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During Late Cretaceous to Eocene times, a vast epicontinental sea existed in the western Tarim Basin of China,
and its appearance, evolution, and demise played an important role in the paleogeographic and paleoclimatic
history of central Asia. Sea-level changes in the Tarim Sea and its controlling factors have been poorly studied so
far. Here we present a detailed stratigraphic and sedimentological analysis of six Upper Cretaceous to Eocene
stratigraphic sections in the southwestern Tarim Basin. Seventeen lithofacies types were identiﬁed overall, based
on which changes of paleowater-depth were reconstructed. Between the mid-Cretaceous (Cenomanian) and the
late Eocene (Priabonian), the Tarim Sea experienced ﬁve transgressive-regressive cycles. Deposition took place
in middle-ramp to inner-ramp settings during transgressions, and in coastal-plain, lacustrine, and braided-river
environments during regressions. The sea retreated but did not withdraw completely during Late Cretaceous to
early Paleocene regressive stages, whereas seaways disappeared completely from the studied area during late
Paleocene to Eocene regressions. The Tarim Basin lay on a stable craton in the Late Cretaceous, when paleowater-depth was chieﬂy controlled by eustatic change. Tectonic subsidence started to increase at middle
Paleocene time, simultaneously with the Selandian dry event in the Tarim Basin, when a thick gypsum unit was
deposited during incipient development of a foreland basin. Such a middle Paleocene onset of tectonic activity,
also indicated by discrepancies between the regional paleowater-depth curve and the global sea-level curve and
by penecontemporaneous uplift of the West Kunlun range in northeastern Pamir, were most likely a far-ﬁeld
eﬀect of the onset of the India-Asia continental collision to the south.

1. Introduction

competing models have been proposed to account for forced-regression
stages, i.e. primary climatic-eustatic (Bosboom et al., 2011, 2014a,
2014b) versus tectonic control (Carrapa et al., 2015; Sun et al., 2016a,
2016b), but the controversy has remained unresolved. It is generally
assumed that the Pamir-West Kunlun orogen has developed as a farﬁeld consequence of the India-Asia continental collision since
~65–50 Ma (Hu et al., 2017). However, the timing of initiation of rapid
uplift is hotly debated, and estimates, based on the study of the
northwest margin of the Tibetan plateau with diverse approaches range
widely from Late Eocene to Pliocene time (Sobel and Dumitru, 1997;
Zheng et al., 2000; Yin et al., 2002; Wang et al., 2003; Li et al., 2011;
Jiang and Li, 2014).
The Cretaceous and Palaeogene periods are generally considered as
the warmest time interval in geological history, characterized by enhanced greenhouse conditions and high sea level (Miller et al., 2005;
Hu et al., 2012b). However, the magnitude and time-steps of global sealevel rise during these periods are still unprecisely assessed, even
though a series of global sea-level curves have been proposed (e.g. Haq

During the Late Cretaceous to Paleogene, a shallow epicontinental
sea extended across Eurasia from the Mediterranean Tethys to the
Tarim Basin in western China, its eastern edge being referred to as the
Tarim Sea (Yong and Shan, 1986; Tang et al., 1989, 1992; Burtman,
2000; Bosboom et al., 2011, 2014a, 2014b; Carrapa et al., 2015; Sun
et al., 2016a, 2016b). The transgressive–regressive cycles documented
in the stratigraphic succession of the Tarim Basin were controlled not
only by the multistep uplift of the Tibetan plateau and by global climatic changes, but were closely linked as well to the aridiﬁcation and
monsoonal climate in Asia (Ramstein et al., 1997; Zhang et al., 2007;
Licht et al., 2014). Previous studies have focused on the timing of ﬁnal
disappearance of the Tarim Sea and its paleoclimatic implications
(Bosboom et al., 2011, 2014a, 2014b; Sun and Jiang, 2013; Carrapa
et al., 2015; Sun et al., 2016a, 2016b), whereas the initial encroachment of the sea in the Cretaceous and the earlier stages of basin's
evolution were not paid the same attention (Xi et al., 2015). Two
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Fig. 1. Location of the Tarim Basin (A) and simpliﬁed tectonic map of the Pamir collision zone (B; modiﬁed from Cowgill, 2009) showing locations of the six
measured sections.

Tianshan range, to the west-southwest by the Pamir, and to the south by
the West Kunlun range, with the vast Taklimakan Desert to the east
(Fig. 1). This area presents continuously exposed stratigraphic successions documenting the entire age spectrum since the Jurassic. The sequence includes Jurassic-Lower Cretaceous non-marine strata, an Upper
Cretaceous-Eocene transitional (marine-continental) interval, and continental deposits from the Oligocene upward (Compiling Group for
Xinjiang Regional Stratigraphic Chart, 1981; Zhou, 2001). This study
focuses on the Upper Cretaceous to Eocene marine-transitional successions.

et al., 1987; Miller et al., 2005; Haq, 2014; Cloetingh and Haq, 2015).
Sedimentation in the Tarim Sea took place in a relatively stable epicontinental environment, and was thus very sensitive to sea-level
change. The variations in paleowater-depth documented in the stratigraphic record, therefore, oﬀer a key to evaluate the local response to
both eustatic ﬂuctuations and regional tectonic activity, and to unravel
tectonic evolution and changes in paleoclimate along the northern
margin of the Tibet Plateau, in the Pamir, and along the southern
margin of the Tianshan range (Yong and Shan, 1986; Tang et al., 1992;
Sun and Jiang, 2013; Bosboom et al., 2014a, 2014b; Carrapa et al.,
2015; Sun et al., 2016a, 2016b).
In this study, six stratigraphic sections were measured in the West
Kunlun and southern Tianshan areas of the western Tarim Basin (Fig. 1).
Sedimentary structures and carbonate lithofacies were described, and the
distribution of sedimentary environments, changes of paleowater-depth,
and the formation and subsidence history of the Tarim Sea were reconstructed. The factors that controlled the appearance, evolution, and
disappearance of the Tarim Sea could thus be clariﬁed.

2.1. Lithostratigraphy
The Upper Cretaceous-Lower Paleocene marine-transitional sequence, deﬁned as Yingjisha Group, is composed of the Kukebai,
Wuyitake, Yigeziya, and Tuyiluoke formations from bottom to top.
(Tang et al., 1989, 1992; Hao et al., 2001). Among them, Wuyitake,
Yigeziya, and Tuyiluoke are collectively known as Dongba Formation
on the southern Tianshan areas (Tang et al., 1989). The Kukebai Formation is dominated by gray-green argillite, muddy siltstone and
limestone, interbedded with gypsum and dolostone. The Wuyitake
Formation consists of orange-red argillite, gypsiferous argillite, and
siltstone. The Yigeziya Formation is dominated by white and purple-red

2. Geological setting
The study area is located in the western Tarim Basin (Xinjiang
Uygur Autonomous Region, China), and is bounded to the north by the
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An early Cenomanian age could thus be assigned to the lower part of
the Kukebai Formation by stratigraphic position. The Wuyitake Formation lacks fossils, whereas the Yigeziya Formation is richly fossiliferous. Brachiopods Carneithyris petilis, Carneithyris yengisarensis, Isocrania yigeziyaensis and Parathecidea Hieroglyphica (Pan et al., 1991),
and bivalves Lopha (Arctostrea) falcata and Biradiolites boldjuanensis
(Lan and Wei, 1995), common in the Campanian and lower Maastrichtian of Europe and Central Asia, indicate a Campanian to early
Maastrichtian age. The Tuyiluoke Formation contains dinoﬂagellates
including Palaeohystrichophora granulata, P. infusorioides, Spiniferites sp.,
and Pterospermella sp., ranging from Santonian to Maastrichtian times
(Mao and Norris, 1988). Hao et al. (2001) reported a QuinqueloculinaNonion-Cibicides fauna, suggesting a late Maastrichtian and prossibly
Danian age.
The Aertashi Formation lacks fossils. In the lower Qimugen
Formation, calcareous nannofossils belonging to the Heliolithus kleinpellii, H. riedelii, and Discoaster multiradiatus assemblage zones (Zhong,
1992), dinoﬂagellates of the Ceratiopsis diebelii-Deﬂandrea dissolutaPhelodinium spinocapitatum and Apectodinium homomorphum assemblage
zones (He, 1991), and a Spiroplectammina-Globigerina-Noninoellina foraminiferal fauna (Hao et al., 2001) suggest a middle-late Paleocene age.
The upper Qimugen Formation lacks fossils. The Kalataer Formation
yields the bivalve genera Ostrea (Turkostrea) and Sokolowia, common in
middle Eocene strata of the Alai region (Lan and Wei, 1995). Sokolowia
distributes widely in Lutetian to Priabonian sediments of the Central
Asia, suggesting a middle Eocene age (Bosboom et al., 2011). In the
Wulagen Formation, Sokolowia is still common, and calcareous

bioclastic limestone in the Kunlun area, and by orange-red argillite and
gypsiferous argillite interbedded with gray-green mudstone in the
Tianshan area. The Tuyiluoke Formation consists of orange-red argillite
and gypsiferous argillite.
The middle Paleocene-Eocene marine-transitional sequence, named
as Kashi Group, is composed of the Aertashi, Qimugen, Kalataer,
Wulagen, and Bashibulake formations from bottom to top (Compiling
Group for Xinjiang Regional Stratigraphic Chart, 1981; Tang et al.,
1989, 1992; Zhou, 2001). The Aertashi Formation consists of very thick
gypsum and anhydrite. The lower part of the Qimugen Formation is
dominated by gray-green argillite and carbonate, whereas the upper
part consists of purple-red gypsiferous argillite. The Kalataer Formation
is dominated by oyster beds. The Wulagen Formation includes graygreen mudstone, siltstone, and oyster beds, with thick gypsum occurring only at the top of the unit in the southern Tianshan. The Bashibulake Formation consists of purple-red argillite, siltstone, and ﬁne
sandstone in the area east of Kashgar, whereas gray-green limestone
interlayers occur in the middle part of the unit in the area west of
Kashgar.
2.2. Biostratigraphy
The Kukebai Formation lacks fossils in the lower part, whereas its
middle and upper parts are richly fossiliferous. Dinoﬂagellates belonging to the Apteodinium conicum-Canningia insignis assemblage zone
(He, 1991), and foraminifers of the Migros-Ammobaculites fauna (Hao
et al., 2001) suggest a middle-late Cenomanian to Turonian age (Fig. 2).

