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Abstract The timing and mechanisms of the Cretaceous sea incursions into Central Asia are still poorly
constrained. We provide a new chronostratigraphic framework based on biostratigraphy and
magnetostratigraphy together with detailed paleoenvironmental analyses of Cretaceous records of the
proto-Paratethys Sea fluctuations in the Tajik and Tarim basins. The Early Cretaceous marine incursion in
the western Tajik Basin was followed by major marine incursions during the Cenomanian (ca. 100 Ma) and
Santonian (ca. 86 Ma) that reached far into the eastern Tajik and Tarim basins. These marine incursions
were separated by a Turonian-Coniacian (ca. 92-86 Ma) regression. Basin-wide tectonic subsidence analyses
imply that the Early Cretaceous sea incursion into the Tajik Basin was related to increased Pamir tectonism.
We find that thrusting along the northern edge of the Pamir at ca. 130-90 Ma resulted in increased
subsidence in a retro-arc basin setting. This tectonic event and coeval eustatic highstand resulted in the
maximum observed geographic extent of the sea during the Cenomanian (ca. 100 Ma). The following
Turonian-Coniacian (ca. 92-86 Ma) major regression, driven by eustasy, coincides with a sharp slowdown in
tectonic subsidence during the late orogenic unloading period with limited thrusting. The Santonian (ca.
86 Ma) major sea incursion was likely controlled by eustasy as evidenced by the coeval fluctuations in the
west Siberian Basin. An early Maastrichtian cooling (ca. 71-70 Ma), potentially connected to global Late
Cretaceous trends, is inferred from the replacement of mollusk-rich limestones by bryozoan- and
echinoderm-rich limestones.

1. Introduction

The proto-Paratethys Sea was a shallow epicontinental sea that extended across Eurasia from the
Mediterranean Tethys to China. The proto-Paratethys sea incursions occurred during the Cretaceous and
Paleogene until its drastic retreat during the late Eocene, followed by its isolation as the Paratethys during
the Oligocene and Miocene (e.g., Kaya et al., 2019; Naidin et al., 1980; Popov et al., 2004). The fluctuations
of this sea across Eurasia have not only shaped Asian paleoenvironments but also provide a valuable record
of Asian tectonism and eustatism (e.g., Bosboom et al., 2017, 2014; Carrapa et al., 2015; Hendrix et al., 1992;
Kaya et al., 2019; Ramstein et al., 1997; Sun et al., 2016; Wang et al., 2019). We focus here on the onset and
early history of these fluctuations during the Cretaceous and Early Paleogene because the timing and drivers
of the sea incursions into Central Asia still remain unclear. This ambiguity can be attributed to the lack of
consensus on the extent, timing, and depositional environments of the sea incursions despite numerous pre-
vious studies (e.g., Guo et al., 2015; Hao & Zeng, 1984; Hao et al., 1988; He, 1991; Lan & Wei, 1995; Mao &
Norris, 1988; Naidin et al., 1980; Pan, 1991; Pojarkova, 1984; Sobel, 1995; Sun, 1991; Tang, Xue, et al., 1992,
1989; Wang et al., 1990; Wang et al., 2014; Xi et al., 2016; Yang, 1991; Yang et al., 1983, 1995; Zhang, 1992).
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These studies propose different interpretations on the age, importance, and even the number of the sea
incursions across Central Asia (e.g., Guo, 1991; Hao et al., 1988). These differences may result from the spa-
tially limited observations and from published biostratigraphic ages relatively low in resolution, often based
on the benthic fossils carrying significant uncertainty. Recently published reviews of regional geology and
radiochronological ages result in contrasting interpretations on the timing of the sea incursions (e.g.,
Chapman et al., 2019; Xi et al., 2019, and references therein). The lack of higher-resolution age constraints
and comprehensive paleogeographic reconstructions implies that the controlling factors for the Cretaceous
sea incursions and their potential consequences on Asian environments remain unresolved.

It is often suggested that the Cretaceous transgressions and regressions in the Tajik and Tarim basins were
controlled by global sea level fluctuations (Guo et al., 2015; Naidin et al., 1980; Sobel, 1995; Wang et al., 2014;
Xietal., 2016). Yet three prominent geodynamic events, while distant to the south, are usually considered to
have governed the Cretaceous subsidence of the Tajik and Tarim basins. As a consequence, it is likely also
far-field tectonics influenced the Cretaceous sea incursions. The geodynamic events include (1) the collision
of the Lhasa and Qiangtang blocks (e.g., Hendrix et al., 1992; Jolivet, 2017; Sobel, 1999), (2) the collision of
the Central Afghan blocks with the southern Eurasian margin (e.g., Montenat, 2009; Tapponnier et al., 1981),
and (3) the Kohistan-Ladakh-Eurasia collisions (e.g., Aminov et al., 2017; Bouilhol et al., 2013). These events
are important to understand the India-Asia collision, Pamir-Tibetan orogeny, and associated deformation in
Central Asia in the form of reactivation of inherited crustal and lithospheric structures (Jolivet, 2017;
Robinson, 2015). Better understanding of interactions between these geodynamic mechanisms and basin
formation are also required to differentiate tectonic from climatic and eustatic signals recorded in the sedi-
mentary rocks.

The Cretaceous marine record from the Tajik Basin, yet poorly dated and documented, is exceptionally well
preserved and exposed, providing an excellent opportunity to assess marine fluctuations and their connec-
tions to global climate events. In particular, the early Late Cretaceous period (late Cenomanian-early
Turonian, ca. 95-90 Ma) witnessed one of the warmest climates of the past 140 million years followed
by a transition to significant global cooling spanning from the late Turonian to the Maastrichtian, ca.
90-66 Ma (Linnert et al., 2014). These multimillion-year global temperature fluctuations in ice-free condi-
tions are generally thought to be driven by a combination of pCO, and ocean gateway evolutions (Clarke
& Jenkyns, 1999; Friedrich et al., 2012; Linnert et al., 2014; Miller et al., 2005). Short-lived (<1 Ma)
Oceanic Anoxic Events (OAEs) associated with episodes of organic carbon burial characterized by the wide-
spread deposition of black shales were also documented in a variety of marine settings under the warm cli-
mate of the Aptian-Turonian (ca. 125-90 Ma) (e.g., Schlanger & Jenkyns, 1976). The thick, mollusk- and
bryozoa-rich Late Cretaceous carbonate deposits of the Tajik Basin are excellent candidates for the examina-
tion of these global climate events. These carbonate-producing organisms react sensitively to changes in the
environment (e.g., water depth, light intensity, nutrient input, water temperature, and hydrodynamic
energy), and neritic carbonates can hence be used as excellent proxies to reveal environmental changes
(e.g., Jaramillo-Vogel et al., 2013; Pomar et al., 2004).

To better understand the timing, cause, and effect of the proto-Paratethys sea fluctuations across Central
Asia during Cretaceous time, we studied a suite of sedimentary sections throughout the Tajik and Tarim
basins. We analyzed the depositional environments and their evolution to interpret the marine transgres-
sions and regressions and developed an improved regional stratigraphic framework using new biostrati-
graphic and magnetostratigraphic constraints. The comparison of regional environmental records to
established geodynamic/tectonic and global climate events allowed us to discuss the controlling mechan-
isms behind the sea incursions in the proto-Paratethys sedimentary records.

2. Geological Setting
2.1. Tectonic Setting

The Tajik and Tarim basins are parts of continental fragments successively accreted to each other along a
system of sutures mainly related to the Cimmeride and Alpide orogenies (e.g., Robinson, 2015;
Sengor, 1984) (Figure 1). The Mesozoic Tajik basin has been interpreted differently as a (1) foreland basin
(Chapman et al., 2019; Hamburger et al., 1992; Sengdr, 1984), (2) cratonic basin (Burtman, 2000; Burtman
& Molnar, 1993; Nikolaev, 2002), (3) passive margin (Leith, 1985), or (4) back-arc basin (Tapponnier
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Figure 1. Locations of the studied sections in the Tarim (MI: Mine; KL1: Ka Latale 1; KL2: Ka Latale 2; KZG:
Kuzigongsu; KZ: Kezi) and Tajik (NRK: Nurek; KRJ: Khirmanjo) basins on a schematic geologic map with major
tectonic domains (shaded in gray) within the Pamir and western Tibetan Plateau in Central Asia (modified from Carrapa
et al., 2015, and Cowgill, 2010). Locations of the two sections, 3/34 and 10/43 from Burtman (2000) on which subsidence
analysis was performed for the west and central Tajik Basin, are also shown.

etal., 1981; Thomas et al., 1999), whereas the Mesozoic Tarim Basin has been mostly explained as a foreland
basin (Hefu, 1986; Hendrix et al., 1992; Watson et al., 1987).

