formations and integrates the
and 79 samples from the Quxia B section. Carbonate detailed description of the Jialazi Formation in Jiang et al.
samples were collected at 1-meter intervals and sandstone  (2021) to obtain further information on the final stage and
was sampled at the main lithological changes. This study ~demise of seaways from the Xigaze forearc basin.
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FIGURE 2. Field photographs. A, B, Full view of measured Goukou and Quxia B sections. C, Conformable boundary between

Padana and Qubeiya formations. D, Transitional contact between Qubeiya and Quxia formations. E, Calcareous sandstone in lower

Qubeiya Formation. F, Abundant benthic foraminifers in marlstone of Qubeiya Formation. G, Bivalves in marlstone of Qubeiya

Formation. H, Greenish and reddish mudrock intercalated with sandstone in lower Quxia Formation. I, Conglomerate-sandstone-

mudrock cyclothems in upper Quxia Formation. J, Rounded and poorly sorted pebbles in upper Quxia Formation. K, Greyish

mudrock intercalated with bioclastic limestone in lower Jialazi Formation. L, Medium to thick-bedded sandstone in middle Jialazi

Formation. M, Coral colony in lower Jialazi Formation.

Biostratigraphy

A detailed biostratigraphic description of the uppermost
Cretaceous to lower Paleogene shallow-marine successions
of southern Tibet, resulting in a new comprehensive
scheme based on shallow benthic foraminiferal zones
(SBZ) of Serra-Kiel (1988), was provided by BouDagher-
Fadel et al. (2015, 2018). In the present study, a systematic

analysis of benthic foraminifera in carbonate strata of the
Qubeiya and Jialazi formations was conducted following
the same criteria, using oriented thin sections.

Facies analysis
Descriptions are based on Dunham (1962; revised and
integrated by Embry & Klovan, 1971) for carbonate
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rocks (siliciclastic detritus <10%), on Mount (1985) for
mixed carbonate-siliciclastic sediments (siliciclastic
detritus >10%), and on lithofacies (LF) for siliciclastic
rocks. Microfacies (MF) analysis was based on
texture, sedimentary structure, grain composition, and
fossil content. Interpretations considered lithological
characteristics observed in both thin sections and outcrops,
standard carbonate microfacies and depositional models
of Fliigel (2010), and ecological models of benthic
foraminifera by Beavington-Penney and Racey (2004).

Results

Larger benthic foraminiferal (LBF) biostratigraphy

The distribution of diagnostic species of benthic
foraminifera in the Qubeiya and Jialazi formations is
illustrated in figures 3 and 4.

The Qubeiya Formation is characterized by benthic
foraminifera Lepidorbitoides (L. blanfordi, L. minor, and
L. sp. C) and Orbitoides (Fig. 3A—E), spanning the TLK2
and TLK3 biozones corresponding to Maastrichtian 2 and
Maastrichtian 3. The TLK2/TLK3 boundary is defined by
the continuous occurrence of Lepidorbitoides sp. A, first
appearing in sample 17CJD13 but being continuously
present from sample 17CJD172 on. The Omphalocyclus
macroporus-Abathomphalus mayaroensis assemblage
appears in sample 17CJD130 but its occurrence is sporadic
through the section. Lepidorbitoides socialis appears near
the base of the section (17CJD21) and continues to the top
of TLK3. Orbitoides sp. A is found only at the base of the
section, Lepidorbitoides sp. D, L. sp. F, Orbitoides media,
0. sp. B, O. fayjasii, and Pseudotextularia punctulata
mostly in TLK2, and L. sp. E and O. medius commonly in
TLK2 but sporadically in TLK3.

The TLK3/TP1 boundary, TP1 (SBZ1-SBZ2) and the
lower part of TP2 (lower SBZ3) are not biostratigraphically
documented in the Cuojiangding area, and only the fossil
record of the upper part of TP2 to TP5 (upper SBZ3-
SBZ6) is documented in the Jialazi Formation. The
lower part of the Jialazi Formation is dominated by the
Miscellanea-Daviesina-Ranikothalia assemblage (Fig.
3F-H), corresponding to the late Thanetian (upper SBZ3
to lower SBZ5; Jiang et al., 2021). The upper part of the
Jialazi Formation is characterized instead by the Assilina-
Nummulites-Discocyclina  assemblage (Fig. 31-M),
corresponding to the early Ypresian (upper SBZ5 to early
SBZ6). The intervening unfossiliferous middle part of
the Jialazi Formation is constrained within SBZ5 based
on fossil assemblages from the underlying and overlying
strata.