Fig. 2. Compilation of fossil assemblages and depositional ages for the Late Cretaceous-Eocene succession of the western Tarim Basin. References: (1) Bosboom et al.
(2014b); (2) Zhong (1992); (3) He (1991); (4) Bosboom et al. (2014a); (5) Bosboom et al. (2011); (6) Lan and Wei (1995); (7) Hao et al. (2001); (8) Mao and Norris
(1988); (9) Pan et al. (1991).
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(siliciclastic detritus > 10%) were described according to Mount
(1985). Facies analysis was based on both sedimentary structures as
observed in the ﬁeld, and texture, grain composition, fossil content, and
matrix type as observed in thin sections.

nannofossils Reticulofenestra umbilicus, Ericsonia formosa, Neococcolithes
spp., and dinoﬂagellates Areosphaeridium diktyoplokum, Rhombodinium
draco, and Melitasphaeridium pseudorecurvatum indicate a latest Lutetian
to Bartonian age. Considering an age of ~41 Ma for the top of the unit,
as suggested by paleomagnetic data (Bosboom et al., 2014a), the Wulagen Formation is ascribed to the middle-late Lutetian (Bosboom et al.,
2014a, 2014b). The middle Bashibulake Formation yields the calcareous nannofossils Cribrocentrum reticulatum and Ismolithus recurvus, and
the dinoﬂagellates Cordosphaeridium funiculatum and Lentinia serrata,
indicating a latest Bartonian–early Priabonian age (Bosboom et al.,
2014b).

3.4. Subsidence analysis
The analysis of tectonic subsidence was based on stratigraphic data
from the adjacent Tuoyunduke and Qimugen sections measured along
the northern margin of the west Kunlun range, where strata of Late
Jurassic to Miocene age (163 to 15 Ma) are continuously exposed and
depositional ages are well constrained by biostratigraphy (Compiling
Group for Xinjiang Regional Stratigraphic Chart, 1981; Tang et al.,
1989, 1992; Hao et al., 2001; Zhou, 2001). Each formation was decompacted and then sequentially recompacted during progressive
burial underneath the overlying succession. The succession was then
backstripped to remove the eﬀects of sediment load. Calculations assumed an Airy isostatic correction (Allen and Allen, 2005; Hu et al.,
2012a; Sciunnach and Garzanti, 2012). The Upper Cretaceous-Eocene
marine-transitional sequence required palaeobathymetric corrections,
as described by Allen and Allen (2005) and based on the global sealevel curve after Miller et al. (2005) and on paleowater-depths as inferred from the distribution of carbonate lithofacies. The tectonic subsidence curve was created by BasinMod1-D provided by Platte River
Associates, Inc. Data used for analysis are provided in Appendix
Table 3.

3. Materials and methods
3.1. Sampling
The 723 studied samples were collected in six measured sections
from the western Tarim Basin, with a sampling interval of 1–2 m (Fig. 1;
GPS coordinates provided in Appendix Table 1). The Bashibulake and
the Kuzigongsu sections were measured along the southern margin of
the Tianshan range. The Akqiy, the Bora Tokay, the Tuoyunduke, and
the Qimugen sections were measured along the northern margin of the
West Kunlun range. Detailed geological maps and ﬁeld photographs for
the six measured sections are provided in Appendix Figs. 1–3.
3.2. Zircon U-Pb dating

4. U–Pb zircon age of tuﬀ layer

Accessory minerals were separated by elutriation and magnetic
techniques from tuﬀ bed 15QM184 (Fig. 3). Zircon grains were handpicked, mounted in epoxy resin, and polished. Overall, 30 grains were
randomly selected for analysis. U-Pb zircon dating was conducted by
LA-ICP-MS at the State Key Laboratory of Mineral Deposits Research,
Nanjing University. Analyses were performed using a New Wave UP193
laser ablation system with spot size 32 μm, and repetition rate 10 Hz.
An Agilent 7500a ICP-MS instrument was employed to acquire ionsignal intensities. GLITTER 4.4 was used for calculating results and
relevant isotopic rates (Jackson et al., 2004). The isotopic composition
and age of zircon grains are shown in Appendix Table 2.

A ~ 30 cm-thick, yellowish-brown tuﬀ (15QM184) was found 19 m
above the base of the Qimugen Formation in the Qimugen section
(Fig. 3). Aphanitic volcanic ash contains only 3–5% of, angular quartz
grains and biotite 30 to 60 μm in diameter. A weighted mean age of
57.58 ± 0.49 (1σ) was obtained based on U-Pb dating of 30 zircons.
5. Lithofacies description and interpretation
Seventeen lithofacies (LF) were identiﬁed and grouped into six sedimentary facies (Table 1), as described below.

3.3. Carbonate lithofacies
5.1. Braided river facies
Carbonate rocks (siliciclastic detritus < 10%) were described according to the nomenclature of Dunham (1962), revised and integrated
by Embry and Klovan (1971). Mixed carbonate-siliciclastic sediments

5.1.1. LF1 conglomerate (distal alluvial fan)
LF1 is characterized by purple-red and orange-red cobble

Fig. 3. Tuﬀ bed found at 19 m above the base of Qimugen Formation in the Qimugen section (15QM184, GPS: N38°25′48.9″, E76°23′15.9″). A) Outcrop, hammer as a
scale; B) microscope photo taken in the thin section; C) zircon U–Pb concordia diagram with weighted mean age.
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Description and environmental interpretation of the seventeen identiﬁed lithofacies.
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Fig. 4. Field photographs and thin-section microphotographs of representative lithofacies. A) LF1: conglomerate (top of Kezilesu Group, Akqiy section). B) LF2: wave
ripples (lower part of the Bashibulake Formation, Bashibulake section). C) LF3: purple-red argillite with ﬁne sandstone interbeds (Wuyitake Formation, Tuoyunduke
section). D) LF4: thick-layered gypsum (Aertashi Formation, Qimugen section). E) LF5: gypsum interbedded with gypsiferous argillite (Kukebai Formation, Akqiy
section). F) LF5: gypsiferous argillite with tuberous and vein structure (upper part of the Qimugen Formation, Qimugen section). G) LF6: microsparitic dolostone
(15TY10, top of Kukebai Formation, Tuoyunduke section). H) LF7: laminated sandstone with vertical burrow (16BE163, middle part of the Bashibulake Formation,
Bora Tokay section). I) LF8: mudstone with sporadic terrigenous quartz grain (16BK28, lower part of the Kalataer Formation, Bashibulake section). J) LF9: foraminiferal wackestone with fenestrae (Yigeziya Formation, Akqiy section). K) LF9: foraminiferal wackestone with fenestrae (16AK76, middle part of the Yigeziya
Formation, Akqiy section). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Common black laminae and general lack of other sedimentary structures and of carbonate or terrigenous supply imply a restricted deep
evaporite basin connected discontinuously with the open sea and
scarcely aﬀected by external factors (Schreiber et al., 1976; Kendall,
1996; Warren, 2016).

conglomerate in 0.5 to 4 m-thick beds. Limestone and sandstone cobbles are subrounded and imbricated. Two lithofacies types are identiﬁed. Type 1 conglomerates are massive and interbedded with poorly to
moderately sorted sandstone and sandy argillite. Type 2 conglomerates
are interbedded with moderately to well sorted pebbly sandstone and
sandstone (Fig. 4A). Sandstone layers range in thickness from thin
wavy-lenticular beds to 4 m, and may display erosional base, oblique
lamination, abrupt grain-size changes, and thin conglomerate interlayers.
Imbricated, horizontally stratiﬁed conglomerate and erosional bases
point to the energetic hydrodynamic conditions typical of braided-river
channels. Thickness of conglomerate beds may correspond to channel
depth. Oblique lamination testiﬁes to migratory sand dunes on the river
bed (Decelles et al., 2010). Fining-upward conglomerate and sandstone
beds with commonly abrupt vertical grain-size change suggest deposition during transition from the main channel to secondary channels, or
during waning-ﬂood stages. Dominant conglomerate of limestone and
sandstone which are widely exposed in the adjacent West Kunlun range
area (Compiling Group for Xinjiang Regional Stratigraphic Chart, 1981;
Zhou, 2001) indicate a short transport distance and deposition at the
transition between alluvial fans and the adjacent braidplain.

