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Seasonal delta is a sandy fan-shaped sedimentary system formed by seasonal
river flooding in continental basins. Modern sedimentary finds that seasonal
deltas mainly develop in an arid-semi-arid climate environment with gentle
terrain. However, the study of seasonal deltas in ancient rock records is
still insufficient, leading to misinterpretations as other sedimentary systems,
which poses challenges to the correct understanding of the origin and
spatial distribution of sand body deposits. In this study, the red bed deposits
of the Cretaceous Baxigai Formation in the west of the Tabei Uplift were
selected as the research object. Based on core observation and description,
a comprehensive analysis of the sedimentary environment, sedimentary
characteristics and sedimentary model of the Baxigai Formation was carried
out using data such as well-logging and analytical testing, combined with
modern depositional characteristics. Research shows that the sedimentary
sequence of the Baxigai Formation red bed developed a seasonal delta
sedimentary system in the arid climate. The seasonal delta deposits provide an
opportunity to understand the influencing of river flow and total sedimentary
loading vary greatly on the sedimentary model, sedimentary mechanism, and
distribution of sand bodies in arid climates. The sedimentary process of the
seasonal delta in the Baxigai Formation was controlled by the dual-stage
sedimentation process in an arid paleoclimate. During the flood period, the
supercritical flow sedimentary structures are widely developed in the major
distributary channels, and the distributary channels migrate and bifurcate
frequently. On the delta plain, crevasse channels are formed through the
avulsion of major distributary channels. During the dry period, due to the
consumption of water seepage and evaporation transfer, terminal distributary
channels are abandoned, crevasse channels are not developed, and the
sediment is exposed. The density of the distributary channels is reduced,
and the total sedimentary loading is low. The distributary channels sand
body is the skeleton sand body of the seasonal delta. This study is of
great significance for accurately explaining the formation process of seasonal
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deltas and provides a useful reference for further exploration and deployment
of oil and gas reservoirs and paleogeographic reconstruction in the study area.

seasonal delta, sedimentary environment, sedimentary model, Baxigai Formation, Tarim

Basin

1 Introduction

Seasonal deltas are formed by the seasonal river recharge,
driven by ephemeral and high-energy food events, and mainly
develop in arid-semi-arid climate environments with gentle terrain
(Liu B. B. et al., 2019; Gugliotta et al., 2016). Essential characteristics
of seasonal delta: 1) Te sediment are mainly red bed deposits,
and there is no apparent foreset bed in the profle; 2) Te river is
controlled by seasonal precipitation, the river discharge and total
sedimentary loading variation greatly and the supercritical fow
sedimentary structure is widely developed in the deposits; 3) Te
delta is dominated by rivers action and the center of the basin
lacks a large catchment area (Liu Y. F. et al., 2019; Zhang et al., 2018;
Lietal, 2021). Although there are many examples of seasonal
deltas deposition in an arid environment, in the continental basin
sedimentology, the research on the sedimentary origin, distribution,
and sedimentary model of seasonal deltas sand bodies in arid
environments are not thorough enough, and many seasonal delta
sedimentary systems in arid climate may not be correctly explained
in ancient rock records. Delta reservoir formation theory has made
signifcant achievements in guiding hydrocarbon exploration in
continental basins (Yangetal, 2003; Fuetal, 2013). Te Tabei
Uplif is one of the Tarim Basins most favorable oil and gas
enrichment areas, rich in oil and gas resources (Liu B. B. et al., 2019;
Huang et al., 2018). In recent years, with the discovery of low-
amplitude structural oil and gas reservoirs such as YM463 and
YM46, two lithological oil and gas reservoirs YD7 and YM467,
the Baxigai Formation, as an essential reservoir system in the west
of the Tabei Uplif, have gradually attracted attention and have
become one of the critical exploration targets (Maetal., 2022;
Luo et al., 2021). However, the structural background of the Baxigai
formation in the study area is complex. T e characteristics of the
sand body are deep burial, thin thickness, regionalization, and
complex lateral changes; moreover, the region is afected by the
climate, the depositional environment is complex, and the sand
body depositional types are diverse. At present, the understanding
of the depositional mechanism and depositional pattern of the
sand body of the Baxigai formation is insuffcient, and a single
depositional mode cannot well explain the complex depositional
mechanism of the sand body in the study area. In recent years,
Many scholars have conducted in-depth research on the Cretaceous
Baxigai Formation in the Kuga Piedmont and Tabei Uplif, mainly
analyzing the distribution of sedimentary facies in large areas.
However, there are few studies on the Baxigai Formation in the west
of the Tabei Uplif, and only the Kapushaliang group is studied as
a whole group. Previous studies have not fully paid attention to the
control efect of the Cretaceous paleoclimate on the red-bed sand
bodies of the Baxigai Formation, and insuffcient understanding
of the depositional characteristics, depositional environment, and
depositional models in the red-bed sand bodies of the Baxigai
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Formation, resulting in unclear distribution rules and sedimentary
boundaries of sand bodies in this area, which seriously restricts the
process of oil and gas resource exploration in the Baxigai Formation
in the study area (Hongetal, 2016). studied the sedimentary
characteristics of the Baxigai Formation in the Xinhe-Sandaogiao
areaand concluded that this set of formations is a braided river delta-
lake sedimentary system (Wuetal., 2022). studied the Mesozoic
sedimentary evolution characteristics of the Tabei Uplif. Tey
concluded that deltas, braided river deltas, alluvial fan or fan delta
sedimentary combinations, and beach bar deposits were mainly
developed at the end of the Kapusaliang Group (Luo et al., 2021).
concluded that the Baxigai formation on the southern slope of
the Kuga Depression developed the inner front-outer front-shallow
lake subfacies of a river-controlled shallow water delta (Gao et al.,
2014). researched the sedimentary paleoenvironment and model
through feld outcrops and geochemical analysis. T ey concluded
that the Cretaceous Baxigai formations in the Kuga Piedmont belt
are wide and shallow lakes with large areas in an arid climate. In
the Cretaceous Baxigai Formation deposition period, the study area
has a hot and dry climate, gentle terrain, and conditions for seasonal
delta development, making it an ideal area for the development of
seasonal deltas.