Facies description and interpretation
Overall, eleven carbonate microfacies (MF) and four

clastic lithofacies (LF) were identified. They are described
below, formation by formation, in stratigraphic order and
according to their inferred relative positions from land to
open sea (Figs 5-7).

Qubeiya Formation

1. MF2 Sandy Lepidorbitoides wackestone

MF2 is represented in marlstone interbedded with
calcareous sandstone at the base of the Qubeiya
Formation. Bioclasts are predominantly Lepidorbitoides
and Orbitoides (10-15% of the rock) mostly appearing
as well-preserved elongated shapes and locally associated
with bivalve and echinoderm remains. The matrix (75—
80% of the rock) consists of micrite, microspar, and
terrigenous silt; bioturbation is visible (Fig. SA—C). The
limited biodiversity and occurrence of siliciclastic detritus
indicate a restricted environment close to land; elongated
foraminifera suggest weak depositional hydrodynamics
and relatively deep water. MF2 is thus inferred to
document a deep lagoon connected to land and relatively
isolated from the open ocean.

2. MF3 Lepidorbitoides-bearing silty mudstone

MEF3 is represented in silty mudstone alternating with
MF2 at the base of the Qubeiya Formation. Micrite and silt
constitute 90% of the rock, with sporadic Lepidorbitoides,
Orbitoides, or rare echinoderm fragments. Bioturbation
occurs (Fig. SD-F). Fossils are similar as in MF2 but
smaller and with cleaner shells, indicating that MF3
formed in clearer waters with less clastic input, plausibly
closer to the center of the lagoon.

3. MF4 Lepidorbitoides floatstone

MF4 is represented in the middle to upper Qubeiya
Formation. Bioclasts are predominantly Lepidorbitoides
and Orbitoides (mainly 15-25%, but up to 40% of the
rock), mostly well-preserved, with oval and elongated
shapes with >2 mm average size. Echinoderm fragments,
bivalves, bryozoans, and planktonic foraminifera (~5%)
occur. The matrix is micrite with minor silt (Fig. 5G—
I). As in MF2 and MF3, fossil assemblages in MF4
are characterized by Lepidorbitoides, but with more
diversified bioclasts associated with larger benthic
foraminifera commonly found aligned or in clusters,
suggesting hydrodynamic transport. MF4 is inferred to
reflect frequent storm activity during a period of warmer
ocean waters, in an open marine environment above storm
wave base.

4. Summary

The Qubeiya Formation is characterized by widespread
Lepidorbitoides, thriving at intermediate to low latitudes
in shelfal to lagoonal environments with water depths
< 40 m (Geel, 2000; Beavington-Penney & Racey,
2004; Fligel, 2010; Malarkodi et al., 2017). Unlike
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FIGURE 3. Benthic foraminifera from Goukou and Quxia B sections. A, Lepidorbitoides blanfordi Rao, Maastrichtian 2, TLK2.
B, L. sp. F, Maastrichtian 2. TLK2. C, Pseudotextularia punctulata (Cushman), Maastrichtian 2. TLK2. D, L. sp. A, Maastrichtian
3, TLK3. E, L. minor (Schlumberger), Maastrichtian 3, TLK3. F, Assilina subspinosa Davies, early to middle Thanetian, TP2-TP3
(SBZ3-4). G, Ranikothalia sindensis (Davies), middle to late Thanetian, TP3-TP4 (SBZ4). H, Miscellanea miscella (d’archiac and
Haime), late Thanetian, TP4 (SBZ4-5). 1, Ranikothalia sindensis (recycled); Nummulites globulus Leymerie, earliest Ypresian,
TP5 (SBZ6). J, Nummulites globulus Leymerie, earliest Ypresian, TP5 (SBZ6). K, Daviesina ruida (Schwager), earliest Ypresian,
TP5 (SBZ6). L, Assilina leymeriei (d’ Archiac and Haime), Discocyclina dispansa (Sowerby), earliest Ypresian, TPS (SBZ6). M,
Daviesina salsa (Davies and Pinfold), earliest Ypresian, TP5 (SBZ6). Scale bars: A, B, D-F, -M = 1 mm; C=0.25 mm; G, H =
0.5 mm.
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FIGURE 4. Stratigraphic distribution of larger benthic foraminifers in Cuojiangding succession (Qubeiya Fm. in Goukou Section;