5.4.2. LF5 thin-bedded gypsum and gypsiferous argillite (sabkha)
Two lithofacies subtypes are identiﬁed. Type 1 is characterized by
purple-red and grayish-green layered gypsum with ﬁbrous texture,
ranging in thickness from several centimeters to decimeters and extending laterally for tens meters (Fig. 4E). Gypsiferous argillite, dolostone (LF6), or limestone (LF8) interbeds are common. Type 2 is dominated by purple-red and orange-red gypsiferous argillite (Fig. 4F).
Gypsum discontinuously interbedded with argillite and siltstone show
tuberous, vein, and lenticular structure.
Type 1 lithofacies, consisting of stratiﬁed gypsum with good lateral
continuity, indicates in situ evaporation in a coastal sabkha. Instead,
gypsum interbedded with gypsiferous argillite, dolostone, or mudstone
suggests deposition in a highly restricted lagoon < 2 m-deep or on supratidal lowlands in arid to semi-arid climatic conditions (Purser,
1973). Type 2 lithofacies is thus interpreted as deposited in inland
playa systems, representing the continental part of the sabkha environment (Kendall, 1996).

5.2. Lacustrine facies
5.2.1. LF2 interbedded argillite and siltstone (shallow lake)
LF2 is dominated by up to very thick purple-red argillite layers interbedded with siltstone, showing sporadic nodular gypsum, extending
laterally for hundreds of meters. Wave ripples and dessication cracks
are common (Fig. 4B). No limestone layers and fossils were observed.
Nodular gypsum in discontinuous layers and sedimentary structures
indicate periodic exposure, as common in oxic lacustrine or playa settings (Scholle and Spearing, 1982; Scholle and Ulmer-Scholle, 2003).

5.5. Inner-ramp facies
5.5.1. LF6 dolostone (tidal ﬂat, sabkha)
LF6 is yellowish-brown and grayish-green homogeneous microsparitic dolostone and dolomitic limestone, containing sporadic bioclasts or silt-sized terrigenous grains (Fig. 4G).
Dolostones, commonly adjacent to bedded gypsum and gypsiferous
argillite (LF5) or mudstone (LF8), formed by intense evaporation from
hypersaline brines in a supratidal coastal-sabkha environment (Flügel,
2004).

5.3. Coastal plain facies

5.5.2. LF7 laminated sandstone and sandy mudstone (tidal ﬂat)
LF7 is dominated by purple-red and grayish-green laminated siltstone thinly interbedded with ﬁne-grained sandstone and sandy mudstone with mixed micritic and argillaceous matrix. Vertical burrows are
common (Fig. 4H). Bioclasts occur locally.
Vertical burrows are common in intertidal areas (Scholle et al.,
1983; Flügel, 2004). Laminated sandstone interbedded with mudstone
reﬂects deposition by tractive currents alternating with sedimentation
from suspension, as typical of intertidal to subtidal carbonate environments (Flügel, 2004). Mixed siliciclastic and carbonate layers
characterize the narrow belt found between terrigenous-dominated
tidal ﬂats nearshore and carbonate-dominated subtidal environments
oﬀshore (Mount, 1984).

5.3.1. LF3 argillite/argillaceous siltstone (coastal plain)
Purple-red to orange-red argillite and argillaceous siltstone with
rare gypsum veins and ranging in thickness from a few meters to more
than ten meters are locally interbedded with ﬁne-grained sandstone
(Fig. 4C) and rare unfossiliferous limestone (Appendix Fig. 3B-C).
Dominant red mudrocks with rare carbonate interlayers suggest
deposition in oxic tidal ﬂats or chenier plains as described in Reading
and Collinson (1996).
5.4. Evaporite facies
5.4.1. LF4 thick-bedded gypsum (back bay)
White gypsum or anhydrite ranging in thickness from several tens to
more than two hundred meters and lacking limestone or terrigenous
interlayers are widely distributed in the western part of the Tarim Basin
(Tang et al., 1992; Fig. 4D). Black laminae, mostly showing plastic
deformation, are very common. Gypsum layers display crystalline mosaic texture, whereas anhydrite layers consist of tabular phenocrysts set
in ﬁbrous matrix. Terrigenous grains or bioclasts are absent.
Widespread deposition of thick evaporites needs continuous injection or seepage of seawater brines from a narrow adjacent seaway.

5.5.3. LF8 mudstone (tidal ﬂat)
LF8 is characterized by grayish-green massive mudstone, lacking
carbonate allochems and containing rare terrigenous grains < 150 μm
in diameter (Fig. 4I).
Non-laminated mudstones lacking fossils, commonly found adjacent
to bedded gypsum and gypsiferous argillite (LF5), dolostone (LF6) or
miliolid mudstone/wackestone (LF9), suggest a tidal ﬂat environment
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(Flügel, 2004), where ﬁne-grained windblown terrigenous grains may
occur.

5.6. Middle-ramp facies
5.6.1. LF13 bioclastic sandstone and sandy bioclastic packstone (open
marine)
LF13 is characterized by grayish-green bioclastic sandstone and
sandy bioclastic packstone. Siliciclastic grains (20–40% of the rock) are
150–250 μm in diameter, well sorted, and rounded. Crinoids and
echinoids are the dominant bioclasts, with subordinate bryozoans and
angular bivalves commonly showing microburrows (Fig. 5D).
Echinoderms in the modern ocean live from the littoral zone to a
depth of 6000 m, however, high abundance is obviously shallower with
water depth of 15–50 m (Lodeiros et al., 2013; Purser, 1973). Such
information from modern environments is commonly extrapolated to
infer paleowater depths of ancient echinoderm-bearing strata (Davies
et al., 2002; Navarro-Ramirez et al., 2017). Terrigenous grains may be
reworked from adjacent sand banks. Micrite matrix and angular bioclasts suggest low-energy conditions in the ﬁnal depositional environment. These observation suggest a middle-ramp below fair-weather
wave base for this lithofacies.

5.5.4. LF9 foraminiferal mudstone/wackestone/packstone (tidal ﬂat,
lagoon)
LF9 is dominated by purple-red, grayish-white, yellowish-white,
and grayish-green mudstone, wackestone and packstone with benthic
foraminifera. Laminoid fenestrae, bioturbation, and biolaminae are
common (Fig. 6J–K). Dominant miliolids are associated with rare bivalves and gastropods; pellets are locally abundant.
The low-diversity, miliolid-dominated fauna and local abundance of
pellets point to shallow and low-energy lagoonal environments adjacent
to tidal ﬂats (Purser, 1973; Scholle et al., 1983; Flügel, 2004). Fenestrae
and microbial mats indicate temporary upper intertidal to lower supratidal conditions (Shinn, 1983; Flügel, 2004; Tucker and Wright,
2009).
5.5.5. LF10 bioclastic grainstone (shoal)
LF10 is dominated by purple-red and grayish-green bioclastic
grainstone with well sorted allochems 200–500 μm in diameter, commonly rounded, and showing micritic envelope. Bioclasts include bivalves, bryozoans, benthic foraminifera, crinoids, and gastropods.
Ooids with a few ﬁne-radial laminae and intraclasts are also common
(Fig. 5A). Terrigenous detritus is absent.
Grainstones with a rich and varied fossil assemblage, and a high
percentage of cortoids, other coated grains, and rounded bioclasts indicate a high-energy depositional environment with persistent wave
action (Scholle et al., 1983; Flügel, 2004). Radial ooids suggest instead
a brackish, low-energy lagoonal environment. Intraclasts are most
common in the intertidal zone, where they may represent the product of
tidal-ﬂat erosion and redeposition by storms. These mixed features indicate shallow-marine, high-energy beach environments facing the
open sea, and deposition above fair-weather wave (depth indicatively
not > 15–20 m; Tucker and Wright, 2009).