The Pamir separates the Tajik and Tarim basins and forms the western extension of the Tibetan Plateau in
an arcuate convex salient (Figure 1). It has generally been divided into three tectonic domains: the North
Pamir, Central Pamir, and South Pamir (e.g., Burtman & Molnar, 1993) (Figure 1). The North Pamir is com-
posed of mainly Paleozoic and Triassic (meta)sedimentary and metavolcanic rocks intruded by
Triassic-Jurassic granitoids (Schwab et al., 2004). The Central Pamir consists of Paleozoic, Mesozoic
(Triassic, Jurassic, and Cretaceous), and Cenozoic (Oligocene) (meta)sedimentary rocks; gneiss domes of
various protolith types and ages (He et al., 2019; Schwab et al., 2004); and Late Cretaceous, Eocene, and
Miocene igneous rocks (Chapman, Scoggin, et al., 2018). The South Pamir is composed of Paleozoic,
Triassic, and Jurassic (meta)sedimentary rocks affected by Cretaceous and Cenozoic magmatism and meta-
morphism (Schwab et al., 2004). To the south, the Karakoram block consists of deep crustal metamorphics,
Cretaceous to Cenozoic intrusive and sedimentary rocks, and the Kohistan-Ladakh block comprises predo-
minantly Cretaceous oceanic island arc rocks (e.g., Blayney et al., 2016). The complex tectonic evolution of
the Pamir has been discussed in many studies with several proposed processes such as slab rollback, subduc-
tion erosion, subduction accretion, and marginal slab tear (e.g., Burtman & Molnar, 1993; Hamburger
et al., 1992; Kufner et al., 2016; Replumaz et al., 2010; Sobel et al., 2013). The formation of the arcuate shape
of the Pamir has been interpreted by two end-member models, including the Neogene gradual deformation
and the inherited, preexisting arcuate Pamir that was formed by the successive accretions of
Paleozoic-Mesozoic continental fragments onto southern Eurasia prior to the India-Asia collision
(Blayney et al., 2019; Chen et al., 2018, and references therein).

Before the Paleogene India-Asia collision, several accretionary events might have governed successive regio-
nal tectonic regimes, but the timing of these accretionary events and tectonic regime shifts remain poorly
constrained. The collision of the Lhasa and Qiangtang blocks, represented by the closure of the
Meso-Tethys Ocean, has been controversially dated between middle-late Jurassic and Late Cretaceous
(Bian et al., 2017; Kapp et al., 2007; Ma et al., 2017; Sun et al., 2019; Wang et al., 2016; Yang et al., 2019).
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Diachronous suturing has also been suggested such that the collision between the Lhasa and Qiangtang
blocks appeared earlier in the east during the mid-Jurassic, while initial collision toward the west would
have taken place during the late Early Cretaceous to early Late Cretaceous (Guo et al., 2019; Kapp &
DeCelles, 2019). To the west, in Afghanistan, a Late Jurassic-Early Cretaceous age has been proposed for
the suturing of the Central Afghan blocks to the southern Eurasian margin (e.g., Montenat, 2009;
Otto, 1997; Tapponnier et al., 1981). The collision-age between the Kohistan Arc and the southern margin
of Eurasia is also highly uncertain and estimates range from 100-80 Ma (Aminov et al., 2017; Borneman
et al., 2015; Faisal et al., 2014; Fraser et al., 2001; Robertson & Collins, 2002) to 50-40 Ma (Bouilhol
et al., 2013; Khan et al., 2009).

In addition to the commonly accepted Cenozoic thickening that formed the 90 km thick continental
crust (Rutte, Ratschbacher, Khan, et al., 2017; Rutte, Ratschbacher, Schneider, et al., 2017; Stiibner,
Ratschbacher, Rutte, et al., 2013; Stiibner, Ratschbacher, Weise, et al., 2013), pre-Cenozoic deformation
involving significant Mesozoic upper-crustal shortening and related crustal thickening in the Central and
South Pamir has also been proposed (e.g., Aminov et al., 2017; Robinson, 2015). Late Jurassic and
mid-Cretaceous crustal shortening and thickening in the North Pamir and Karakoram regions to the north
and south of the Central and South Pamir have also been evidenced, suggesting that the Central and South
Pamir were similarly affected by the same deformation events (e.g., He et al., 2019; Imrecke et al., 2019;
Robinson, 2015; Robinson et al., 2004, 2012).

The evolution of the Tian Shan located north of the Tajik and Tarim basins initiated during the
Carboniferous in an ocean subduction-continental accretion complex (Jolivet et al., 2013; Sengor et al., 1993).
Limited activity has been reported in the Cretaceous-Early Paleogene before the major exhumation and
uplift of the Tian Shan during the Oligocene-Miocene (Sobel et al., 2006; Yang et al., 2015).

2.2. Stratigraphic Setting

Jurassic to Paleogene marine, transitional (mixed terrestrial-marine) and terrestrial sedimentary rocks
unconformably overlay the basement in the Tajik Basin. The Jurassic to lower Paleogene rocks, in turn,
are unconformably overlain by upper Paleogene-Neogene synorogenic and postorogenic continental clas-
tics. The Mesozoic-Cenozoic strata have been classified and organized in a complex nomenclature of numer-
ous formations (e.g., Brookfield & Hashmat, 2001; Dzhalilov et al., 1982; Nikolaev, 2002). The Tarim Basin
Precambrian basement is covered by marine and terrestrial Paleozoic carbonates and fine-grained clastics.
The Mesozoic-Cenozoic strata contain terrestrial red clastics and marine carbonates, clastics, and evaporites
(e.g., Klocke et al., 2017; Zhang et al., 2013). Cretaceous successions in the western Tarim Basin have been
classified into groups of formations defined by their predominantly marine or terrestrial depositional envir-
onments. The Lower Cretaceous Kezilesu Group consists of red clastics of conglomerates, sandstones, and
mudstones (Guo et al., 2015). The Upper Cretaceous Yingjisha Group is composed of gray marls, mudstones,
and carbonates of the Kukebai Formation; red gypsiferous mudstones of the Wuyitake Formation; beige,
gray carbonates, and calcareous mudstones of the Yigeziya Formation; and red gypsiferous mudstones of
the Tuyiluoke Formation.

We followed mostly the nomenclature used in Dzhalilov et al. (1982) for the stratigraphy of the Tajik
Basin. To simplify the stratigraphic classification, we established groups for the local formations in
the Tajik Basin based on appropriate geographic names (Table 1). Geographic locations near which
the aggregated local formations are present as complete successions were used for naming. The
Shirabad-Akkapghigai-Luchak-Derbent-Karakuz-Kaligrek-Okuzbulak-Kizyltash-Almurad Karabil forma-
tions were classified together to be the Gashion Group. The Dazgiriak-Talhab-Gazdahana-Tagara-
Karikansai-Tjubegatan formations were aggregated into the Baldzhuvon Group, and the Bulgary-
Udantu-Daralitau-Sarykamish-Kattakamysh-Akrabat-Modun formations were aggregated into the
Argankun Group. A regional correlation across the Tajik and Tarim basins for the Cretaceous deposits
(Table 1) is proposed based on our lithostratigraphic, biostratigraphic, and sequence stratigraphic
interpretationspresented in detail later in this paper, along with a review of existing lithostratigraphic
descriptions, correlations, and nomenclatures (e.g., Dzhalilov et al., 1982). The Kezilesu Group is
correlated to the Gashion Group in the Tajik Basin. The Kukebai Formation is interpreted to be
correlative to the Baldzhuvon Group within the Tajik Basin. The Wuyitake and Yigeziya formations
are correlated to the Muzrabat Formation and the Argankun Group in the Tajik Basin, respectively.
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Table 1

Depositional Ages, Simplified Lithological Descriptions, and Lithostratigraphic Correlations for the Cretaceous Formations and Groups in the Tajik and
Tarim Basins

Tarim .. .
Basin Tajik Basin
. . Chapman
Age Lithology This study D:lhzal;(;\; )et et al.
) (2019)
Formation/Group
Danian- Gypsum and dolomit Aertashi
Selandian ypsu oromtes ertas )
Akdjar
Maastrichtian- Red mudstones with interbeds of red . Bukhara
. . Tuyiluoke
Danian? siltstones, sandstones and gypsum
Bulgary
Limestones, sandy limestones, coquinas, Udantu
Santonian - grey and variegated sandstones, marls, Daralitau Sangoba
Maastricthian mudstones and siltstones bearing Yigeziya Argankun Sarykamish
bivalves, ammonites, echinoderms with Group Kattakamysh
some gypsum interlayers Akrabat
Modun
. Grey mudstones bearing brackish-water L perilie
Late Turonian . g . bolo
. ostracods with interbeds of limestones, | Wuyitake Muzrabat
- Coniacian .
gypsum, red siltstones and sandstones
Grey, dark-grey mudstones bearing D;ﬁgs k
Cenomanian - | ammonites, echinoids and bivalves with
: . . | Baldzhuvon | Gazdahana
Early interbeds of marls, coquinas, Kukebai
s . . Group Tagara
Turonian limestones, sandy limestones, . .
sandstones, siltstones and sum Karikansai
’ &P Tjubegatan
Shirabad
Akkapghigai )
Luchak Schuchi-
poyon
Red terrigenous sandstones and . . DiEibe
Early . . . Kezilesu Gashion Karakuz
siltstones alternating with claystones, .
Cretaceous sum. dolomites and marls Group Group Kaligrek
gypsum, Okuzbulak
Kizyltash
Almurad
Karabil
KAYA ET AL.
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Figure 2. Stratigraphic logs of the Nurek, Khirmanjo, Mine, Ka Latale 1, and Ka Latale 2 sections showing biostratigraphic and magnetostratigraphic correlations
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to the geological time scale (Ogg et al., 2016). The age correlations based on microfossil assemblages are shown by light gray shading corresponding to the
stratigraphic ranges of dinoflagellate cysts and nannofossils. FO = first occurrence of important age-diagnostic biomarker species; LO = last occurrence of
important age-diagnostic biomarker species. Abbreviations: Ae = Aertashi; Kz = Kezilesu; Tylk = Tuyiluoke; Wy = Wuyitake; Ygz = Yigeziya.