2021) are indicated in red. SBZ: Shallow

marine benthic-foraminifera zone; TLK: Tibetan Late Cretaceous foraminiferal biozones; TP: Tibetan Paleogene foraminiferal

Quxia and Jialazi Fms. in Quxia B Section). SIMS ages of zircon in tuff (Jiang et al.,

biozones.
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FIGURE 5. Representative microfacies of Qubeiya and Quxia formations. A—C, MF2 sandy Lepidorbitoides wackestone. D-F,
MF3 Lepidorbitoides-bearing silty mudstone. G—I, MF4 Lepidorbitoides floatstone. J, LF1 fine sandstone. (K, L,) LF2 litho-

feldspathic sandstone.

other euryhaline marine organisms, Lepidorbitoides is
tolerant of terrigenous pollution (Robles-Salcedo et al.,
2013). MF2 and MF3 contain more terrigenous detritus
and a more limited biota, indicating a more restricted
lagoonal environment closer to land than MF4, which is
characterized by storm deposits with a diversified biota
indicating a more open marine environment. The Qubeiya
Formation that overlies the deltaic Padana Formation is
thus inferred to have been deposited in shallow open

marine to lagoonal environments during transgression.

Quxia Formation

1. LF1 Mudrock with sandstone

LF1 is represented in the lower Quxia Formation, in
sequences of gray-green and purplish-red mudrock with
locally intercalated black claystone, siltstone, or medium-
bedded fine to locally coarse sandstone showing basal
erosional surfaces and oblique lamination (Figs 2H, 5J).
Lithology and sedimentary structures indicate a floodplain
environment with overbank and channel deposits (Miall,
2013). Semiarid climate is suggested by purplish-red and
gray-green hues of mudrock.
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2. LF2 Conglomerate-sandstone-claystone cyclothems
LF2 is represented in fining-upward cyclothems of the
middle and upper Quxia Formation, dominated by matrix-
supported conglomerate with silt to coarse-sand matrix
(Fig. 21, J). Pebbles range 25 cm in size on average, but
cobbles up to 15-20 cm displaying imbricate structures
occur. Poorly sorted and commonly well-rounded clasts
are mainly intermediate to felsic igneous rocks (andesite,
rhyolite, granite), chert, and sandstone; limestone clasts
were not observed (Fig. 5K, L). Sandstone beds with
moderate to poor lateral continuity display basal erosional
surfaces and oblique lamination; inverse grading and
lenses of coarse sandstone within conglomerates are
present (Fig. 51, J). Such coarse-grained sediments were
deposited as debris flows in a fan-delta environment
(McPherson et al., 1987; Miall, 2013).

Jialazi Formation
Two clastic lithofacies and eight carbonate facies were

identified, allowing us to define four main depositional
settings (Figs 6, 7).

1. Fan-delta front

LF3 (claystone with sandstone and limestone) and LF4
(massive sandstone and claystone) indicate a fan-delta
front environment. LF3, occurring in the basal and upper
parts of the Jialazi Formation, is characterized by gray-
black mudrock interbedded with thin to medium layers
of medium to fine sandstone (Figs 2K, 6I), indicating
a delta front environment (Miall, 2013). Widespread
mudrock represent distal bottomset beds, whereas
laterally continuous, laminated sandstone layers with
uniform thickness indicate sheet-sand deposition on the
delta front.