5.6.2. LF14 bioclastic sandstone (delta front)
LF14 is dominated by yellow-green, yellowish-brown and grayishgreen ﬁne-grained sandstone with both micrite and clay matrix
(Fig. 5E), ranging in thickness between < 1 m to several meters and
commonly bioturbated. Terrigenous grains (40–80% of the rock) are
60–200 μm in diameter. Angular bioclasts represent < 5% of the rock
and are mainly bivalves and crinoids.
Dominant terrigenous detritus and few bioclasts suggest the presence of a nearby terrigenous inﬂuences. Bioturbation, common in
inner to middle-shelf environments (Scholle et al., 1983; Flügel, 2004)
and lack of lamination suggest a low-energy, probably delta front environment.
5.6.3. LF15 oyster bed (biostrome)
LF15 is grayish-green oyster beds with micrite matrix (Fig. 5F),
ranging in thickness from decimeters to 7 m. Thicker layers are generally intact, whereas thin layers are commonly broken. Ostrea (Turkostres), is widespread throughout the western Tarim Basin. Specimens
are commonly 2–5 cm in size (but range from 1 cm to > 10 cm), wellpreserved, stacked onto each other, and heavily burrowed. Associated
fossils, angular and well preserved, include bryozoans – dendritic or
comb-like and growing on oyster shells-, intact serpulid worm tubes,
and crinoids. Thin oyster beds are commonly interbedded with bioclastic wackestone (Assemblage 2, LF12).
Banks of Ostrea (Turkostres) grew on hardgrounds in warm shallow
seas (Lan and Wei, 1995). Encrusting bryozoans and extensive burrowing suggest long stages of scarce sediment input during which a
large number of organisms thrived. Dendritic bryozoans, intact serpulid
worm tubes, and uniform micrite matrix all indicate weak hydrodynamic conditions (Scholle and Ulmer-Scholle, 2003). Bioclastic
wackestones (Assemblage 2, LF12) containing planktonic foraminifer
indicate a relatively deep-water depositional environment (Van der
Zwaan et al., 1990). The thinly interbedded concentrations of lamellibranch fragments, commonly broken presumably by the action of
storms (Han et al., 2016), indicate a paleowater depth below fairweather wave base. Similar lithofacies dominated by lamellibranch
fragments and small intact shells are reported from water depths of
20–50 m in the Persian Gulf (Purser, 1973). So, this lithofacies points to
transgressive phases of sediment starvation and deepening of the depositional environment from the intertidal zone to storm wave base.

5.5.6. LF11 Oolitic grainstone (shoal)
LF11 is grayish-green oolitic grainstone (Fig. 5B). Ooids are
150–250 μm in diameter and commonly show tangential structure and
pervasive micritization. Bioclasts and terrigenous grains are lacking.
Ooid formation needs intermittent agitation of the sea ﬂoor to move
the grains, indicating high-energy intertidal to shallow-subtidal environments at water depths not greater than ~15 m (Purser, 1973;
Flügel, 2004; Tucker and Wright, 2009).
5.5.7. LF12 bioclastic wackestone/packstone (restricted marine, open
marine)
LF12 is dominated by grayish-green bioclastic wackestone and
packstone with common bioturbation (Fig. 5C). Varied bioclasts represent 20–60% of the rock. Two fossil assemblages are identiﬁed.
Assemblage 1 includes bivalves, bryozoans, benthic foraminifera, crinoids, gastropods, sporadic green algae, intraclasts, radial ooids, and
rudists very common locally. Assemblage 2 includes bivalves,
bryozoans, planktonic foraminifera, crinoids, echinoids, corallinacean
red algae, and glaucony. Glaucony generally ﬁlls intragranular porosity
within bryozoans or other bioclasts.
Abundant rudist associated with bivalves, green algae, miliolids and
other benthic foraminifera suggest a medium- to low- energy depositional environment and water depth < 20 m (Alsharhan, 1995;
Hillgartner et al., 2003). Radial ooids, benthic foraminifera, and gastropods typically dwell in protected lagoon environment (Purser, 1973;
Flügel, 2004). These observations suggest that assemblage 1 was deposited in a shallow and restricted inner-ramp environment. Assemblage 2 including more open-marine organisms combined with sporadic
glaucony, corallinacean red algae and planktonic foraminifera, points
to an open subtidal to middle-ramp environment deeper than 20 m.

5.6.4. LF16 bioclastic mudstone and siltstone (prodelta or open marine)
LF16 is dominated by grayish-green massive bioclastic mudstone,
siltstone, and silty mudstone, commonly found associated with mudstoned containing planktonic foraminifera (LF17). Dominant terrigenous detritus (30–50% of the rock) is generally < 100 μm in diameter.
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Fig. 5. Field photographs and thin-section microphotographs of representative lithofacies. A) LF10: intraclasts grainstone (15TY40, middle part of the Yigeziya
Formation, Yigeziya section). B) LF11: oolitic grainstone (15QM33, lower part of the Kalataer Formation, Qimugen section). C) LF12: burrowed bioclastic wackestone
(15QM175, base of Qimugen Formation, Qimugen section). D) LF13: sandy bioclastic packstone (16BK78, lower part of the Wulagen Formation, Bashibulake
section). E) LF14: bioclastic sandstone (16BE172, middle Bashibulake Formation, Bora Tokay section. F) LF15: oyster bed (Kalataer Formation, Qimugen section). G)
LF16: bioclastic mudstone with abundant glaucony (16BE21, lower part of the Qimugen Formation, Bora Tokay section). H) LF17: wackestone with planktonic
foraminifera (15QM15, lower part of the Qimugen Formation, Qimugen section.

140 m, around a mean value most likely around 70 m. Deposition largely took place in an oﬀshore mid-slope depositional environment.

Bioclasts (< 5% of the rock) are mostly bivalves and crinoids, with
sporadic planktonic foraminifera and ostracoda. Authigenic glaucony is
generally sporadic, but local concentrations are observed (Fig. 5G).
Authigenic glaucony generally grows on the starved middle shelf at
water depths of 50 m or more, a preferentially during transgressive
stages (Garzanti, 1991; Amorosi, 1997). Dominant micritic mud and
clay, and lack of laminations reﬂect weak water turbulence. Terrigenous grains are deposited in the distal part of a submerged delta or on a
middle-ramp aﬀected by coastal currents. A few planktonic foraminifera could be transported from the open sea (Purser, 1973).

6. Subsidence analysis
Subsidence analysis was performed on the Upper Jurassic-Paleocene
succession of the Tuoyunduke section and on the Paleocene to Miocene
succession of the Qimugen section. Two stages can be identiﬁed based
on subsidence and sedimentation rates (Fig. 6).
Stage 1, spanning from the Late Jurassic (~163 Ma) to the early
Paleocene (~62 Ma), is characterized by long-term low tectonic subsidence and sedimentation rates. Tectonic subsidence decreased gradually from ~20 mm/kyr in the Late Jurassic to ~2 mm/kyr in the
early Paleocene, and sedimentation rates similarly decreased from
~34 mm/kyr in the Early Cretaceous to ~5 mm/kyr in the early
Paleocene.
Stage 2 spans from the middle Paleocene (~62 Ma) to the Miocene
(~15 Ma). Tectonic subsidence and sedimentation rates increased
slowly between 62 and 41 Ma, and drastically after 41 Ma. Tectonic
subsidence rate was ~10 mm/kyr and sedimentation rate ~30 mm/kyr
in the late Paleocene, whereas rates up to > 80 mm/kyr and > 300
mm/kyr were reached in the Oligo-Miocene.

5.6.5. LF17 mudstone/wackestone with planktonic foraminifera (open
marine)
LF17 is characterized by grayish-green massive mudstone and
wackestone, with variable abundance of planktonic foraminifers (accounting for up to 38% of total foraminifers; Hao et al., 2001) and <
10% of angular bioclasts represented by crinoids, echinoids, bivalves,
bryozoans, serpulids, and locally abundant corallinacean red algae
(Fig. 5H).
The varied fossil assemblage points to relatively open environments
characterized by weak turbulence, as indicated by angular bioclasts and
abundant micrite. According to Van der Zwaan et al. (1990), who
proposed to infer paleowater depth based on the ratio between planktonic and benthic foraminifers, paleowater-depth reached 138 m during
deposition of this lithofacies. Corallinacean red algae live at present
between about 20 and 80 m in warm waters with average annual
temperatures of 27–28 °C (Flügel, 2004; Bougeois et al., 2014). Based
on the present faunal distribution in the Yellow Sea in China, the presence of Ammobaculites, Textularia, Cibicides, and Nonionin, led Yong
and Shan (1986) to suggest for the Tarim Sea paleowater-depths generally between 20 and 50 m with a maximum not exceeding 70 m. Our
own observations, including the presence of authigenic glaucony in
LF16 (bioclastic mudstone), allow to conclude that paleowater depth in
the Tarim Basin may have ﬂuctuated more widely between 20 and
0