The Tuyiluoke Formation is correlated to the red gypsiferous mudstone unit at the base of the Akdjar
Formation in the Tajik Basin. The underlying correlations of the proposed nomenclature are justified in
this study.
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For the Tajik Basin, a different formation nomenclature has been recently proposed by Chapman et al. (2019)
based on their observations and age controls from the Dashtijum section in the southeast Tajik Basin
(Table 1). In detail, they defined the Hasarak-bolo, Schuchi-poyon, Sangoba, and Bukhara formations and
correlated them with the local formations. The local Dazgiriak-Talhab-Gazdahana-Tagara-Karikansai-
Tjubegatan formations are, as described by Dzhalilov et al. (1982), mainly composed of marine strata of gray
mudstones, marls with bivalves and ammonites, coquina limestones, and sandstones. These lithologies are
very different from the Schuchi-poyon Formation of Chapman et al. (2019) that consists of sandstones, dark
red siltstones, and conglomerates interpreted as fluvial channel and overbank deposits. The Hasarak-bolo
Formation consists of siltstone and sandstone interpreted as marginal marine deposits (Chapman
et al., 2019). Similarly, the Kattakamysh-Akrabat-Modun formations that contain gray mudstones, marls
and limestones, and coquina beds (Dzhalilov et al., 1982) are different from the Hasarak-bolo Formation
of Chapman et al. (2019). These newly described formations in Chapman et al. (2019) have been interpreted
to be time correlative with the local formations of Dzhalilov et al. (1982) mostly based on new age control.
The abovementioned lithology differences suggest significant lateral facies change that we have not observed
in the field. However, the new age constraints presented here provide facies correlations that are consistent
with the nomenclature of Dzhalilov et al. (1982).

3. Materials and Methods

The Nurek (38°21.898’N, 69° 19.997'E) and Khirmanjo (37°54.389’'N, 70°9.174'E) sections were analyzed in
detail to establish the stratigraphic framework of the Cretaceous sea fluctuations in the Tajik Basin
(Figure 1). We also examined five sections (Kuzigongsu 39°44.970'N, 75°17.935'E; Kezi 38°25.078'N,
76°23.229'E; Mine 39°50.860'N, 74°30.124'E; Ka Latale 1 39°49.336'N, 74°41.246'E; and Ka Latale 2
39°50.217'N, 74°39.033’E) from the Tarim Basin (Figure 1). In total, ~4.5 km stratigraphic thickness was
measured and logged. Field observations include lithologies, facies, sedimentary structures, fossil content,
and discontinuity surfaces. Fine-grained siliciclastic (samples labeled with “B”) and carbonate rock samples
(labeled with “C”) were collected from all sections for biostratigraphic and microfacies analyses.
Foraminifera, calcareous nannofossils, ostracods, and dinoflagellate cysts (dinocysts) were identified and
used for age correlations based on their previously established age ranges (Figure 2; Table 2; Text S6 for
details). In total, 562 carbonate thin sections were analyzed for microfacies analysis, which were used to
determine depositional environments. Microfacies analysis in combination with facies descriptions from
the field also enabled us to define depositional sequences and their bounding surfaces in a sequence strati-
graphic scheme (e.g., Haq et al., 1987). Carbonate grain abundances were estimated using charts of Baccelle
and Bosellini (1965). The percentages of components of bryozoa, mollusk, echinoderm, and nonskeletal
ooid grains were determined to mechanistically resolve the biotic changes within the Nurek and
Khirmanjo sections (Figure 5). We also collected paleomagnetic core samples from the Khirmanjo (82

West Location of epeiric ramp model East

Open shelf Tajik Basin Tarim Basin

100 km

EPEIRIC RAMP

0 J AN NN AN NN NN A AN AN A AN
50m

[ e ——— —r
! COASTAL & ALLUVIAL
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_ | PLAIN & BEACH
50 km Low energy High Low energy Low energy tidal flat

energy
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Figure 3. (a) The epeiric ramp model proposed for the Tarim and Tajik Basins (modified from Lukasik et al., 2000). Note
that epeiric ramp is located in the east, whereas in the west open shelf conditions prevail. (b) Epeiric ramp model with
distal (offshore) and proximal (subtidal, coastal plain, alluvial plain, and occasional beach) parts and their energy
conditions. FWB = fair weather wave base.

KAYA ET AL.

8 of 27



~u
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2019TC005983

samples), Mine (60 samples), and Ka Latale 1 (42 samples) sections for magnetostratigraphic analyses. In
addition to intrabasinal correlations, interbasinal correlation was conducted by using the sequence stra-
tigraphic interpretations and biostratigraphic constraints from the Nurek, Khirmanjo, Mine, Ka Latale 2,
and Ka Latale 1 sections. Details of the sedimentological, sequence stratigraphic, and magnetostrati-
graphic methods are provided in the supporting information (Texts S1 to S5).

We produced subsidence and relative sea level curves (Figures 6 and S6) based on the results from the sec-
tions in the Tajik and Tarim basins to derive implications on the potential controlling mechanisms of the sea
incursions. Relative sea level curves were generated by assigning paleo-water depths to the defined
facies/microfacies based on their relative positions to each other on the epeiric ramp (Figure 3).
Maximum water depth was assumed as 50 and 30 m for distal ramp offshore and proximal ramp subtidal
facies, respectively (Lukasik et al., 2000) (Figure S6). Even though there are uncertainties of the assigned
paleo-water depth values for the facies/microfacies, their relative position to each other provides solid con-
straints on the relative sea level change during the Cretaceous sea incursions.

The subsidence curves for the Khirmanjo and Nurek sections in the east Tajik Basin and Kezi and
Kuzigongsu sections in the Tarim Basin were produced by performing subsidence analysis using BasinVis
1.0 (Lee et al., 2016). The subsidence analysis integrates the sedimentological, biostratigraphic, and magne-
tostratigraphic results obtained in this study (see Table S13 for details of the input data for the subsidence
analysis). In addition, subsidence analysis for the west and central Tajik Basin was performed on two sec-
tions (3/34 and 10/43) from Burtman (2000) (Figure 1). The porosity and compaction coefficients for differ-
ent lithologies were adopted from Sclater and Christie (1980). Eustatic changes in sea level (Kominz
et al., 2008) were included during analysis. The thickness of the red gypsiferous mudstone unit of the
Akdjar Formation, correlated to the Tuyiluoke Formation in the Tarim Basin, was taken from Burtman
and Molnar (1993). The thickness of the Gashion Group, correlated to the Kezilesu Goup in the Tarim
Basin, at the Nurek section was adopted from Leith (1985). The thickness of the Gashion Group at the
Khirmanjo section was taken from Burtman and Molnar (1993), whereas that of the Kezilesu Group at
the Kuzigongsu and Kezi sections was adopted from Sobel (1995) and Sobel (1999). Subsidence curves dis-
play both the total (basement) subsidence and tectonic subsidence calculated by using decompaction and
backstripping techniques, respectively.

The local fluctuations in the relative sea level were used along with the subsidence curves to elucidate the
potential tectonic and/or eustatic driving mechanisms (Figure 6). Furthermore, the refined age constraints
and paleoenvironmental interpretations are combined to generate detailed paleogeographic maps based on
the results of this study and existing literature (Figure 8). The maps from the Darius project (Barrier
et al., 2018) were updated with data from Kontorovich et al. (2014) for the West Siberian Sea and with data
from Kapp and DeCelles (2019) for the Southern Tibet areas.

4. Results and Interpretations

4.1. Biostratigraphy

4.1.1. Calcareous Nannofossils

4.1.1.1. Tajik Basin

4.1.1.1.1. Nurek section

In Sample NR-B25, the presence of Gartnerago segmentatum suggests a correlation with the base of the UC2
biozone (Burnett, 1998), early Cenomanian in age (Figure 2).

The assemblage of Sample NR-B27 is characterized by the occurrence of Microrhabdulus decoratus,
Rotelapillus biarcus, and Eprolithus octopetalus. The first occurrence of this latter species marks the base
of Subzone UC5c, allowing a correlation with the uppermost Cenomanian.

Sample NR-B30 yields few specimens of M. decoratus, and very few specimens of Eprolithus moratus, sug-
gesting a correlation with the UC6b subzone of the lowermost Turonian. In Sample NR-B35 E. moratus is
common, indicating an early Turonian age. For Sample NR-B36, a Turonian age is also assigned on the basis
of the occurrence of Quadrum gartneri, marker of the base of UC7 zone. Based on these results, the
Baldzhuvon Group in the Nurek section, which is correlated to the Kukebai Formation in the Tarim
Basin, might be Cenomanian to early Turonian in age.

KAYA ET AL.
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In Sample NR-B44, the occurrence of Calculites obscurus yields an age not older than the late Santonian. This
species marks the base of zone CC17 (Sissingh, 1977), which has a calibrated age of 84.08 Ma (Gradstein
etal., 2012). In the same sample, single specimen of Uniplanarius cf. sissinghi, marker of the UC15b subzone,
could suggest a Campanian age.