Tis paper takes the red bed deposits of the Cretaceous
Baxigai Formation in the western Tabei Uplif as the research
object. Trough core, well logging, geochemical analysis, and
other data, and based on the regional geological background, a
systematic study was conducted on the sedimentary environment
and sedimentary characteristics of the Baxigai Formation. Based
on the principle of historical comparison and combined with
the sedimentary characteristics of modern seasonal delta sand
bodies in arid climate conditions, the sedimentary types and
characteristics, distribution rules, and sedimentary patterns
of seasonal deltas of the Cretaceous Baxigai formation in
the western Tabei Uplif are discussed. It provides a valuable
reference for the reconstruction of paleogeography in the
study area.

2 Geological setting

Te Tarim Basin is located in northwest China and is the
largest petroleum-bearing basin on land in China, covering an
area of approximately 560,000 square kilometers (He C. F etal.,
2023; Wuetal.,, 2019). Te basin is rhombus-shaped in plane
and is surrounded by the Tianshan Mountains, the Kunlun
Mountains, and the Altun Mountains (Figure 1A). It is a large
superposition composite basin composed of Paleozoic craton basins
and Meso-Cenozoic foreland basins, with a complex tectonic
evolution history of ancient continental crust basement and multiple
subsidence and Uplif (Duetal., 2023). Proterozoic-Cenozoic

frontiersin.org


https://doi.org/10.3389/feart.2024.1348336
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Wang et al.

10.3389/feart.2024.1348336

FIGURE 1

Geological background of the western Tabei Uplift (A) Location map of the Tarim Basin in NW China (modified from Wang et al., 2023). (B) The tectonic
location of the study area (modified from Zhao et al., 2022). (C) Map showing geological details of the study area, including the location of oil and gas
field, cored wells, and partial key wells (modified from Xu et al., 2016). (D) Well YM10 Stratigraphic framework and sedimentary background of the
interval of interest (modified from Xia et al., 2019; He et al., 2013; Liu Y. F. et al,, 2019).