7. Discussion
7.1. New geochronological age constraint
The weighted mean age of 57.58 ± 0.49 Ma (1σ, n = 30) yielded
from zircon crystals in the tuﬀ layer occurring 19 m above the base of
the Qimugen Formation corresponds to the late Paleocene (Thanetian),
and represents the only isotopic age obtained from the Upper
Cretaceous-Paleogene succession of the western Tarim Basin so far.
Combined with the biostratigraphic and magnetostratigraphic age of
41 Ma for the top of Wulagen Formation (Bosboom et al., 2014a) and
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Fig. 6. Subsidence analysis of the Tuoyunduke and Qimugen sections. Note that the initial increase of tectonic subsidence began around 62 Ma, followed by the rapid
increase around 41 Ma. Supporting data and references are provided in Appendix Table 3.
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Fig. 7. Stratigraphy and lithofacies distribution in the Bashibulake (left) and Kuzigongsu (right) sections. The color of the lithologic column represents the rock color
in the ﬁeld.
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Paleowater-depth dropped quickly around 41 Ma (top of the Wulagen
Formation; Bosboom et al., 2014a, 2014b), when seawater retreated
once more from the Tarim Basin leaving behind widespread lacustrine
(LF2) and coastal plain deposits (LF3) (Fig. 11C).
The ﬁfth transgressive-regressive cycle began in the late Bartonianearly Priabonian (middle part of the Bashibulake Formation) (Bosboom
et al., 2014b). Marine deposits occur only to the west of Kashgar
(Fig. 11B), whereas this transgression is not documented in the vast
West Kunlun area (Yong and Shan, 1986; Tang et al., 1989, 1992).
Purple-red argillite interbedded with grayish-green bioclastic wackestone (LF12, LF14) indicate deposition in intertidal to subtidal environments during the transgression. Coccoliths and dinoﬂagellates
locally found in limestone beds indicate that during this minor pulsed
transgression the Tarim Sea connected at times with the Tethys Ocean
to the west. After the early Priabonian, lacustrine deposits (LF2) returned again in low-lying areas of the Tarim Basin (Fig. 11A).
In summary, the Tarim Sea formed ﬁrst at Cenomanian time (Tang
et al., 1992; Burtman, 2000; Hao et al., 2001; Xi et al., 2015), and
experienced ﬁve transgressive-regressive cycles (Figs. 10–11). Water
depth reached only 15 m at most during the minor second transgression, but a maximum up to 70 m during the major third transgression.
The ﬁfth transgression is testiﬁed only in a limited area west of Kashgar.
The shallow Tarim Sea was dominated overall by inner-ramp and
middle-ramp facies. After the ﬁfth regression in late Eocene, the Tarim
Basin entered a stage of continental sedimentation continued until the
present day (Zhou, 2001; Bosboom et al., 2014b; Carrapa et al., 2015;
Zheng et al., 2015).
It should be noticed that transgressions and regressions are not
simply the eﬀect of rising and falling eustatic level. During the ﬁrst and
second Late Cretaceous and early Paleocene regressions, the Tarim Sea
waned but did not retreat completely from the Tarim Basin. During the
third, fourth, and ﬁfth late Paleocene to Eocene regressions, instead, the
Tarim Basin was left completely without seawater, which encroached
again during the subsequent transgression.

measured stratigraphic thickness, the compacted accumulation rate
between the tuﬀ and the top of the Wulagen Formation is calculated as
17 mm/kyr. A linear extrapolation would give an age of ~59 Ma for the
base of the Qimugen Formation and transition to the underlying Aertashi Formation. Consistently with the obtained U-Pb zircon age of the
tuﬀ, a middle-late Paleocene age is suggested for the lower Qimugen
Formation by calcareous nannofossil (Zhong, 1992), dinoﬂagellate (He,
1991) and foraminiferal assemblages (Hao et al., 2001).
7.2. The ﬁve transgressions and regressions of the Tarim sea
The paleowater-depth curve based on facies analysis allows us to
identify ﬁve distinct transgressive-regressive cycles between the Late
Cretaceous and the Eocene (Figs. 7–10), generally consistent with
previous studies (Tang et al., 1989, 1992; He, 1991; Lan and Wei,
1995).
The ﬁrst transgression, which marks the appearance of the Tarim
Sea, is documented in the early Cenomanian the lower part of the
Kukebai Formation. During deposition of the Kukebai Formation, sedimentary environments shifted gradually from coastal sabkha
(LF5–LF8), to tidal ﬂat and lagoon (LF9, LF12), and eventually to
subtidal (LF12) in the Turonian (Fig. 11J). Paleowater-depth began to
decrease rapidly since the late Turonian, when subtidal deposition
(LF12) characterized the top of the Kukebai Formation, and until the
Coniacian-Santonian, when coastal-plain deposits (LF3) of the Wuyitake Formation document the regressive part of the cycle (Fig. 11I).
Within this ﬁrst cycle, a short-lived transgression is recorded by a bed of
miliolid packstone (LF9) intercalated in the orange-red argillite (LF3) of
the Wuyitake Formation in the Tuoyunduke section (Fig. 9 left), point
to a shallow lagoon invade onto the coastal plain (Appendix Fig. 3B–C).
The second transgressive-regressive cycle began in early Campanian
(lower part of the Yigeziya Formation), when the coastal-plain deposits
of the Wuyitake Formation were replaced along the southern shore of
the Tarim Sea by tidal-ﬂat, lagoon, and shoal sediments (LF7–LF10,
LF12) deposited at shallow depth (< 15 m). Coastal-plain deposition
(LF3) persisted in the northern part of the Tarim Basin (Fig. 11-H). As
documented in the Tuoyunduke section, along the southern part of the
Tarim Basin coastal-plain deposition (LF3) resumed at late Maastrichtian to Danian times (Tuyiluoke Formation) (Fig. 11-G). The regression that closed the second cycle is testiﬁed also in the Wuyitake
(Tang et al., 1992; Bershaw et al., 2012), Yigeziya (Tang et al., 1992),
and Aertashi sections (Tang et al., 1992; Hao et al., 2001), but not in the
Akqiy section (Fig. 8 left), where non-laminated mudstone (LF8) and
foraminiferal mudstone/wackestone (LF9) were deposited on a carbonate tidal ﬂat, indicating that the Tarim Sea waned but did not withdraw completely from the Tarim Basin at that time.
The third cycle began in the Selandian (Aertashi Formation), when
seawater intermittently encroached onto the Tarim Basin again,
forming a huge restricted bay where thick gypsum layers (LF4) were
deposited. The following transition to open subtidal (LF12) and shallow
shelf deposits (LF16–LF17) at the base of Qimugen Formation indicates
that marine strata reached their maximum extent at that time, from east
of Hotan to Mazatagh (Fig. 11F). Paleowater-depths up to > 70 m, the
deepest ever reached by the Tarim Sea, are suggested by the maximum
diﬀusion of calcareous nannoplankton (Zhong, 1992) and phytoplankton (He, 1991), and by the great diversity of planktonic foraminifera (Hao et al., 2001) in the lower part of the Qimugen Formation. Paleowater-depth dropped quickly during the early Ypresian
(upper part of the Qimugen Formation), when subtidal deposits were
replaced by continental sabkha (LF5). The upper part of the Qimugen
Formation in the Bora Tokay section, dominated by lacustrine deposits
without limestone interbeds, indicates the complete retreat of sea water
from the Tarim Basin at that time (Fig. 11E).
The fourth cycle began in the middle Ypresian (Kalataer Formation).
The transgressive stage is documented by the accumulation of oyster
beds (LF15) in subtidal to middle-ramp environments (Fig. 11D).

7.3. Controls of relative sea-level change
7.3.1. Late cretaceous-early paleocene
The paleowater-depth curve reconstructed for the Late Cretaceousearly Paleocene Tarim Sea shows a remarkable overall similarity with
the global sea-level curve (Fig. 12). According to Miller et al. (2005),
Kominz et al. (2008), and Haq (2014), global sea level rose rapidly in
the early Cenomanian, remained high until the middle Turonian, and
then began to decline and remained low in the Coniacian and Santonian. Such a trend matches well the ﬁrst transgressive-regressive cycle
of the Tarim Sea. According to the same sources, global sea level rose
again at the end of Santonian, remained high until the late Maastrichtian, and then began to fall rapidly. Again, this trend corresponds
to the second transgressive-regressive cycle of the Tarim Sea.
The reconstructed curve for tectonic subsidence during the Late
Cretaceous-early Paleocene has mild slope and is slightly concave-upward (Fig. 12), the typical features of slow thermal subsidence in a
stable tectonic setting such as an epicontinental cratonic basin (Xie and
Heller, 2009). This explains why changes in paleowater-depth in this
time range were chieﬂy controlled by eustasy.
A roughly constant and fairly low subsidence rate in subsidence
analysis is held to have characterized both Tajik and Tarim basins
during the Cretaceous (Leith, 1985; Sobel, 1999), which is consistent
with the conclusions of the present study. In the Cretaceous, shallow
marine carbonates were deposited in vast areas of Central Asia, from
the Tianshuihai terrane and Central Pamir to the Tajik Basin in the
northwestern Tibetan Plateau (Compiling Group for Xinjiang Regional
Stratigraphic Chart, 1981; Matte et al., 1996; Burtman, 2000; Pan et al.,
2004). This indicates a stable tectonic setting. Surface uplift related
with tectonic activity had not yet begun.
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Fig. 8. Stratigraphy and lithofacies distribution in the Akqiy (left) and Bora Tokay (right) sections. The color of the lithologic column represents the rock color in the
ﬁeld.
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Fig. 9. Stratigraphy and lithofacies distribution in the Tuoyunduke (left) and Qimugen (right) sections. The color of the lithologic column represents the rock color in
the ﬁeld.

implies that the Tarim Basin passed from the cratonic-basin stage to a
foreland-basin stage. The onset of tectonic activity would also explain
the discrepancies observed between global sea level and the Tarim Sea
paleowater-depth curve in the late Paleocene-early Eocene. Tectonic
subsidence increasing throughout the Ypresian and Priabonian, and yet
the paleowater-depth and global-sea-level curves were reconciled, indicating that a new equilibrium was reached between tectonic and
eustatic controls.
Climate, eustasy and tectonic activity all aﬀected the last large-scale
regression of the Tarim Sea around 41 Ma (Bosboom et al., 2011,
2014a, 2014b; Carrapa et al., 2015; Sun et al., 2016a, 2016b), therefore, it is diﬃcult to assess the relative incidence of each process controlling sea retreat at that time. One important piece of evidence is
presented by subsidence analysis of the Tarim and Tajik basins (Yin
et al., 2002; Carrapa et al., 2015), which support primary tectonic
control. In their model, they ascribed rapid subsidence since 41 Ma to
the beginning of northward indentation and topographic uplift of the
Pamir (Fig. 6), not fully considering the fact that orogenic growth was
slow during this initial stage. Subsidence rates and sediment accumulation in many foreland basin are typically low initially, then followed
by an abruptly increase, and slow down again in the latest stage. These
trends can be ascribed to changes in depositional setting with time from
distal, to proximal depozones (DeCelles and Giles, 1996; Xie and Heller,
2009).
Sandstone petrography reveals that typical signatures of orogenic
provenance are documented since at least 46 Ma in the Tarim Basin and
since at least 41 Ma in the Tajik Basin (Yin et al., 2002; Carrapa et al.,
2015). Foreland-basin birth thus initiated before ~46 Ma, which is