4.1.1.1.2. Khirmanjo section

Sample KR-B51 yields very rare specimens of Calculites obscurus, Micula staurophora, Eiffellithus
gorkae, Lucianorhabdus cayeuxii, and Uniplanarius gothicus, indicating an age not older than the late
Santonian.

The assemblage of Sample KR-B52 is characterized by the occurrence of very rare specimens of
Eiffellithus eximius and Arkangelskiella cymbiformis and rare specimens of Chiastozygus litterarius,
Cribrosphaera ehrenbergii, Micula staurophora, and W. barnesiae. The occurrence of Broinsonia parca con-
stricta, marker of the base of Subzone UC14b, assigns a Campanian age to this sample.

4.1.2. Dinoflagellates Cyst

4.1.2.1. Tarim Basin

4.1.2.1.1. Mine Section

The lowermost productive samples (MI-BO5A and MI-B05B) contain both Litosphaeridium siphoniphorum
whose last occurrence (LO) was in the Cenomanian-Turonian, ca. 93 Ma (e.g., Pearce et al., 2009), and abun-
dant Palaeohystrichophora infusorioides whose first occurrence (FO) was in the Albian-Cenomanian, ca.
100 Ma (e.g., Ogg et al., 2016), suggesting Cenomanian-early Turonian ages. Sample MI-B08 from the
Yigeyiza Formation contains a more diverse assemblage, including Xenascus ceratoides, diverse
Florentinia spp., Alterbidinium spp., and a few specimens of Spinidinium echinoideum. The data constrain
the top of the section to an oldest possible age of ca. 87 Ma (late Coniacian) (Lebedeva, 2006; Williams
et al., 2004).

4.1.2.1.2. Ka Latale 1 Section

Samples KL1-B01 and KL1-B06 contain abundant P. infusorioides, Oligosphaeridium pulcherrimum, and O.
albertense (LO, Cenomanian ca. 95 Ma). However, no species confidently indicate an age older than the
Cenomanian. We therefore assign a Cenomanian age to these samples.

4.1.2.1.3. Ka Latale 2 Section

P. infusorioides is very abundant, and the dinocyst assemblages are seemingly similar to those recorded in the
Kukebai Formation elsewhere in the Tarim Basin. The presence of Apteodinium deflandrei in Sample
KL2-B15 suggests an age not older than the Cenomanian. Although few age diagnostic species are present,
we note that Turonian or younger marker species appear to be absent.

4.1.2.2. Tajik Basin

4.1.2.2.1. Nurek Section

The productive samples suggest a Cenomanian age for most of the section, with abundant
P. infusorioides and some O. albertense. A more diverse assemblage containing mostly Peridinioid cysts,
specifically Alterbidinium, Isabelidinium, and Chatangiella, likely indicates a younger (Turonian) age for
the top of the section (Sample NR-B31 and above) (Lebedeva et al., 2013; Williams & Bujak, 1989). The
topmost productive sample (NR-B44) yields a few Spinidinium echinoideum specimens, and we tenta-
tively assign an age not older than ca. 87 Ma. The presence of Pediastrum, a fresh water alga, and abun-
dant plant debris in some samples is noteworthy, as it indicates strong fresh water influence in some
intervals.

4.1.2.2.2. Khirmanjo Section

A few diagnostic species were identified, including P. infusorioides and P. paleoinfusa at the bottom of
the analyzed interval (Sample KR-B21). We recorded Epilosphaeridia spinosa in Samples KR-B27 and
KR-B29, indicating that the lower part of the section has a Cenomanian age. The interval represented
by Samples KR-B42 and KR-B43 contains few diagnostic species that are similar to the previously pub-
lished dinocyst assemblages in Spain (Peyrot, 2011), which may suggest a similar age for the Samples
KR-B42 and KR-B43 (Cenomanian-Turonian). The top of the section (Sample KR-B56) is marked by rare
occurrences of the genus Dinogymnium, which has a first occurrence around or slightly before 90 Ma
(Williams et al., 2004). We also recorded a single specimen that can be tentatively assigned to
Cannosphaeropsis utinensis (FO ca. 85 Ma, top of C34n, late Santonian; Williams et al., 2004) in the
same sample.
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4.1.3. Foraminifera

4.1.3.1. Tajik Basin

4.1.3.1.1. Nurek Section

The first assemblage from the interval between Samples NR-C41 and NR-C44 contains Charentia cuvillieri,
Nezzazatta simplex, Cuneolina sp., Quinqueloculina sp., nodosarids, discorbids, and miliolids. Based on this
foraminiferal assemblage, a Cenomanian age has been assigned to this interval (Figure 2).

The second assemblage from the interval between Samples NR-C103 and NR-C110 mainly consists of calci-
sphaerulids, and very few planktonic foraminifera, such as Planoheterohelix reussi and Muricohedbergella
holmdelensis. Considering the age constraint from the nannofossils analysis of Sample NR-B44 (oldest pos-
sible age of late Santonian), coexistence of these species in this interval might suggest a late Santonian-early
Campanian age.

The third assemblage at the top of the section, between Samples NR-C120 and NR-C122, is characterized by
Sirtina orbitoidiformis, Sulcoperculina sp., Goupilloudina sp., Cibicidoides? sp., miliolid forms, and unidenti-
fied larger agglutinated forms. This foraminiferal assemblage indicates a Campanian-early Maastrichtian
age.

4.1.3.1.2. Khirmanjo Section

Few age diagnostic species, such as Charentia cuvillieri and Cuneolina pavonia, were recorded in the interval
between Samples KR-C36 and KR-C51. Coexistence of these species in this interval suggests a Cenomanian
age (Figure 2).

A Turonian-Santonian age might be assigned to the interval between Samples KR-C210 and KR-C228 based
on the presence of Calcisphaerula innominate; however, a late Santonian age could be assigned more pre-
cisely considering the age constraint from the other microfossil analyses (Figure 2).

The third assemblage from the interval represented by Samples KR-C252 and KR-C344 contains larger
benthic foraminifera indicating a Santonian-Maastrichtian age. Praesiderolites douvillei recorded in
Sample KR-C252 suggests a Santonian-Campanian age, whereas the assemblage of Pseudosiderolites vidali,
Sirtina orbitoidiformis, and Vaughanina sp. from Sample KR-C299 yields a late Campanian age. The pre-
sence of Pseudosiderolites vidali, Sivasella sp., and Pseudorbitoides sp. in Sample KR-C304 suggests
Campanian-Maastrichtian boundary interval. An early Maastrichtian age is assigned to Sample KR-C344
based on the presence of Sirtina orbitoidiformis, Siderolites cf. calcitrapoides, and Lepidorbitoides sp.
(Figure 2).

4.1.4. Ostracods

4.1.4.1. Tajik Basin

4.1.4.1.1. Khirmanjo section

Samples KR-B36, KR-B42, and KR-B46 contain ostracod assemblages indicating a Cenomanian-early
Turonian age whereas Sample KR-B49 above contains taxa indicating a Turonian-Maastrichtian age (see
Text S6 and Table 2 for the detailed list of ostracod fauna).

4.1.4.2. Tarim Basin

4.1.4.2.1. Mine section

Sample MI-B08 from the base of the Yigeziya Formation contains abundant ostracods with the most com-
mon taxon belonging to Fossocytheridea sp. aff. F. longielliptica indicating a Santonian-Campanian age
(Tibert et al., 2003).

4.2. Magnetostratigraphy

4.2.1. Characteristic Remanent Magnetization Directions

Natural Remanent Magnetization (NRM) intensities of the red fine-grained clastics of the Gashion and
Kezilesu groups from three sampled sections (Khirmanjo, Mine, and Ka Latale 1) in the Tajik and Tarim
basins have mean values of ca. 310> Am™" (Figure S4). The means of the magnetic susceptibility are com-
parable in the Khirmanjo section in the Tajik Basin (ca. 13 107> SI) and in the Mine and Ka Latale 1 sections
in the Tarim Basin (ca. 8 10> SI). These relatively low values suggest detrital magnetite is absent in the mea-
sured samples. Progressive thermal demagnetization was applied to determine the characteristic remanent
magnetization (ChRM). In the Mine and Ka Latale 1 sections, the ChRMs were defined in a temperature
range ca. 240-660°C. The vectors were not anchored to the origin because in several samples an
ill-defined magnetization was also observed above 660°C. The negative inclination for the in situ direction
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of the samples from the Mine section demonstrates that the ChRM is a pretectonic magnetization. In the
Tajik Basin, the unblocking temperatures are slightly higher enabling to define ChRMs most likely carried
mainly by hematite. The ChRM directions were anchored to the origin. For the Tajik samples, isothermal
remanent magnetization (IRM) acquisition and subsequent thermal demagnetization of the IRMs clearly
confirm that hematite is the main magnetic carrier in these rocks (Figure S5b). In the Tarim sections, the
large unblocking temperature range suggests magnetization mainly carried by pigmentary hematite demag-
netized at lower temperatures while the highest unblocking temperatures observed in the Khirmanjo section
in the Tajik Basin suggest more detrital hematite. The maximum angular deviation (MAD) values are less
than 15° with half of the samples having MAD values less than 5°.