Formation are developed from bottom to top in the basin, with
a maximum sedimentary thickness of more than 10.000 m (Tian,
2019). Te Tarim Basin can be divided into seven frst-level
structural units, namely, the Kuga Depression, the Tabei Uplif, the
Northern Depression Belt, the Central Uplif Belt, the Southwestern
Depression Belt, the Southeastern Uplif, and the Southeastern
Depression Belt, from north to south (Figure 1B) (Jia, 1997). Te
Tabei Uplif is located in the northern part of the Tarim Basin,
spreading in an east-west direction. It is adjacent to the Kuqa
Depression in the north and the Northern Depression Belt in
the south and consists of the Wensu Bulge, the Yingmaili Low
Bulge, the Luntai Bulge, the Lunan Low Bulge, and the Korla Bulge
(Lietal., 2012; He et al., 2008; Sun et al., 2020; Li F. J. et al., 2019).
T e Tabei Uplifis a long-term development of the Paleozoic craton
“residual paleo-uplif” with the characteristics of basement uplif
(Suetal., 2020). Te Uplif was fnalized afer the late Hercynian
movement in the late Paleozoic. At the end of the Permian to the
early Triassic, the Tabei uplif was defned as the front Uplif of
the foreland basin in the Kuga depression (Lietal., 2012). Since
the Cretaceous period, the Tabei Uplif gradually evolved into a
north-dipping gentle slope and was afected by multiple tectonic
movements; a concave and convex structural pattern has been
formed, and the Tabei Uplif gradually declined (Liu Y. F. et al., 2019;
LiJ G.etal, 2015; Xu etal., 2016). Currently, it is mainly covered
by the Quaternary strata. Te study area is located in the west
of Tabei Uplif, which mainly includes the Yingmaili low Uplif,
the west of Luntai Uplif, and part of the Lunnan low uplif, and
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it is a key area for oil and gas exploration in the Tarim Basin at
present (Figure 1C).

Te Tabei Uplif has superior conditions for the two-way
convergence of dual-stage petroleum-bearing systems of Marine
Cambrian-Ordovician and continental Triassic-Jurassic and is very
rich in oil and gas resources (Zhangetal,, 2010). Te Triassic,
Jurassic, and Cretaceous strata were developed in the study area in
the Mesozoic period (LiJ. L. etal., 2019). Te Cretaceous mainly
developed the Lower Cretaceous strata; the Upper Cretaceous
strata were denuded and had an angular unconformity contact
with the underlying Jurassic and the overlying Palacogene. Te
Lower Cretaceous strata are a set of clastic rock depositional
systems, and the Kapushaliang Group (Shushanhe Formation and
Baxigai Formation) and Bashijigike Formation developed from
bottom to top (Figure 1D). T e overall thickness of the Shushanhe
Formation is between 50 and 350 m. It is a set of fne-grained
clastic rock deposits, the top is dominated by thick layers of muddy
siltstone, and the bottom develops thin layers of fne sandstone and
thick layers of mudstone, and the development of Shore shallow
lake and Delta facies (Xiaetal, 2019; He B. Z. etal., 2023). Te
Bashijigike Formation is a delta sedimentary system composed
of thick to extremely thick layer of reddish-brown fne-medium
sandstone and pebbly mudstone, intercalated with thin layers of
calcareous cemented paleosol and mud drapes (LiuB.B.etal.,
2019). Paleo-uplif were weak in activities, and the accommodation
was sustained in the deposition period of the Baxigai Formation
(Zhao et al., 2022). Infuenced by regional tectonic movement, the
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paleogeographic pattern of the southeast high and northwest bottom
was formed in the study area, which controlled the distribution of
sedimentary facies (Su et al., 2020).