7.3.2. Middle Paleocene-Eocene
The reconstructed paleowater-depth curve for the Selandian to
middle Ypresian Tarim Sea, instead, diﬀers markedly from the global
sea level curve (Fig. 12). Global sea level is inferred to have risen
gradually since the Selandian, reaching maximum in the middle Ypresian (Miller et al., 2005; Kominz et al., 2008). The third transgression of
the Tarim Sea, however, took place in the late Thanetian-early Ypresian, notably earlier than the early Eocene climatic optimum when
global sea level reached its Cenozoic peak (50–52 Ma; Zachos et al.,
2001). The fourth regression of the Tarim Basin, therefore, was taking
place during the early Eocene climatic optimum, out of phase with the
eustatic curve.
During the late Ypresian to Bartonian, the reconstructed paleowater-depth curve is reconciled again with the global sea level curve
(Fig. 12). Global sea level is thought to have remained high until it
began to drop gradually at the beginning of the late Ypresian, declining
rapidly until the end of the Lutetian (Miller et al., 2005; Kominz et al.,
2008). After a short-term sea-level rise at the end of the Bartonian
(41.3–38.0 Ma), global sea level declined again until the end of the
Eocene, which corresponds to the fourth and ﬁfth transgressive-regressive cycles recorded between the late Ypresian and the Bartonian in
the Tarim Sea.
The calculated tectonic-subsidence rates started to increase at the
beginning of the Selandian (~62 Ma, Figs. 6, 12), when the slope of the
curve became convex-upward. These characteristics are consistent with
ﬂexural subsidence, held to be the typical process of foreland-basin
formation (Xie and Heller, 2009; Miall, 2010; Busby and Pérez, 2011).
Such an inferred change from thermal subsidence to ﬂexural subsidence
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scenario leads us to notice that this tectonic episode was taking place at
the same time when initial collision between the Indian and Asian
continental margins began along the southern margin of the Tibetan
Plateau (Hu et al., 2012a, 2015; DeCelles et al., 2014). This temporal
coincidence makes it well plausible that tectonic uplift to the northwest
of the West Kunlun range and onset of compression and shortening of
Tibetan crust resulted from collision onset between the Asian and Indian continents in the middle Paleocene.

coherent with northward deformation and indentation starting in the
Paleocene.
7.4. The Selandian dry event in the Tarim Basin
The transition from coast-plain sedimentation documented by the
Tuyiluoke Formation to restricted-bay sedimentation testiﬁed by the
Aertashi Formation marks the beginning of the third transgression
(~62 Ma) of the Tarim Sea. Diﬀerently from the other four transgressive events, this one led to widespread accumulation of up to > 200 m
of gypsum (LF4) between west of Kashgar and east of Hotan, with few
limestone or terrigenous interlayers (Fig. 13). The third transgression
thus recorded unique paleogeographic conditions. Thick evaporitic
basin-ﬁlls generally result from tectonic isolation of parts of the Earth's
surface from the direct inﬂux of ocean waters (Kendall, 1996; Warren,
2016). Accumulation of thick gypsum layers (LF4) throughout the
western part of the Tarim Basin took place while thick cobble conglomerates (LF1) were deposited to the northwest of the West Kunlun
range in northeastern Pamir. Cobble conglomerates exposed in the
Akqiy section are proximal braided-river deposits similar to the 420 mthick conglomerates described in the Wuyitake section by Tang et al.
(1992), Bershaw et al. (2012), and Sun and Jiang (2013). The sudden
inﬂux of coarse conglomerates is generally interpreted as a hallmark of
tectonic activity (Decelles et al., 2010; Busby and Pérez, 2011). We thus
infer that tectonic activity, documented in northeastern Pamir at this
time, was responsible for the isolation of the Tarim Basin and only
limited exchange of seawater with the Tethys in the west.
Placing these observations within a broader paleogeographic

8. Conclusions
Stratigraphic study and facies types analysis of the Lower
Cretaceous-Eocene succession of the western Tarim Basin leads us to
draw the following main conclusions:
(1) The tuﬀ layer of the Qimugen Formation in the Qimugen section
was dated as 57.58 ± 0.49 Ma by LA-ICPMS based on 30 zircon
grains. This is to the best of our knowledge the only direct U-Pb age
control on tuﬀ layers from Cretaceous-Palaeogene strata in the
Tarim basin. This age constrains the age of the transition between
thick gypsum of the Aertashi Formation and inner-shelf limestones
of the Qimugen Formation as ~59 Ma.
(2) The deﬁnition of 17 lithofacies grouped in six sedimentary facies
from the six stratigraphic sections studied in the Tarim basin allows
to identify ﬁve transgressions and regressions of the Tarim Sea. Our
data show that middle-ramp and inner-ramp facies characterize
transgressions, whereas coastal-plain, lacustrine, and braided-river
facies characterize regressions. The Tarim Sea waned but did not
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Fig. 11. Paleogeographic evolution of the western Tarim Basin during the Late Cretaceous-Eocene. Paleolatitude from Burtman (2000). Supporting stratigraphic data
after Compiling Group for Xinjiang Regional Stratigraphic Chart (1981), Tang et al. (1989, 1992), Zhang and Zhan (1991), Burtman (2000), Bosboom et al. (2011,
2014a, 2014b), Bershaw et al. (2012), Yang et al. (2013), and Xi et al. (2015).

started to be aﬀected by regional tectonic activity. The estimated
paleowater-depth is not consistent with the global sea-level curve
between the Selandian and the middle Ypresian, but the two trends
are reconciled again since the late Ypresian. This suggests that
tectonic control began in the Selandian and reached a new equilibrium with eustatism not earlier than the late Ypresian.
(5) Thick widespread gypsum layers were deposited in the western
Tarim Basin during the middle Paleocene (Selandian), documenting
a restricted connection between the Tarim Sea and the Tethys
seaway to the west. Such a timing coincides with the onset of the
India-Asia continental initial collision, which thus represents a
plausible cause for the onset of crustal shortening beneath Tibet and
uplift of the West Kunlun range in the northeastern Pamir.
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completely withdraw from the Tarim Basin during Late Cretaceous
to early Paleocene regressions, whereas it disappeared completely
from the region during late Paleocene to Eocene regressions. Water
depths reached only ~15 m at mostly during the minor second
transgression, but a maximum of ~70 m during the major third
transgression.
(3) During the Late Cretaceous to early Paleocene, the western Tarim
Basin was part of a stable cratonic setting, and paleowater-depth in
the Tarim Sea was mainly controlled by eustatic changes. The paleowater-depth curve reconstructed in the present study shows an
overall similarity with the global sea-level curve.
(4) Tectonic subsidence increased and a foreland basin was established
since the middle Paleocene (~62 Ma), when paleowater-depth
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Fig. 12. Comparison among the reconstructed paleowater-depth curve for the Tarim Sea, the tectonic-subsidence curve for the Tarim Basin, and the global sea-level
curve of Miller et al. (2005).

Fig. 13. Thickness and distribution of gypsum deposits of the Selandian Aertashi Formation in the western Tarim Basin. Paleolatitude of sections after Burtman
(2000). Gypsum isopachs based on surface and borehole data after Tang et al. (1992), Zhang et al. (2015a), and Zhang et al. (2015b).
108