The mean direction for each section was calculated after removing outliers at more than 45° from the mean
(Figure S4). After bedding correction, the Khirmanjo section records a significant counterclockwise direc-
tion in agreement with the previous results in the Tajik Basin (e.g., Thomas et al., 1994). The low inclination
recorded in the Khirmanjo section compared to the one observed in the Ka Latale 1 and Mine sections sug-
gests inclination shallowing due to detrital hematite in the Khirmanjo section while the ChRMs in the Mine
and Ka Latale 1 sections are more likely of chemical origin and carried by pigmentary hematite (e.g.,
Butler, 1992).

4.2.2. Age Correlation

Consistent with our biostratigraphic age constraints, exclusively normal polarities forming a single long nor-
mal polarity zone in the Khirmanjo, Mine, and Ka Latale 1 sections indicate deposition within the
Cretaceous normal polarity superchron (C34n; ca. 126-84 Ma; Ogg et al., 2016) (Figure 2). However, deter-
mination of the upper and lower limits of correlation is not possible.

4.3. Sedimentology and Sequence Stratigraphy Overview

The recognized facies and microfacies were deposited on a ramp composed of alluvial plain, coastal plain-
supratidal, intertidal, high-energy shoreface-shoal/beach, low-energy and high-energy subtidal, and off-
shore environments (Figure 3; see Text S5 for details). These depositional environments display variable lat-
eral settings and relationships during marine regression and transgression events. The ramp had a width of
several hundreds of kilometers extending from the Tarim Basin to the Tajik Basin to the west. With a low
bathymetric slope and maximum water depths of tens of meters, it is analogous to the “epeiric ramp” of
Lukasik et al. (2000). The epeiric ramp had distal and proximal portions. The offshore-outer ramp facies
were deposited in the distal portion, whereas the grain-supported high-energy ramp facies and the
low-energy subtidal and tidal flat facies were deposited in the proximal ramp (Figure 3).

The studied interval is divided into six and four depositional sequences (S) in the Tajik and Tarim basins,
respectively (Figure 4). Facies/microfacies analyses indicate that the transgressive intervals are represented
by offshore, high-energy and low-energy subtidal and intertidal facies bearing distinct fossil assemblages of
ostracods, bivalves, gastropods, bryozoa, benthic and planktonic foraminifera, calcareous nannofossils,
dinoflagellate cysts, echinoderms, ammonite fragments, and serpulids (see Text S5 for the fossil content of
different facies). The regressive intervals are composed of mostly alluvial plain (fluvial and lacustrine) and
coastal plain (supratidal) facies including fewer gastropods, bivalves, and some benthic foraminifera or no
fossils.

The first sequence (S1) starts with a Lowstand Systems Tract (LST) at the top of the Gashion Group in the
Nurek section (Figure 4). This sequence represents the first marine incursion in the eastern Tajik Basin.
The first incursion in the Khirmanjo section is based on the presence of marine dinocyst fragments at the
base of the section (ca. 30 m). However, due to poor outcrop exposure and lack of high-resolution age con-
straint, definition of a sequence with its bounding surfaces and its correlation to the Nurek section was arbi-
trary for this interval in the Khirmanjo section.

An Early Cretaceous sea incursion in the Kangsu area in the Tarim Basin was proposed by Hao et al. (1988)
and Guo (1991) based on the presence of marine trace fossils Ophiomorpha and Thalassinoides, foraminifera
Saccammina globose, and glauconite abundance data. During fieldwork, we did not find any evidence of this
sea incursion in any of our studied sections. Therefore, we argue that, even if this Early Cretaceous sea incur-
sion did occur in the Tarim Basin and might be correlated to the first sea incursion in the eastern Tajik Basin
mentioned above, it appears to be absent from our studied sections.
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Figure 4. Correlations between the Tajik and Tarim Basins. Stratigraphic logs of the Nurek, Khirmanjo, Kuzigongsu, and Kezi sections are correlated by the
sequence stratigraphic relationships and interpretations. Correlation of the identified key bounding surfaces (i.e., sequence boundaries, maximum flooding
surfaces, and transgressive surfaces) between the sections enabled us to propose a regional stratigraphic architecture for the Tajik and Tarim basins. Three types of
systems tracts have been interpreted; LST, TST, and HST (see legend of the figure the text for the details).

The transgressive surface above the LST of sequence 2 (LST.2.1) represents the second Cretaceous marine
incursion during the early Cenomanian with limited geographical extent in the eastern Tajik Basin. This
sea incursion did not reach into the Tarim Basin where time-equivalent coastal plain and alluvial plain
deposits were found.
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The next sequence (S3) presents at the base of the Kukebai Formation and the equivalent Baldzhuvon Group
in the Tajik Basin. It starts with the LST.3.1 consisting of alluvial plain and coastal plain deposits in the
Khirmanjo, Kuzigongsu, and Kezi sections and intertidal deposits in the Nurek section. S3 represents
another Cenomanian marine incursion with limited geographical extent, which, like the early
Cenomanian transgression, did not reach the Tarim Basin.

LST.4.1 at the base of the next sequence (S4) is represented with similar depositional environments as in the
LST.3.1 in all sections. The transgressive surface at the base of the Transgressive Systems Tract (TST) 4.1
marks the onset of the first major Cretaceous proto-Paratethys Sea incursion in Central Asia followed by
the buildup of an epeiric mixed siliciclastic-carbonate ramp system in S4 and S5 during the
Cenomanian-early Turonian. The proto-Paratethys Sea reached its easternmost extent into the Tarim
Basin during this sea incursion. The deepest Cretaceous marine environments of the proto-Paratethys sea
appear in the Transgressive Systems Tracts of sequence 4 (TST.4.1) and sequence 5 (TST.5.1). Remarkably,
the marine deposits of the first major sea incursion were not reported from the nearby Dashtijum section
(Chapman et al., 2019) despite their occurrence in the Khirmanjo section (this study) and elsewhere in
the Tajik Basin (e.g., Naidin et al., 1980; Pojarkova, 1984).

The following sequence (S6) starts with an extended coastal plain deposition during the late
Turonian-Coniacian in LST.6.1. This coastal plain deposition was recorded both in the Tajik and Tarim
basins representing a major regression in Central Asia. The transgressive surface at the base of the
TST.6.1 marks the second major Cretaceous sea incursion during the Santonian, displaying a shift to a
carbonate-dominated system on the epeiric ramp both in the Tarim and Tajik basins. S6 ends with shallow-
ing in a Highstand Systems Tract (HST.6.2) and then transition into coastal plain deposition in the following
sequence during the Maastrichtian.

4.4. Facies Evolution Based on Predominant Biota

The Late Cretaceous succession in the Nurek and Khirmanjo sections shows a pronounced evolutionary
trend (Figure 5). The majority of the fossil-bearing carbonate rocks in the Nurek and Khirmanjo sections
are dominated by mollusks (bivalves and gastropods) and small benthic foraminifera, that is, foramol grain
association type of Lees and Buller (1972) or molechfor grain association type of Carannante et al. (1988)
(Figure 5). Echinoderm-, bryozoa-, and calcisphaerulid-rich or reefal (coral, rudists, and red algae bearing)
carbonate lithofacies are also present but less frequent (Figure S3). Lithofacies containing primarily mol-
lusks and benthic foraminifera are abruptly replaced by bryozoan-dominated limestones that contain bryo-
mol grain association type of Nelson (1988) at ca. 1,260 m in the Khirmanjo section and by echinoderm-rich
limestones at ca. 1,560 m in the Nurek section (Figure 5). The proportion of echinoderm and bryozoan bio-
clasts rapidly increases up to ca. 60% and dominates the carbonate lithofacies in the Nurek and Khirmanjo
sections, respectively. At the top of the Khirmanjo section, ca. 1,325 m, there is a shift from heterozoan
bryozoa-rich to photozoan reefal biota bearing corals, rudists, and red algae.

4.5. Age Control Overview

4.5.1.1.1. Kezilesu and Gashion Groups: Early Cretaceous

The ages of the Kezilesu Group in the Tarim Basin and the correlated Gashion Group in the Tajik Basin
(Table 1) were poorly constrained to the Early Cretaceous (ca. 145-100 Ma), mainly relying on lithostrati-
graphic correlations and relative age determinations (e.g., Baratov et al., 1976). Our magnetostratigraphic
results indicate that the deposition of some part of the Kezilesu Group clastics and its Tajik Basin equivalent,
Gashion Group, is younger than the base of C34n at circa 126 Ma (Ogg et al., 2016) and older than ca. 100 Ma
based on the biostratigraphic constraint of the overlying marine strata (see next paragraph). Recently,
Chapman et al. (2019) interpreted the maximum depositional age of the Schuchi-poyon Formation (includ-
ing the Gashion Group and the base of the overlying Baldzhuvon Group; see Table 1) as 99 + 6 Ma based on
the detrital Zircon Fission Track (ZFT) data from the base of the Dashtijum section, only 15 km north of the
Khirmanjo section. Compared to the ca. 100 Ma age of the overlying Baldzhuvon Group, this ZFT age is
within error.