LF4 consists of thick to very thick-bedded sandstone
and pebbly sandstone interbedded with thin layers of
siltstone and mudrock in the middle Jialazi Formation
(Figs 2L, 6J). Sandstone layers can exceed 1 m in thickness
and lack distinct sedimentary structures. Interbedded

FIGURE 6. Representative microfacies of Jialazi Formation (modified from Jiang et al., 2021). A, MF1 sandy bioclastic wackestone.
B, MF5 sandy LBF wackestone. C, MF6 sandy Ranikothalia floatstone/rudstone. D, MF7 bioclastic floatstone/rudstone. E, MF8
LBF rudstone. F, MF9 LBF rudstone. G, MF10 mudstone. H, MF11 bioclastic packstone/floatstone. I, LF3 feldspatho-lithic

sandstone. J, LF4 litho-feldspathic sandstone.
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r-weather wave base; SWB: storm wave
flux possibly associated with enhanced

hydrological cycle in the source area during the PETM

event (Jiang et al., 2021).

sediment

FIGURE 7. Stratigraphic log of Qubeiya, Quxia and Jialazi formations in Goukou and Quxia B sections, showing microfacies,

palaeo-water depths, and sedimentary environments. Legend as in Fig. 4. FWWB: fai

mudrock and heavily weathered silty sandstones are more
erodible and form recesses. LF4 is inferred to testify the
rapid progradation of a fan delta, fostered by increasing
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2. Lagoon

In the lower and upper Jialazi Formation, MF1 (sandy
bioclastic wackestone) is characterized by abundant
fragments of gastropods, bivalves and miliolids (10—
30%) with sand-sized terrigenous clasts set in micritic
matrix. High-energy transport followed by deposition
in a restricted, low-energy shallow-marine environment
within the photic zone is indicated (Scholle & Ulmer-
Scholle, 2003; Fliigel, 2010; Fig. 6A).

3. Open marine

MEF5 to MF7 mainly occur in the lower Jialazi Formation.
MF5 (sandy wackestone with large benthic foraminifera)
is dominated by Ranikothalia and Assilina, associated with
fragments of bryozoans, bivalves, coralline algae, as well
as minor miliolids and gastropods (Fig. 6B). MF6 (sandy
Ranikothalia floatstone/rudstone) also includes mostly
well-preserved and elongated Daviesina and Miscellanea,
as well as minor bivalve and echinoderm fragments
(Fig. 6C). MF7 (bioclastic floatstone/rudstone) contains
foraminifera (Discocyclina, Assilina, Ranikothalia),
bivalves, echinoderms, bryozoans, coralline algae, and a
few intraclasts (Fig. 6D).

The diversified biota in MF5-MF7 mostly consists
of benthic foraminifera with elongated shapes, suggesting
an open and relatively deep-water environment (Geel,
2000; Beavington-Penney & Racey, 2004; Baumgartner-
Mora & Baumgartner, 2016). Commonly intact shells and
micritic matrix suggest quasi-autochthonous deposition in
a low-energy inner ramp. The sand fraction may indicate
either terrigenous input or erosion of hard substrates by
currents (Fliigel, 2010).

4. Middle-outer ramp
Whereas MF8 mainly occurs at the top of the Jialazi
Formation, MF9 to MF11 are mostly found at the top
of the lower Jialazi Formation. MF8 (LBF rudstone)
consists of thick-bedded bioclastic limestone dominated
by benthic foraminifera (> 90%), including elongated
or oval-shaped Discocyclina, Assilina, Nummulites, and
Operculina. Nummulites typically inhabit clean-water
environments at depths of 10-60 m (Beavington-Penney
& Racey, 2004), whereas Discocyclina and Assilina
indicate water depths exceeding 80 m (Hottinger, 1997;
Geel, 2000). Foraminiferal tests are commonly oriented,
suggesting storm influence. MFS is inferred to represent a
middle-ramp between storm and fair-weather wave base.
MF9 (LBF rudstone), mainly represented in thin-
bedded limestones, contains abundant Discocyclina and
Assilina (~60%), along with bivalves, coralline algae,
echinoderms, and intraclasts (Fig. 6F). The Discocyclina -
Assilina assemblage indicates a deeper-water environment.
MF10 is mainly represented in thin-bedded micritic
limestone lacking distinct sedimentary structures (Fig.

6G). MF11 (bioclastic packstone/floatstone), represented
in the interbedded thick-bedded grey bioclastic limestone,
is characterized by coralline algae (Rodophyte) associated
with the microproblematic fossil Distichoplaxy, benthic
foraminifera (Discocyclina, Assilina, Miscellanea), and
planktonic foraminifera (Morozovella) (Fig. 6H).