3 Materials and methods

Tis research was based on cores, well logs, 3D seismic data,
and analyzed test (X-ray difraction whole rock mineral analysis,
Particle size analysis, and microelement analysis) data of the Baxigai
Formation in the northwestern Tarim Basin (see Figure 1C for
cored well location). Te data used in this study were obtained
from the Institute of Exploration and Development, PetroChina
Tarim Oilfeld Company. Detailed descriptions, photographs, and
sediment particle size analysis from 242 m of core records in 15
cored wells that penetrated the Baxigai Formation were taken
for identifcation of lithofacies and interpretation of sedimentary
environments. Te core observation and description tasks were
conducted in the core library of Tarim Oilfeld. Well logs from
a total of 160 wells (including exploration wells and oil and gas
production wells) and well-logging data were in LAS format in this
study. 3D seismic data that cover the central part of the study area
(3,174 km?) were studied for identifcation Paleogeomorphology
in the depositional period of the Baxigai Formation by horizon
fatting of a SE—NW direction seismic profle (approximately
71 km long), the 3D seismic surveys were in SEG-Y format. X-
ray difraction whole rock analysis data comes from 66 samples
in 7 boreholes and is mainly used to analyze Baxigai formation
sandstone types. Identify single-well sedimentary microfacies of
cored wells through core observation and description combined
with well logs and particle size analysis data. Te microelement
analysis data samples were from Well YM19 and Well YD704H,
with a total of 7 samples (see Figure 1C for sample locations). It is
mainly used to analyze the palaeoclimate and palaeoenvironment in
the deposition period of the Baxigai Formation. T e PerkinElmer
inductively coupled plasma mass spectrometer NexION was used
as the test instrument for microelement analysis, and the accuracy
of over 5 percent adopts the “Methods for Chemical Analysis
of silicate Rocks”(GB/T 14506.30-2010). Modern satellite images
from Google Earth sofware were used for Modern analog
to improve understanding of the development pattern of the
distributary channels in arid climates. Calibration of gamma
ray logdata with core interpretations was used to establish
electro facies that were used to identify sedimentary facies in
non-cored wells.

T e core depth was corrected based on the GR curve, analyzing
the formation color, special minerals, and sedimentary structure
characteristics and using the standard chemical parameters from
microelement analysis to explain the sedimentary environment of
the Baxigai formation. Based on lithology, sedimentary structure,
and other related factors, lithofacies classifcations of the Baxigai
formation were conducted, and by combining the lithofacies
classifcation, well logs, and particle size analysis, single well
sedimentary interpretations were conducted in cored wells.
Using core interpretation and GR well log curve characteristics,
well log facies schemes are established to identify single-well
sedimentary microfacies in non-cored wells. By counting the
sandstone thickness of 160 wells in the Baxigai Formation, sand
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body thickness contours are drawn, and combined with the well-
tie profle of sedimentary microfacies comparison, the plane
distribution of sand body sedimentation microfacies is obtained.
Based on the principle of historical comparison method and
combined with the comprehensive analysis of the sedimentary
characteristics of modern sedimentary high-defnition satellite
images (including sedimentary background, sedimentary origin,
sedimentary morphology, sedimentary scale, etc.) Te channel
development models in arid climate conditions was extracted from
it, and based on this, an accurate sedimentary interpretation of the
Baxigai Formation in the study area was performed. Combining
paleotopography, provenance, paleoclimate, and hydrodynamic
changes and based on the plane distribution of sand body
sedimentation microfacies, a two-stage sedimentation model of
seasonal delta sand bodies in arid climate conditions was proposed.

4 Results
4.1 Sedimentary environment analysis

4.1.1 Lithology characteristics

T e thickness of the Cretaceous Baxigai Formation in the west
of Tabei Uplif is between 40 and 60 m, the shaliness gradually
increases from bottom to top (Figure 2). Trough the statistical
analysis of sandstone samples, the results show that T e sandstone
types of the Baxigai Formation in the study area are mainly lithic
feldspar sandstone, followed by feldspar sandstone and feldspar
lithic sandstone. Te quartz volume fraction is 35%-74%, the
average volume fraction is 55%, the feldspar volume fraction is
14%—48.7%, the average volume fraction is 28%, the lithic fragment
volume fraction is 6%—35.2%, the average volume fraction is 17%
(Figure 3). Overall, the grain size of the red bed sandstone in the
Baxigai Formation is mainly medium-fne, well sorted, mainly sub-
angular to sub-rounded, with high structural maturity and medium
composition maturity.

4.1.2 Formation color and special mineral
Mudstone color is divided into autogenetic color and secondary
color. Autogenetic color depends on the color of authigenic minerals
during the sedimentary process of clayey deposits and its early
diagenetic process, and it is an essential symbol for restoring the
ancient depositional environment and refecting the depth of the
water body (Fuetal, 2023; Sunetal, 2015). Te colors of the
Baxigai Formation mudstone in the study area are mainly brown
and reddish-brown. Te Phenomena such as mud cracks caused
by drought exposure, interbedded between oxidized and reduced
colors mudstone, and mutation contact between oxidized and
reduced colors mudstone can be seen in the Baxigai Formation
(Figures 4A-I), which is because the deposits in this area are caused
by seasonal changes in climate and cyclical changes in runof
(fooding and drying periods). In the food period, the climate was
relatively humid, the runof increased sharply, the water body in
the sedimentary area was deep, and mudstone was deposited by the
fne-grained suspended matter brought by the food, showing a gray-
green color in a weakly reductive sedimentary environment. In the
dry period, the climate was dry, with less rain, the water body in
the sedimentary area was shallow or even dry, the mudstone color
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FIGURE 2
Well 469H Well-logging interpretation of Cretaceous Baxigai Formation in the study area.