4.5.1.1.2. First Major Sea Incursion in the Kukebai Formation-Baldzhuvon Group:
Cenomanian-early Turonian (ca. 100-92? Ma)

The age of the Kukebai Formation, correlated to the Baldzhuvon Group in the Tajik Basin, representing the
first major transgression extended into the Tarim Basin, is determined to be Cenomanian-early Turonian
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Figure 5. Logs of the Nurek and Khirmanjo sections displaying the changes in the carbonate grain relative abundancies (data showing percentages of bioclasts,
siliciclastics grains, and ooids). The bryozoa- and echinoderm-rich levels (gray shaded areas) at the top of the Nurek and Khirmanjo sections are correlated

to the early Maastrichtian cooling event

recorded in the compilation of benthic foraminifera stable oxygen isotope data (Friedrich et al., 2012). On this diagram,

thick lines show trends through data of different ocean basins (black: North Atlantic; orange: Demerara Rise; gray: southern high latitudes; red: Pacific; blue:
subtropical South Atlantic; green: Indian Ocean. OAE = Ocean anoxic event).

based on the analyzed microfossil assemblages. This age constraint is in agreement with several previous
studies (Guo et al., 2015; Hao et al., 1982; He, 1991; Pan, 1991; Sobel, 1995; Wang et al., 1990; Yang, 1991;
Zhang, 1992) but differs from the previously attributed Cenomanian-Coniacian age by Xi et al. (2016,
2019). With the data present here, the base of the Kukebai Formation is relatively well constrained to the
early Cenomanian (ca. 100 Ma), and the age of the top of the Kukebai Formation is less well defined to
the early Turonian.

4.5.1.1.3. First Major Regression in the Wuyitake-Muzrabat Formations: Late Turonian-Coniacian
(ca. 927-86 Ma)

The age of the Wuyitake Formation and the time-correlative Muzrabat Formation in the Tajik Basin, corre-
sponding to the first major regression, could be designated as late Turonian-Coniacian based on the con-
straints from the overlying and underlying Yigeziya (see below) and Kukebai formations. This age
estimate is in agreement with the suggested age of He (1991) and Wang et al. (1990), however more difficult
to reconcile with the age estimates of Xi et al. (2016, 2019) (Late Coniacian-Early Campanian) and Guo
et al. (2015) and Sobel (1995) (Turonian).

4.5.1.1.4. Second Major Sea Incursion in the Yigeziya Formation-Argankun Group:
Santonian-Maastrichtian (ca. 86-68? Ma)

The age of the Yigeziya Formation, correlated to the Argankun Group in the Tajik Basin, representing the
second major transgression in the Tajik and Tarim basins is constrained to Santonian-Maastrichtian, which
is different from the previously suggested ages that range from the Coniacian to Maastrichtian (Chapman
et al., 2019; Guo et al., 2015; Pan, 1991; Sobel, 1995; Sun, 1991; Wang et al., 1990; Xi et al., 2016, 2019;
Yang, 1991; Zhang, 1992). Based on our age constraint, the onset of the second sea incursion should be dur-
ing the early Santonian (ca. 86 Ma). The onset of the subsequent regression, however, cannot be further con-
strained than Maastrichtian.
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The Bukhara Formation of Chapman et al. (2019), correlated to the Argankun Group and Yigeziya
Formation (Table 1), has previously been assigned a Maastrichtian-Paleogene age. Crucially, these authors
also reported the presence of rudist-bearing units near the top of the Bukhara Formation (Sample DSH-16-
28, ca. 2,110 m in the Dashtijum section; see their Supplementary Files 4). The rudists observed at the top of
the Bukhara Formation cannot be in situ if the sediments were indeed deposited after the Cretaceous-
Paleogene extinction event. The rudists in the correlative limestone beds in the Khirmanjo section
(Figure S2i; see also Dedow et al., 2020) are, however, clearly in situ, excluding a Paleogene age for these suc-
cessions (e.g., Ogg et al., 2016). The base of the Bukhara Formation of Chapman et al. (2019) has been
assigned a Maastrichtian age based on the presence of the benthic foraminifera Omphalocyclus and
Laffitteina in Sample DSH16-26 (ca. 1,890 m in Dashtijum section). However, this identification is question-
able as the images showing longitudinal sections and details of the forams (Plate 2, figures f-h and i in
Supplementary Files 4 of Chapman et al., 2019) appear to lack diagnostic features of Omphalocyclus and
Laffitteina. Specifically, the illustrated specimens lack diagnostic features of Omphalocyclus, including a cen-
tral depression and concave test shape. Normally, Omphalocyclus is characterized by a discoidal, centrally
depressed biconcave test consisting of a median layer of chamberlets, which doubles and/or then trebles
in late ontogenetic stages (Loeblich & Tappan, 1988; Ozcan, 2007). Similarly, for Laffitteina, the lack of len-
ticular, planispiral to trochospiral test shape, and other diagnostic features (see Loeblich & Tappan, 1988, for
details) does not support this identification. The alternative would be that these microfossils are bryozoan
fragments.

4.5.1.1.5. Second Major Regression in the Tuyiluoke-Akdjar Formations: Maastrichtian-Danian
Most of our samples from the Tuyiluoke Formation, correlated to the red gypsiferous mudstone/siltstone
unit at the base of the Akdjar Formation in the Tajik Basin, corresponding to the second major regression
in the Tajik and Tarim basins were barren or yielded only a few fossils. However, a Maastrichtian-Danian
age could be assigned to the Tuyiluoke Formation representing the second major regression based on the
foraminiferal assemblages (Guo, 1990; Hao et al., 2001; Hao & Guo, 1990) and the presence of the
Cretaceous-Paleogene boundary, identified near the base of the Tuyiluoke Formation in the Tarim Basin
(see Kaya et al., 2019, for more discussion; see also Guo, 1990; Tang, Zhong, et al., 1992; Ye et al., 1992).

4.6. Subsidence History

Subsidence curves highly depend on age assignments that are well constrained except for the onset of deposi-
tion of the Kezilesu and Gashion clastics during the Early Cretaceous (see section 4.5 above). The poorly con-
strained onset of deposition may be estimated as old as 145 Ma for the Kezilesu Group in the Tarim Basin
and the correlated Gashion Group in the Tajik Basin (e.g., Baratov et al., 1976). However, we show here that
the deposition of some part of the Gashion and Kezilesu groups is younger than 126 Ma based on magnetos-
tratigraphy and the onset of deposition may even be younger based on the abovementioned maximum
depositional age (99 + 6 Ma) of Chapman et al. (2019). Considering the oldest and youngest end-member
age models, tectonic subsidence increases in the Early Cretaceous until a marked slowdown ca. 92 Ma
(Figure 6). In detail, the oldest option, 145 Ma onset of deposition, may also show a slight increase from
ca. 100 Ma before the slowdown at ca. 92 Ma (see the curves for the Kezi, Kuzigongsu, 3/34 and
10/43 sections in Figure 6). The youngest option, 99 + 6 Ma onset of deposition, yields a few million-year
timespan for the deposition of the Gashion Group, implying this entire clastic group marks a sudden and
drastic increase in tectonic subsidence followed by a slight slowdown at ca. 100 Ma before the marked one
at ca. 92 Ma (see the curves for the Nurek and Khirmanjo sections in Figure 6). These detailed changes
remain to be established by better age control, but the general regional pattern shows an Early Cretaceous
increase in tectonic subsidence followed by a slowdown at ca. 92 Ma.

5. Discussion
5.1. Tectonically Driven Early Cretaceous and First Major Sea Incursions

Our regional compilation indicates a major proto-Paratethys sea incursion into the Tajik foreland basin for
the first time during the Early Cretaceous (Aptian, ca. 120 Ma) from the west, shortly after the initiation of
the subduction related magmatism (Naidin et al., 1980) (Figure 6). This Early Cretaceous marine incursion
corresponds to an increase in tectonic subsidence throughout the basin in the Early Cretaceous (Figure 6).
However, the incursion did not reach the eastern Tajik Basin due to the infilling of the basin represented
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Figure 6. Cretaceous subsidence curves (left) and major sea incursions (cyan shades labeled as first and second) constrained in this study, compared temporally
with the Tajik Basin sea level curves, the global sea level curves of Kominz et al. (2008) and Haq (2014) and the regional tectonic and magmatic events
(Chapman, Scoggin, et al., 2018). The sea level curves for the west, central, and east Tajik Basin are shown separately; data for the east are from this study, and
data for the west and central Tajik Basin are from Naidin et al. (1980).

by the alluvial and coastal plain deposition of the Gashion Group units (Figure 7). During this period,
reconstructed global sea level dropped (Figure 6). Considering the very large (several hundred meters)
increase in tectonic subsidence in the east and marine incursion during an apparent eustatic lowstand
from the west (Figure 6), we argue that tectonism must have been the main driver for the mid-Cretaceous
(ca. 120-92 Ma) evolution of the Early Cretaceous and first major sea incursions. However, an eustatic
component becomes increasingly likely during the Cenomanian-Turonian hothouse climate, and we
argue this climatic factor amplified highstands and enabled the proto-Paratethys Sea to reach its
easternmost extent into the Tarim Basin during the first major sea incursion.