Palaeogeography, Palaeoclimatology, Palaeoecology 501 (2018) 92–110

S. Zhang et al.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.palaeo.2018.04.008.

Palaeoecol. 456, 1–20.
Hao, Y., Guo, X., Ye, L., Yao, P., Fu, D., Li, H., Ruan, P., Wang, D., 2001. The Boundary
between the Marine Cretaceous and Tertiary in the Southwest Tarim Basin.
Geological Publishing House, Beijing, Beijing.
Haq, B.U., 2014. Cretaceous eustasy revisited. Glob. Planet. Chang. 113, 44–58.
Haq, B.U., Hardenbol, J., Vail, P.R., 1987. Chronology of ﬂuctuating sea levels since the
Triassic. Science 235, 1156–1167.
He, C., 1991. Late Cretaceous–Early Tertiary Microphytoplankton from the Western
Tarim Basin in Southern Xinjiang, China. Chinese Science Publishing House, Beijing.
Hillgartner, H., Van Buchem, F.S.P., Gaumet, F., Razin, P., Pittet, B., Grotsch, J., Droste,
H., 2003. The Barremian-Aptian evolution of the eastern Arabian carbonate platform
margin (Northern Oman). J. Sediment. Res. 73, 756–773.
Hu, X., Sinclair, H.D., Wang, J., Jiang, H., Wu, F., 2012a. Late cretaceous-palaeogene
stratigraphic and basin evolution in the Zhepure Mountain of southern Tibet: implications for the timing of India-Asia initial collision. Basin Res. 24, 520–543.
Hu, X., Wagreich, M., Yilmaz, I.O., 2012b. Marine rapid environmental/climatic change
in the cretaceous greenhouse world. Cretac. Res. 38, 1–6.
Hu, X., Garzanti, E., Moore, T., Raﬃ, I., 2015. Direct stratigraphic dating of India-Asia
collision onset at the Selandian (middle Paleocene, 59 ± 1 Ma). Geology 43,
859–862.
Hu, X., Wang, J., An, W., Garzanti, E., Li, J., 2017. Constraining the timing of the IndiaAsia continental collision by the sedimentary record. Sci. China Earth Sci. 60,
603–625.
Jackson, S.E., Pearson, N.J., Griﬃn, W.L., Belousova, E.A., 2004. The application of laser
ablation-inductively coupled plasma-mass spectrometry to in situ U–Pb zircon geochronology. Chem. Geol. 211, 47–69.
Jiang, X.D., Li, Z.X., 2014. Seismic reﬂection data support episodic and simultaneous
growth of the Tibetan plateau since 25 Myr. Nat. Commun. 5, 5453.
Kendall, A.C., 1996. Marine evaporites: arid shorelines and basins. In: Sedimentary
Environments: Processes, Facies and Stratigraphy, pp. 281–324.
Kominz, M.A., Browning, J., Miller, K., Sugarman, P., Mizintseva, S., Scotese, C., 2008.
Late cretaceous to miocene sea-level estimates from the New Jersey and Delaware
coastal plain coreholes: an error analysis. Basin Res. 20, 211–226.
Lan, X., Wei, J., 1995. Late Cretaceous–Early Tertiary Marine Bivalve Fauna from the
Western Tarim Basin. Chinese Science Publishing House, Beijing.
Leith, W., 1985. A mid-Mesozoic extension across Central Asia. Nature 313, 567–570.
Li, G., Pettke, T., Chen, J., 2011. Increasing Nd isotopic ratio of Asian dust indicates
progressive uplift of the north Tibetan Plateau since the middle Miocene. Geology 39,
199–202.
Licht, A., Van Cappelle, M., Abels, H., Ladant, J.-B., Trabucho-Alexandre, J., FranceLanord, C., Donnadieu, Y., Vandenberghe, J., Rigaudier, T., Lécuyer, C., 2014. Asian
monsoons in a late Eocene greenhouse world. Nature 513, 501–506.
Lodeiros, C., Martín, A., Francisco, V., Noriega, N., Díaz, Y., Reyes, J., Aguilera, O., Alió,
J., 2013. Echinoderms from Venezuela: scientiﬁc recount, diversity and distribution.
In: Echinoderm Research and Diversity in Latin America. Springer, pp. 235–275.
Mao, S., Norris, G., 1988. Late Cretaceous-Early Tertiary Dinoﬂagellates and Acritarchs
from the Kashi Area, Tarim Basin. Royal Ontario Museum, Xinjiang Province, China.
Matte, P., Tapponnier, P., Arnaud, N., Bourjot, L., Avouac, J.P., Vidal, P., Qing, L., Pan,
Y.S., Yi, W., 1996. Tectonics of Western Tibet, between the Tarim and the Indus.
Earth Planet. Sci. Lett. 142, 311.
Miall, A., 2010. The Geology of Stratigraphic Sequences. Springer Science & Business
Media.
Miller, K.G., Kominz, M.A., Browning, J.V., Wright, J.D., Mountain, G.S., Katz, M.E.,
Sugarman, P.J., Cramer, B.S., Christie-Blick, N., Pekar, S.F., 2005. The phanerozoic
record of global sea-level change. Science 310, 1293–1298.
Mount, J., 1984. Mixing of siliciclastic and carbonate sediments in shallow shelf environments. Geology 12, 432–435.
Mount, J., 1985. Mixed siliciclastic and carbonate sediments: a proposed ﬁrst-order textural and compositional classiﬁcation. Sedimentology 32, 435–442.
Navarro-Ramirez, J., Bodin, S., Consorti, L., Immenhauser, A., 2017. Response of western
South American epeiric-neritic ecosystem to middle cretaceous oceanic anoxic
events. Cretac. Res. 75, 61–80.
Pan, H., Yang, S., Sun, D., 1991. Late Cretaceous - Early Tertiary Gastropods, Sea Urchin,
and Brachiopod from the Western Tarim Basin in Southwestern Xinjiang, China.
Chinese Science Publishing House, Beijing.
Pan, G., Ding, J., Yao, D., Wang, L., 2004. Geological Map of the Qinghai-Xizang (Tibet)
Plateau and Adjacent Areas, with Guidebook.
Purser, B.H., 1973. The Persian Gulf: Holocene Carbonate Sedimentation and Diagenesis
in a Shallow Epicontinental Sea. Springer.
Ramstein, G., Fluteau, F., Besse, J., Joussaume, S., 1997. Eﬀect of orogeny, plate motion
and land-sea distribution on Eurasian climate change over the past 30 million years.
Nature 386, 788–795.
Reading, H.G., Collinson, J.D., 1996. Clastic Coasts. pp. 154–231.
Scholle, P.A., Spearing, D., 1982. Sandstone Depositional Environments: AAPG Memoir
31. AAPG.
Scholle, P.A., Ulmer-Scholle, D.S., 2003. A Color Guide to the Petrography of Carbonate
Rocks: Grains, Textures, Porosity, Diagenesis, AAPG Memoir 77. AAPG.
Scholle, P., Bebout, D., Moore, C., 1983. Carbonate Depositional Environments. American
Association of Petroleum Geologists.
Schreiber, B.C., Friedman, G.M., Decima, A., Schreiber, E., 1976. Depositional environments of Upper Miocene (Messinian) evaporite deposits of the Sicilian Basin.
Sedimentology 23, 729–760.
Sciunnach, D., Garzanti, E., 2012. Subsidence history of the Tethys Himalaya. Earth Sci.
Rev. 111, 179–198.