was reddish brown, and a part of the mudstone was exposed on the Reduced color sand bodies are commonly found in the
earth’s surface. From the above mudstone color and bedding plane  oxidized formation (red bed) of the Baxigai Formation in the
structure, it is observed that the mudstone is exposed intermittently. ~ study area, and the colors of the sandy sediment in the Baxigai
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FIGURE 3

Sandstone classification triangle diagram of the Baxigai Formation (66
samples from 7 wells). Classification standard reference (Zhu Xiaomin,
2010). I: quartz sandstone; II: feldspar quartz sandstone; IlI: lithic
quartz sandstone; IV: feldspar sandstone; V: lithic feldspar sandstone;
VI: feldspar lithic sandstone; VII: lithic sandstone.

Formation are mainly reddish-brown and gray-green. Reddish-
brown sandstone (red bed) does not contain oil and gas, refecting
primary sedimentary characteristics (Figure 4J). T e origin of gray-
green sandstone is a reduction reaction between oxidizing minerals
and hydrocarbon substances caused by oil and gas flling afer sandy
sediments diagenesis, which makes the mineral autogenetic color
transformation. However, due to the low physical properties of
calcareous nodules, oil and gas are diffcult to invade and retain
mineral autogenetic color.

Calcareous nodules are authigenic mineral aggregates composed
of calcium carbonate, generally formed by evaporation or leaching in
arid-semi-arid regions, and are an essential indicator of paleoclimate
analysis (Xing etal., 2019). Te calcareous nodules of the Baxigai
Formation in the study area are reddish-brown, mainly oval,
distributed along the bed, and foam strongly afer dropping dilute
hydrochloric acid with a concentration of 5%, and they are generally
deposited in fne sandstones (Figures 4K, L). Tese nodules have
not cut through the bedding, indicating that they are products of
the syngenesis period. Based on the above analyses, it is believed
that the study area was in an oxidizing environment with hot and
arid paleoclimate conditions during the sedimentary period of the
Baxigai Formation.

4.1.3 Sedimentary structure

Te primary sedimentary structure type indicates the
hydrodynamic mechanisms, deposition rate, and sedimentary
environment characteristics in sediment formation. Core
observation shows that the Baxigai formation in the study area
developed a multi-stage superimposed channels sand body. Te
deposits are mainly fne sandstone and siltstone, and Sedimentary
structures refecting event sedimentation, such as lag deposit fne
conglomerate (Figure 5A), positive graded bedding (Figures 5D, E),
and gravel imbricated arrangement (Figure 5F), can be seen locally.
Lag deposits: distributed along the scour surface, mainly coarse
sandstone and fne conglomerate, with mixed particle sizes and
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poor sorting, the particles are mainly sub-round, followed by sub-
angular, and roundness is medium, refecting a longer transport
distance. Graded bedding: distributed at the bottom of the channels
sand bodies, from bottom to top, the particle size changes from
coarse to fne. Parallel bedding and massive bedding develops in the
upper part of the graded bedding, mainly medium sandstone and
fne sandstone, refected in hydrodynamic conditions with extreme
transporting capacity, and the transported clastic particles are
rapidly unloaded and deposited in a short time. Gravel imbricated
arrangement: gravel is intraclasts (muddy clast) formed by diversion
or lateral migration of the river bed to erode muddy deposits at
the bottom of the river, landslides, or deposition afer short-term
transport, which refects hydrodynamic conditions with strong
transporting capacity.