The semi-oriented stacking of bioclasts and the
presence of intraclasts suggest high-energy hydrodynamic
conditions on a middle to outer ramp between storm and
fair-weather wave base for MF9 as well as for MF11
(Flugel, 2010; Sarkar, 2018). MF10 points to a quieter
depositional condition below storm wave base.

Discussion

Sedimentary environmental evolution

High-resolution facies and microfacies analysis documents
two regressive-transgressive sequences in the upper
Maastrichtian to lower Eocene Cuojiangding succession
(Figs 7, 9). The Qubeiya Formation was deposited before
the first shoaling event in a relative stable lagoonal-open
marine environment with frequent terrigenous influx
(MF2-3) and storm influence in the middle-upper part
(MF4). The first shoaling event is testified by the Qubeiya/
Quxia boundary, when shallow-marine carbonates were
replaced by terrestrial floodplain deposits (LF1), passing
upward to fan-delta conglomerate-sandstone-claystone
cyclothems (LF2) in the upper Quxia Formation and
eventually to fan-delta-front sandstone, limestone and
claystone (LF3) at the base of the Jialazi Formation.

A gradual transgression is recorded by the lower
Jialazi Formation, when carbonate deposition resumed as
low-energy restricted-lagoon deposits (MF1), followed
by open-marine rudstone with Ranikothalia (MFS5),
wackestone with Assilina and Ranikothalia (MF6), and
floatstone with Discocyclina, Assilina, and Ranikothalia
(MF7;Fig. 7). Middle-outer-ramp mudstone and packstone
with red algae, rhodophytes, coralline algae, Distichoplax
biserialis, and large benthic foraminifera (MF9-MF11)
indicate that the deepest palaco-water conditions were
reached at the top of the lower Jialazi Formation.

The second shoaling event is marked by the sharp
transition to massive siliciclastic rocks (LF4) in the middle
Jialazi Formation, followed by a second deepening trend in
the upper Jialazi Formation, culminating in the deposition
of floatstone (MF8) with abundant foraminifera in a
middle-ramp environment.

Control factors of sedimentary evolution

The uppermost Cretaceous to lower Paleogene succession
exposed in the Cuojiangding area documents the final
stage of the Xigaze forearc basin, with three (Qubeiya,
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lower Jialazi, and upper Jialazi) carbonate intervals
separated by two (Quxia and middle Jialazi) siliciclastic
intervals. A comparison with the most widely used eustatic
curves (i.e., Haq et al., 1987; Miller et al., 2005; Kominz
et al., 2008) sheds further light on the palacogeodynamic
and palacoenvironmental evolution during this period of
fundamental tectonic and climatic change.

The uppermost Cretaceous Qubeiya Formation,
conformably overlying the deltaic Padana Formation (Liu
et al., 1988), mostly consists of shallow-marine marlstone
rich in Lepidorbitoides (Fig. 9A). It thus documents a
marine transgression concordant with relatively high global
sea level during this period (Fig. 8). Previous studies have
considered the contact between the Qubeiya Formation
and the overlying Quxia Formation as unconformable and
related to a regional tectonic event (Liu et al., 1988; Ding
et al., 2005; Hu et al., 2016b). In the Quxia B section,
however, we did not see any major discontinuity between
the purplish-red marls at the top of the Qubeiya Formation
and a 30-cm-thick gray-green mudrock layer, followed in
turn by medium-bedded, medium-grained sandstone at
the base of the Quxia Formation (Fig. 2D). Facies analysis
suggests that the top of the Qubeiya Formation documents
a deep lagoonal to shallow-marine environment, whereas
the base of the Quxia Formation represents a floodplain
environment (Fig. 9B). This regression may correspond
to the eustatic fall at the end of the Maastrichtian (Haq,
1987; Kominz et al., 2008), which could have contributed
to the extinction of ammonites (Sun and Wang, 2001) and
marine species of benthic foraminifera (BouDagher-Fadel
& Price, 2013).