Acknowledgments
This work beneﬁted from discussions with Yani Najman, Gaoyuan
Sun and Anlin Ma. We thank Gaoyuan Sun, Yongxiang Li, Boxing
Zhang, Shixin Qin, and Waili Mahemuti for their assistance in the ﬁeld,
and Yiwei Xu for his help in the laboratory. We are deeply grateful to
the editor Thierry Correge, Jimin Sun and two anonymous reviewers for
their constructive and helpful suggestions. This study was ﬁnancially
supported by the National Natural Science Foundation of China (NSFC)
International Exchanges Scheme (41511130067) and the NSFC for
Distinguished Young Scholar (41525007). This is a contribution to
IGCP609.
References
Allen, A.P., Allen, R.J., 2005. In: Second Edition (Ed.), Basin Analysis: Principles and
Applications. Blackwell Pub.
Alsharhan, 1995. Facies variation, diagenesis, and exploration potential of the cretaceous
rudist-bearing carbonates of the Arabian Gulf. AAPG Bull. 79, 531–550.
Amorosi, A., 1997. Detecting compositional, spatial, and temporal attributes of glaucony:
a tool for provenance research. Sediment. Geol. 109, 135–153.
Bershaw, J., Garzione, C.N., Schoenbohm, L., Gehrels, G., Tao, L., 2012. Cenozoic evolution of the Pamir plateau based on stratigraphy, zircon provenance, and stable
isotopes of foreland basin sediments at Oytag (Wuyitake) in the Tarim Basin (west
China). J. Asian Earth Sci. 44, 136–148.
Bosboom, R.E., Dupont-Nivet, G., Houben, A.J.P., Brinkhuis, H., Villa, G., Mandic, O.,
Stoica, M., Zachariasse, W.J., Guo, Z.J., Li, C.X., Krijgsman, W., 2011. Late Eocene sea
retreat from the Tarim Basin (west China) and concomitant Asian paleoenvironmental change. Palaeogeogr. Palaeoclimatol. Palaeoecol. 299, 385–398.
Bosboom, R., Dupont-Nivet, G., Grothe, A., Brinkhuis, H., Villa, G., Mandic, O., Stoica, M.,
Huang, W., Yang, W., Guo, Z., Krijgsman, W., 2014a. Linking Tarim Basin sea retreat
(west China) and Asian aridiﬁcation in the late Eocene. Basin Res. 26, 621–640.
Bosboom, R., Dupont-Nivet, G., Grothe, A., Brinkhuis, H., Villa, G., Mandic, O., Stoica, M.,
Kouwenhoven, T., Huang, W.T., Yang, W., Guo, Z.J., 2014b. Timing, cause and impact of the late Eocene stepwise sea retreat from the Tarim Basin (west China).
Palaeogeogr. Palaeoclimatol. Palaeoecol. 403, 101–118.
Bougeois, L., Rafélis, M.D., Reichart, G.J., Nooijer, L.J.D., Nicollin, F., Dupont-Nivet, G.,
2014. A high resolution study of trace elements and stable isotopes in oyster shells to
estimate Central Asian Middle Eocene seasonality. Chem. Geol. 363, 200–212.
Burtman, V.S., 2000. Cenozoic crustal shortening between the Pamir and Tien Shan and a
reconstruction of the Pamir-Tien Shan transition zone for the Cretaceous and
Palaeogene. Tectonophysics 319, 69–92.
Busby, C., Pérez, A.A., 2011. Tectonics of Sedimentary Basins: Recent Advances. John
Wiley & Sons.
Carrapa, B., DeCelles, P.G., Wang, X., Clementz, M.T., Mancin, N., Stoica, M., Kraatz, B.,
Meng, J., Abdulov, S., Chen, F., 2015. Tectono-climatic implications of Eocene
Paratethys regression in the Tajik basin of central Asia. Earth Planet. Sci. Lett. 424,
168–178.
Cloetingh, S., Haq, B.U., 2015. Sea level change. Inherited landscapes and sea level
change. Science 347, 1258375.
Compiling Group for Xinjiang Regional Stratigraphic Chart, 1981. Regional Stratigraphic
Chart of Northwestern China, Branch of Xinjiang Uygur Autonomous Region.
Geological Publishing House, Beijing.
Cowgill, E., 2009. Cenozoic right-slip faulting along the eastern margin of the Pamir
salient, northwestern China. Geol. Soc. Am. Bull. 122, 145–161.
Davies, R.B., Casey, D.M., Horbury, A.D., Sharland, P.M., Simmons, M.D., 2002. Early to
mid-cretaceous mixed carbonate-clastic shelfal systems: examples, issues and models
from the Arabian plate. Geoarabia-Manama 7, 541–598.
DeCelles, P.G., Giles, K.A., 1996. Foreland basin systems. Basin Res. 8, 105–123.
Decelles, P.G., Gray, M.B., Ridgway, K.D., Cole, R.B., Pivnik, D.A., Pequera, N.,
Srivastava, P., 2010. Controls on synorogenic alluvial-fan architecture, beartooth
conglomerate (palaeocene), Wyoming and Montana. Sedimentology 38, 567–590.
DeCelles, P., Kapp, P., Gehrels, G., Ding, L., 2014. Paleocene-Eocene foreland basin
evolution in the Himalaya of southern Tibet and Nepal: implications for the age of
initial India-Asia collision. Tectonics 33, 824–849.
Dunham, R.J., 1962. Classiﬁcation of carbonate rocks according to depositional textures.
AAPG Mem. 1, 108–121.
Embry, A.F., Klovan, J.E., 1971. A late Devonian reef tract on northeastern Banks Island,
NWT. Bull. Can. Petrol. Geol. 19, 730–781.
Flügel, E., 2004. Microfacies of Carbonate Rocks: Analysis, Interpretation and
Application. Springer Science & Business Media.
Garzanti, E., 1991. Non-carbonate intrabasinal grains in arenites: their recognition, signiﬁcance, and relationship to eustatic cycles and tectonic setting. J. Sediment.
Res. 61.
Han, Z., Hu, X., Li, J., Garzanti, E., 2016. Jurassic carbonate microfacies and relative sealevel changes in the Tethys Himalaya (southern Tibet). Palaeogeogr. Palaeoclimatol.

109

Palaeogeography, Palaeoclimatology, Palaeoecology 501 (2018) 92–110

S. Zhang et al.

Yang, H.-Q., Shen, J.-W., Yang, H.-J., Zhang, L.-J., Li, M., Wang, J.-P., 2013. Mixed
carbonate-clastic facies in the Eocene Kalatar formation of the southwest Tarim Basin
(NW China): tectonic and climatic controls. Facies 60, 111–131.
Yin, A., Rumelhart, P.E., Butler, R., Cowgill, E., Harrison, T.M., Foster, D.A., Ingersoll,
R.V., Qing, Z., Xianqiang, Z., Xiaofeng, W., 2002. Tectonic history of the Altyn Tagh
fault system in northern Tibet inferred from Cenozoic sedimentation. Geol. Soc. Am.
Bull. 114, 1257–1295.
Yong, T., Shan, J., 1986. The development and formation in the Tarim bay in
Cretaceous–Paleogene ages. Acta Sedimentol. Sin. 4, 67–75.
Zachos, J., Pagani, M., Sloan, L., Thomas, E., Billups, K., 2001. Trends, rhythms, and
aberrations in global climate 65 Ma to present. Science 292, 686–693.
Zhang, Y., Zhan, J., 1991. Late Cretaceous and Early Tertiary Spores and Pollen from the
Western Tarim Basin, Southern Xinjiang, China. Chinese Science Publishing House,
Beijing.
Zhang, Z., Wang, H., Guo, Z., Jiang, D., 2007. What triggers the transition of palaeoenvironmental patterns in China, the Tibetan Plateau uplift or the Paratethys Sea
retreat? Palaeogeogr. Palaeoclimatol. Palaeoecol. 245, 317–331.
Zhang, H., Liu, C., Jiao, P., Cao, Y., Han, E., 2015a. A tentative discussion on the time and
the way of marine regression from Tarim Bay during the Cenozoic. Acta Geol. Sin. 89,
2028–2035.
Zhang, L., Han, E., Zhu, L., Zeng, M., Fan, Q., Wu, K., Cao, Y., Jiao, P., 2015b.
Characteristics of evaporites sedimentary circles and its controlling factors of paleocene Aertashi formation in the southwestern Tarim depression. Acta Geol. Sin. 89,
2161–2170.
Zheng, H., Mcaulay Powell, C., An, Z., Zhou, J., Dong, G., 2000. Pliocene uplift of the
northern Tibetan Plateau. Geology 28, 715.
Zheng, H., Wei, X., Tada, R., Clift, P.D., Wang, B., Jourdan, F., Wang, P., He, M., 2015.
Late Oligocene-early Miocene birth of the Taklimakan Desert. Proc. Natl. Acad. Sci.
U. S. A. 112, 7662–7667.
Zhong, S., 1992. Calcareous Nannofossils from the Upper Cretaceous and Lower Tertiary
in the Western Tarim Basin, South Xinjiang, China. Chinese Science Publishing
House, Beijing.
Zhou, Z., 2001. Stratigraphy of the Tarim Basin. Chinese Science Publishing House,
Beijing.

Shinn, E.A., 1983. Birdseyes, fenestrae, shrinkage pores, and loferites: a reevaluation. J.
Sediment. Res. 53, 619–628.
Sobel, E.R., Dumitru, T.A., 1997. Thrusting and exhumation around the margins of the
western Tarim basin during the India-Asia collision. J. Geophys. Res. Solid Earth 102,
5043–5063.
Sobel, E.R., 1999. Basin analysis of the Jurassic-Lower Cretaceous southwest Tarim basin,
northwest China. Geol. Soc. Am. Bull. 111, 709–724.
Sun, J.M., Jiang, M.S., 2013. Eocene seawater retreat from the southwest Tarim Basin and
implications for early Cenozoic tectonic evolution in the Pamir Plateau.
Tectonophysics 588, 27–38.
Sun, J.M., Windley, B.F., Zhang, Z., Fu, B., Li, S., 2016a. Diachronous seawater retreat
from the southwestern margin of the Tarim Basin in the late Eocene. J. Asian Earth
Sci. 116, 222–231.
Sun, J.M., Xiao, W.J., Windley, B.F., Ji, W.Q., Fu, B.H., Wang, J.G., Jin, C.S., 2016b.
Provenance change of sediment input in the northeastern foreland of Pamir related to
collision of the Indian plate with the Kohistan-Ladakh arc at around 47 Ma. Tectonics
35, 315–338.
Tang, T., Yang, H., Lan, X., Yu, C., Xue, Y., Zhang, Y., Hu, L., Zhong, S., Wei, J., 1989.
Marine Late Cretaceous and Early Tertiary Stratigraphy and Petroleum Geology in
Western Tarim Basin, China. Chinese Science Publishing House, Beijing.
Tang, T., Xue, Y., Yu, C., 1992. Marine Sedimentary Characteristics and Environments
from Late Cretaceous to Early Tertiary in the West Part of Tarim Basin of Xinjiang.
Chinese Science Publishing House, Beijing.
Tucker, M.E., Wright, V.P., 2009. Carbonate Sedimentology. John Wiley & Sons.
Van der Zwaan, G., Jorissen, F., De Stigter, H., 1990. The depth dependency of planktonic/benthic foraminiferal ratios: constraints and applications. Mar. Geol. 95, 1–16.
Wang, E., Wan, J., Liu, J., 2003. Late Cenozoic geological evolution of the foreland basin
bordering the West Kunlun range in Pulu area: constraints on timing of uplift of
northern margin of the Tibetan Plateau. J. Geophys. Res. Solid Earth 108.
Warren, J.K., 2016. Evaporites: a Geological Compendium. Springer.
Xi, D., Cao, W., Cheng, Y., Jiang, T., Jia, J., Li, Y., Wan, X., 2015. Late cretaceous biostratigraphy and sea-level change in the southwest Tarim Basin. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 441, 516–527.
Xie, X., Heller, P.L., 2009. Plate tectonics and basin subsidence history. Geol. Soc. Am.
Bull. 121, 55–64.

110