The Early Cretaceous tectonic settings of the Tajik and Tarim basins have been previously explored. The
Tajik Basin was proposed to be a foreland basin with a Pamir hinterland based on the presence of fragments
derived from the clastic rocks in the North Pamir (Zone VI of Burtman & Molnar, 1993). Similarly, the Tarim
Basin was also interpreted as a Jurassic-Cretaceous foreland basin based on the occurrence of basin-vergent
thrusting during the latest Jurassic (Cobbold et al., 1993; Sobel, 1999). Our results concur with these inter-
pretations. Within the Tajik Basin, the subsidence increases to the southeast, in the sections close to the
Pamir, and the lowest subsidence occurs in the central part of the basin. After correction of the Cenozoic
counterclockwise rotation (e.g., Thomas et al., 1994), this basin-wide subsidence pattern is consistent with
a subsidence in a foreland basin with the foredeep in the southeast, the backbulge in the northwest, and a
central forebulge (although we acknowledge that not all foreland basins preserve clear backbulge and fore-
bulge). Similarly, for the southwestern Tarim Basin, published isopach maps for the Cretaceous sedimentary
units show a mirrored trend, that is, thicker units close to the Pamir in the southwest and thinner units in the
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Figure 7. Schematic tectonic evolution of the Pamir and Tajik Basin during the Late Jurassic and Late Cretaceous
(modified from Robinson, 2015; Chapman et al., 2019; Chapman, Scoggin, et al., 2018).

center (e.g., Lee, 1985; Sobel, 1995). This pattern suggests that the Tajik and Tarim basins have been the
locus of tectonic subsidence associated with crustal thickening in the Pamir since Early Cretaceous time.

To further infer the tectonic setting, we can compare the age of the increase in tectonic subsidence in the
Tajik and Tarim basins to reported regional tectonic events in the Pamir. Several studies in the Pamir
(e.g., He et al., 2019; Imrecke et al., 2019; Robinson, 2015; Robinson et al., 2004, 2012) provided evidence
for Early Cretaceous tectonic deformation. Crustal thickening and shortening in the North Pamir have been
evidenced by metamorphic and rapid exhumation events during the mid-Cretaceous (130-100 Ma) by
Robinson et al. (2004). During this time, shortening in the North Pamir resulted in north directed thrusting
of the Karakul-Mazar terrane over the Kunlun terrane along the northern edge of the Pamir (Robinson
etal., 2012). It has also been documented that retro-arc shortening related to Neo-Tethys subduction resulted
in the development of the Tanymas-Baoziya-Torbashi thrust as a regionally extensive thrust nappe (He
et al., 2019) ca. 120-100 Ma. This regionally extensive thrust nappe development resulted in the imbrication
of the Karakul-Mazar and its emplacement on the Central Pamir rocks (Imrecke et al., 2019; Robinson
etal., 2012). Robinson et al. (2012) suggested that south directed emplacement of the Karakul-Mazar terrane
over the Central Pamir was coeval with Cretaceous shortening to the north. This deformation was also asso-
ciated to deformation further south in the Karakoram-Hindu Kush, and accordingly, it has been interpreted
that a regional compressional event affecting all the Pamir (Robinson, 2015). Furthermore, the U-Pb data
from the South Pamir batholith suggest that most subduction-related magmatism occurred between 120
and 90 Ma with a higher volumetric output circa 105 Ma (Aminov et al., 2017; Chapman, Scoggin,
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et al., 2018). Similarly, the oldest and youngest ages of the Karakoram batholith have been given as 130 and
95 Ma by Chapman, Scoggin, et al. (2018). Taken together, these data suggest a mid-Cretaceous subduction
related, compression-dominated tectonic regime with arc development to the south and retro-arc deforma-
tion to the north around 130-90 Ma (Figure 7; Robinson et al., 2012).

The Tajik and Tarim basins are located to the north of the Pamir orogen and, as previously mentioned, have
generally been interpreted as retro-arc foreland basins due to the widespread shortening and crustal thick-
ening within the Pamir related to Neo-Tethyan subduction and collisional events along the southern margin
of Eurasia (e.g., Chapman, Robinson, et al., 2018, 2019; Hamburger et al., 1992; Hendrix et al., 1992;
Robinson, 2015; Sobel, 1999; Sengor, 1979, 1984). These events include the Lhasa-Qiangtang collision lead-
ing to the inception of a new subduction zone in the Neo-Tethys (Guilmette et al., 2012) or protracted under-
thrusting of the Lhasa terrane beneath the Qiangtang block (Kapp et al., 2003) or intrusion of large granitic
and granodioritic batholiths onto the southern Pamir (Chapman, Scoggin, et al., 2018). In addition, the colli-
sion of the Central Afghan blocks with the south Eurasian margin that occurred during the Late
Jurassic-Early Cretaceous may have contributed to the increased tectonic subsidence and controlled the
deposition of the Kezilesu and Gashion clastics in the Tarim and Tajik basins, respectively (e.g.,
Montenat, 2009; Otto, 1997; Tapponnier et al., 1981).

Collectively, we argue that the Early Cretaceous elevated tectonic subsidence is likely due to the crustal
thickening and shortening along the northern margin of the Pamir (ca. 130-90 Ma) related to the
Lhasa-Qiangtang collision (Robinson et al., 2004) and the collision of the Central Afghan blocks with the
south Eurasian margin (e.g., Montenat, 2009; Otto, 1997; Tapponnier et al., 1981). We contend that thrusting
along the northern edge of the Pamir at ca. 130-90 Ma resulted in increased subsidence in a retro-arc basin
setting and majorly controlled the sea fluctuations during this period.

5.2. Late Cretaceous (>92 Ma) Tectonic Slowdown and Eustatically Driven Second
Marine Incursion

Another remarkable result from our subsidence curves is the synchronous slowdown in subsidence at ca.
92 Ma, apparent in all the sections in the Tajik and Tarim basins (Figure 6). At the same time, the maximum
thickness of the Late Cretaceous deposits in the central Tajik basin (Burtman, 2000; Chapman et al., 2019)
indicates the available accommodation shifted from the southern edge to the center of the basin. This pattern
of deposition indicates that the Tajik basin was lacking a forebulge, and a foredeep during this period, sug-
gesting that the deposition took place in an overfilled basin that was already filled by the deposition of Early
Cretaceous terrigenous clastic and Cenomanian-Turonian marine strata (e.g., Yang, 2011).

At this time approximately, a shift to lower volume magmatism in the Central Pamir, Karakoram, and
within the Kohistan arc has been related to a Neo-Tethyan slab rollback event and associated with extension
in the Central Pamir (Burg, 2011; Chapman, Scoggin, et al., 2018; Jagoutz et al., 2007). Along the southern
margin of Eurasia, an extensional regime resulting in intra-arc rifting has been explained by a southward
rollback of a northward subducting slab beneath the Kohistan arc at ca. 90-80 Ma (Burg, 2011; Burg
et al., 2006). During the late Early Cretaceous and Late Cretaceous, a back-arc extension due to a southward
rollback of the subducting Neotethys slab controlling the formation of the Xigaze forearc basin and the
emplacement of the Gangdese magmatic arc has been also proposed in the southern Tibet (Jolivet, 2017;
Zhang et al., 2004). Recently, the rollback of the northward subducting Neo-Tethys slab beneath southern
Tibet has been placed to ca. 90 Ma, inducing an upper-plate extension and opening of the Xigaze back-arc
basin (Kapp & DeCelles, 2019).

This suggests the ca. 92 Ma slowdown in tectonic subsidence in the Tarim and Tajik basins might relate to a
shift from a compressional to an extensional regime in the Central Pamir related to Neo-Tethyan slab roll-
back. However, the extension does not seem to be expressed in the Tajik and Tarim basins where structures
such as normal faults are not observed in that period (e.g., Chapman et al., 2019; Sobel, 1999). It appears the
extension affected the Pamir region to the south but not the Tajik and Tarim basins to the north. The slow-
down in subsidence is thus rather interpreted here as a decrease in tectonic subsidence during the late oro-
genic unloading period with limited thrusting (Figure 7). This is reminiscent of the late orogenic unloading
period in the foreland basin model of Yang (2011). Following the cessation of intense tectonic activity
marked by the slowdown in subsidence, the observed late Turonian-Coniacian regression after the first
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major sea incursion may have resulted from increased sediment supply due to continuous erosion of the
uplifted thrust belt and rebound of the proximal part of the basin (e.g., Catuneanu, 2004; Yang, 2011).
However, no obvious evidence for increased sediment supply or rebound of the proximal part in the studied
stratigraphic records has been found. Instead, this major regression coincides with a drop in eustatic sea
level curves of Haq (2014) and Kominz et al. (2008) during the late Turonian-Coniacian (Figure 6).
Therefore, we interpreted that this major regression is likely related to relative sea level lowering and exten-
sive coastal plain deposition in both basins corresponding to a long-term drop in the global sea level curves of
Haq (2014) and Kominz et al. (2008).

We note that the concave up subsidence pattern with slowdown in the Tajik Basin has been previously inter-
preted as an indicator to an extensional basin in response to lithospheric stretching event followed by slow
cooling initiated by the onset of Neo-Tethyan slab rollback (Chapman et al., 2019). However, we find this
unlikely because the initial event is rather related to compression in the Early Cretaceous and there is no
clear evidence (e.g., normal faults) for a significant extensional event in the Tajik Basin (e.g., Hamburger
et al., 1992).