The siliciclastic cyclothems in the middle to
upper Quxia Formation indicate a subaerial fan-delta
environment (Fig. 9C; Wang et al., 2012; Hu et al,,
2016b). Particularly at a time of high global sea-level, this
event can be safely ascribed to active tectonics (Nemec
& Steel, 1988). The deposition of the Quxia Formation
is constrained between 66 Ma (maximum depositional
age based on detrital-zircon chronostratigraphy; Hu et al.,
2016b) and 56 Ma (U-Pb age of 56.1-55.1 Ma of zircons
in tuff layers in the middle Jialazi Formation; Jiang et al.,
2021). Further constraints are provided by biostratigraphy.
Lepidorbitoides-dominated foraminiferal assemblages in
the Qubeiya Formation correspond to the Maastrichtian
Orbitoides fauna reported from the Gamba area of the
Tethys Himalaya, whereas the Miscellanea-Daviesina-
Ranikothalia assemblage from the base of the Jialazi
Formation corresponds to the upper Paleocene (Selandian-
Thanetian) Miscellanea-Daviesina fauna (Wan et al., 2001,
2002). Chronostratigraphic and biostratigraphic evidence
constrains the depositional age of the Quxia Formation
as Danian-Selandian (~66—59 Ma), coinciding with the
final stage of oceanic Neotethyan subduction and initial
continental subduction of India and collision with Asia

(Hu et al., 2015, 2016a; An et al., 2021). Following Hu
et al. (2016b), we maintain that the onset of the collision
triggered rapid uplift and erosional exhumation of the
southern margin of the Gangdese arc, feeding fan-delta
deposits of the Quxia Formation into the Xigaze forearc
basin (Fig. 9D).

The lower
transgressive transition from fan-delta-front to carbonate-
ramp environments in concordance with a global sea-
level rise inferred to have occurred at this time (Fig. 9E).
Terrigenous detritus in sandy limestones, still derived
from unroofing of the Gangdese arc (Hu et al., 2016b),
decreases up-section, and larger benthic foraminifera,
echinoderms, and bivalves could thus thrive and
maintain carbonate production (Wilson & Lokier, 2002).
Terrigenous supply sharply increased during deposition
of the middle Jialazi Formation, where siliciclastic layers
reach thicknesses up to 50 m. The balance of biological
production was disrupted, inhibiting the growth of the
carbonate factory entirely (Tcherepanov et al., 2008)
while siliciclastic and volcaniclastic sediments were
forcing the coastline to prograde (Fig. 9E). The enhanced
hydrological cycle during the PETM may have contributed
to the intensification of erosion in the source area (Jiang et
al.,2021). After the PETM, terrigenous supply decreased,
and carbonate-ramp sedimentation resumed at a time of
high sea level (Fig.7).

Jialazi Formation documents a

Conclusion

Detailed stratigraphic and palacontological studies of
the Xigaze forearc basin succession exposed in the
Cuojiangding area reveal a three-stage evolutionary
process from the late Maastrichtian to the early Eocene.
The late Maastrichtian Qubeiya Formation, rich in benthic
foraminifera, records a deep lagoon to shallow-marine
environment with terrigenous input. This is succeeded by
a floodplain environment in the lower Quxia Formation,
characterized by a thick sequence of purplish-red and
gray-green mudrock with interbedded sandstone. Multiple
fining-upward cyclothems dominated by coarse siliciclastic
deposits document the development of a fan delta in the
upper Quxia Formation. The Paleocene-Eocene Jialazi
Formation consists of interbedded carbonate, sandstone,
and mudrock deposited on a carbonate ramp influenced
by terrigenous input.

A comparison with the most widely used eustatic
curves highlights alternating phases of tectonic and eustatic
control during the latest Cretaceous-early Paleogene
residual marine stage of the Xigaze forearc basin. In both
Qubeiya and Jialazi formations, transgressive carbonate
intervals were deposited during high-stands. The
development of the carbonate platform was interrupted
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by two regressive episodes that both contrast with the
global sea-level trends. The first, documented by fan-
delta deposits in the Quxia Formation, occurred during
the initial subduction of the Indian continental margin
beneath Asia and was thus most probably tectonically
controlled. The second, recorded by the middle Jialazi
Formation, occurred during the PETM, likely driven by
an intensified hydrological cycle, suggesting a climatic
control.
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