Following the tectonic regime change and relatively low tectonic subsidence during the overfilled period,
eustasy appears to play a more dominant role in the proto-Paratethys Sea fluctuations. This is evidenced
by the parallel trends of the proto-Paratethys Sea fluctuations with the global sea level reconstructions
(Figure 6). Eustatic sea level curves of Haq (2014) and Kominz et al. (2008) indicate a slight increase follow-
ing the lowstand during the late Turonian-Coniacian, which can also be observed for the proto-Paratethys
Sea fluctuations. The fluctuations appear coeval with regional sea fluctuations reported from the West
Siberian Basin on the Stable Siberian Platform further supporting a eustatic driving mechanism
(Kontorovich et al., 2014) (Figure 8). The second major sea incursion also extended up to the Tarim Basin,
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Figure 8. Paleogeographic maps displaying the Cretaceous sea incursions in the Central Asia. Corresponding facies during the transgressions and regressions are

indicated.
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producing carbonate-dominated epeiric ramp environments until the subsequent regression. Furthermore,
the subsequent regression event in the Tajik and Tarim basins appears also coeval with the Maastrichtian
regression causing general shallowing and gradual expansion of alluvial and coastal plains in the West
Siberian Basin (Kontorovich et al., 2014). Together, these observations strengthen the interpretation that
the second sea incursion was mainly driven by eustasy (Figure 8).

5.3. Evidence for Early Maastrichtian Cooling

As mentioned in section 4.4, fossil-bearing carbonate rocks in the Nurek and Khirmanjo sections contain
foramol (mollusk and small benthic foraminifera-rich), bryomol (bryozoan-rich), or echinofor (echino-
derm-rich) grain association types. Heterozoan bryomol and echinofor grain association types are abundant
in nontropical, mostly cool and cold water environments on high-energy open shelves and ramps, whereas
foramol type of grain associations are indicative of nontropical, warm temperate environments
(Fliigel, 2004). Modern-day calcifying reef-building and carbonate platform phototrophs (i.e., corals and lar-
ger benthic foraminifera) are found in waters with winter surface temperatures above 20°C, whereas
bryozoan-rich heterotrophic communities become dominant in cool waters (<20°C) or in warm settings
below the photic zone (Jaramillo-Vogel et al., 2016, and references therein). In terms of trophic conditions,
phototrophs, with the exception of red algae, thrive in oligotrophic to slightly mesotrophic conditions while
heterotrophs generally dominate in nutrient-rich environments (Jaramillo-Vogel et al., 2016, and references
therein).

This temperature-related distribution of heterozoan and photozoan biota might explain the abrupt replace-
ment of mollusks and benthic foraminifera by bryozoan-dominated limestones (bryomol grain association
type of Nelson, 1988) at ca. 1,260 m in the Khirmanjo section and by echinoderm-rich limestones at ca.
1,560 m in the Nurek section (Figures 5 and S7). At this level, the proportion of the echinoderm and
bryozoan bioclasts rapidly increases up to ca. 60% and dominates the carbonate lithofacies in the Nurek
and Khirmanjo sections, respectively. At the top of the Khirmanjo section, ca. 1,325 m, heterozoan
bryozoa-rich biota were replaced by photozoan reefal biota (bearing corals, rudists, and red algae), indicating
a recovery in the carbonate factory. Species level determination of the bryozoan microfossils could further
constrain interpretation of seawater temperature changes through recognition of cool or warm water species
(Jaramillo-Vogel et al., 2016; Moissette, 2000). Unfortunately, we were not able to perform taxonomic ana-
lysis at the species level on bryozoan microfossils due to their fragmented appearance in thin sections.
However, relative percentages of photozoan biota and nonskeletal grains (i.e., ooids, oncoids, and peloids)
provide some qualitative constraints regarding the seawater temperatures (Halfar et al., 2004). Halfar
et al. (2004) concluded that true cold water heterozoan grain associations contain less than 1% of photozoan
components, irrespective of nutrient concentration. In addition, we utilized the presence and abundance of
ooid grains, which have been shown preferential occurrence in tropical/warmer climates as a warmer sea
water indicator (Fliigel, 2004). To adjust for the controlling effect of clastic/nutrient input on the develop-
ment of grain associations, fluctuations of the clastic content were also evaluated within the Nurek and
Khirmanjo sections (Figure 5).

We found that the bryozoan- and echinoderm-rich carbonate beds lack photozoan biota and typical warm
water components (i.e., ooids and aggregate grains). One explanation for the absence of photozoan organ-
isms and ooids as well as the outnumbering appearance of the bryozoan and echinoderm beds is a sudden
deepening of the environment. However, the deepest environments indicated by the presence of calcisphaer-
ulids are recognized below stratigraphic levels ca. 1,250 m within the Khirmanjo section and ca. 1,510 m
within the Nurek section. For a deepening event, an increase in calcisphaerulids would also be expected
in the bryozoan- and echinoderm-rich beds, but the bryozoan- and echinoderm-dominated facies do not
contain calcisphaerulids or any other evidence (e.g., an increase in planktonic foraminifera) for a deepening
event. The input of clastics and associated nutrients decreases both for the Nurek and Khirmanjo sections in
the bryozoan- and echinoderm-rich beds, which are mostly pure limestones lacking siliciclastics (Figure 5).
Therefore, the terrigenous clastic input had no major effect on the grain association change within the
Nurek and Khirmanjo sections. The sheer dominance of heterozoan grain associations and absence of
photozoan components strongly suggest that the bryozoan- and echinoderm-rich beds recorded in the
Tajik Basin correspond to a cold water heterozoan association. Alternatively, fluctuations in nutrient con-
centrations could lead to predominance of heterozoan or photozoan associations (Hallock &
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Schlager, 1986) and might also have played a role in the formation of the bryozoan- and echinoderm-rich
facies in the study area. However, only the clastic input could be evaluated, and the influence of other nutri-
ent sources remains unresolved. Future work revealing nutrient fluctuations, for example, evolution of the
total phosphorus (Jaramillo-Vogel et al., 2016), may elucidate the definitive role of nutrients, irrespective of
their source.

Intriguingly, the appearance of the heterozoan association coincides with the early Maastrichtian global
cooling (ca. 71-70 Ma; Friedrich et al., 2012; Linnert et al., 2014; Miller et al., 1999) (Figure 5). We interpret
this as evidence for the Late Cretaceous cooling in Central Asia, which was previously documented in ter-
restrial settings of eastern China including the Xining-Minhe, Sichuan, Songliao, and Nanxiaong basins
(Gao et al., 2015; Li et al., 2018; Ma et al., 2018; Wang et al., 1990, 2013). The observations align well with
Maastrichtian climatic fluctuations observed in intermediate and deep waters of different oceanic basins
and indicate parallel climatic evolution between deep ocean waters and the sea surface waters of the epicon-
tinental proto-Paratethys Sea.

The final Maastrichtian appearance of photozoan reefal biota at the top of the Khirmanjo section could
signal the partial recovery of the carbonate factory, which in turn maybe connected to the late
Maastrichtian warming (e.g., Li & Keller, 1998; Linnert et al., 2014; Robinson et al., 2009) (Figure S7).
Collectively, shifts in the association types in our studied sections closely follow the global climate trends
during the Maastrichtian.

6. Conclusions

Our new age constraints revealed extensive invasion of the proto-Paratethys Sea into the Tajik Basin
during the Early Cretaceous (ca. 120 Ma), yet at this time, it did not reach into the Tarim Basin where
transitional to nonmarine deposition continued. We related the Early Cretaceous invasion of the sea into
the retro-arc Tajik Basin to an increase in tectonic subsidence, caused by thrusting along the northern
edge of the Pamir at ca. 130-90 Ma. This thrusting and increased subsidence were linked to coeval com-
pressive deformation in the Pamir related to Neo-Tethyan subduction and collisional events along the
southern margin of Eurasia.

The first major sea incursion that did extend into the Tarim Basin occurred during the Cenomanian-Early
Turonian (ca. 100-92? Ma). We found this sea incursion was driven mainly by increased subsidence due
to tectonics and likely amplified by eustatic highstand, collectively resulting in the maximum geographic
extent of the proto-Paratethys Sea during Cretaceous time. The following major regression in the Tajik
and Tarim basins occurred during the late Turonian-Coniacian and was likely driven by the eustasy. A regio-
nal slowdown in tectonic subsidence at ca. 92 Ma in the Tarim and Tajik basins was found to concur with a
shift from a compressional to an extensional regime in the Pamir related to Neo-Tethyan slab rollback.
However, the lack of structural evidence (e.g., normal faults) suggests that the extensional event in the
Pamir was not expressed in the Tajik and Tarim basins. The slowdown in subsidence was thus rather inter-
preted here as the cessation of thrusting and tectonic loading during the late orogenic unloading period.
Following this change to relatively low tectonic subsidence, eustasy appeared to play a more dominant role
in the second major sea incursion (ca. 86-68? Ma) as evidenced by the match with the global sea level recon-
structions. A marked lithofacies change in the Tajik Basin from mollusk-rich limestones to bryozoan-rich
and echinoderm-rich limestones coincides the global Early Maastrichtian cooling event, suggesting a causal
link. Collectively, our integrated data reveal global sea levels and regional tectonic processes alternately con-
trolled the Cretaceous proto-Paratethys Sea incursions in Central Asia.

Data Availability Statement

Data and additional files supporting our analyses and conclusions are in the supporting information and a
Mendeley Data repository (https://data.mendeley.com/datasets/6dcxrytc3r/3).
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