Te upper fow regime sedimentary structures are an essential
connection between sedimentary records and climate responses
and are commonly found in seasonal river deposits (Tan etal.,
2018). In the sandstone of the Baxigai Formation, there are not
only normal fuvial sedimentary structures but also a series of
upper fow regime sedimentary structures. T e basic characteristic
of upper fow regime is the dynamics of shallow water and rapid
Tfow, which mainly develops afer the fow velocity rapidly increases
to a certain peak in a short period, and the preservation of
upper fow regime sedimentary structures also requires the rapid
decline of the fow velocity. Te upper fow regime sedimentary
structures of the Baxigai Formation mainly include parallel bedding,
massive bedding, etc. (Figures 5B, C). Parallel bedding is mainly
well developed in fne sandstone, and in hydrodynamic conditions
with strong transporting capacity, it is also common in gravelly
coarse sandstone and medium sandstone. High deposition rate
results in a positive graded of particle size in parallel bedding.
Massive bedding is mainly developed in thick layers of fne
sandstone, refecting rapid deposition in high-energy, strong
hydrodynamic conditions. Te lower fow regime sedimentary
structures of the Baxigai Formation mainly include low angle cross-
bedding, small trough cross-bedding, oblique bedding, and ripple
cross-bedding (Figures 5G-J). Tey are mostly developed in fne
sandstone and represent slow or subcritical fow, a slow-fowing
hydrodynamic force dominated by the traction current of one-
way water fow, consistent with normal river sedimentary structure
characteristics.

Te sandstone sedimentation of the Baxigai Formation in
the study area is not only afected by the lower fow regime
fow mechanism but also develops many distinctive sedimentary
structures controlled by the upper fow regime fow mechanism,
which refects the coexistence of seasonal food events and normal
sedimentation in the Baxigai Formation.

4.1.4 Geochemical characteristics

Trace elements in sedimentary rocks are not only controlled
by their own physical and chemical properties but also greatly
afected by paleoclimate and paleoenvironments. T erefore, the
relative content and ratio of trace elements can be used to
restore paleoclimate and paleoenvironments (Nesbitt and Young,
1982; Yangetal., 2006). Trace elements such as V, U, Mo, Cr,
and Co are redox sensitive elements and are ofen used as an
identifcation index of the paleooxygen phase (Fanetal., 2019).
In this paper, two chemical parameters, VV/(V+Ni) and V/Cr, are
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FIGURE 4

Core pictures showing characters in climate-sensitive deposits of the Baxigai Formation. (A) WellYD701, 4975.28 m, Ascending cross-bedding silty
mudstone with color mutation; (mutation boundary surface mark by yellow arrow) (B) WellYD701, 4978.5 m, Reddish brown-grey green mudstone
alternating with bioturbation (mark by yellow arrow); (C) WellYD704, 4975.63 m, Reddish brown mudstone-gray green siltstone sandstone
interbedded; (D) WellYD704, 4970.43 m, Ascending cross-bedding muddy siltstone, black lamina at the bottom and brown lamina at the top with
bioturbation (mark by yellow lines); (E) WellYD704, 4975.30 m, Light red and gray-green muddy siltstone interbedded deposit; (F) WellYD704,

4979.18 m, Mud cracks (mark by yellow lines); (G) WellYM19, 4999.8 m, Mud cracks (mark by yellow lines); (H) WellYM46-1, 5166.7 m, Mudstone color
change from gray-green to reddish brown; (I) WellYM471, 5201.25 m, reddish brown mudstone; (J) WellYM701, 4995 m, Massive bedding, fine
sandstone with salt efflorescence; (K) WellYM471, 5201.65 m, Calcareous nodules (mark by black arrow) in the parallel bedding very fine sandstone; (L)
WellYM468, 4998.5 m, Calcareous nodules (mark by black arrow) in the parallel bedding medium sandstone.

selected to distinguish the paleo sedimentary environment of the
Baxigai Formation through the analysis, calculation, and statistics
of the existing sample data. V/(V+Ni) >0.77, 0.6-0.77, and <0.6
indicate reduction environment, weak oxidation-weak reduction
environment and oxidation environment; V/Cr >4.25, 2.0-4.25, and
<2 indicate reduction environment, weak oxidation-weak reduction
environment and oxidation environment (He et al., 2013; Russell
and Morford, 2001; Li F. J. et al., 2019; Jones and Manning, 1994).

Frontiers in Earth Science

In the Baxigai Formation, the value of V/(V+Ni) is 0.02-0.36,
and the average value is 0.14; the value of V/Cr is 0.01-0.39, and the
average value is 0.13. Based on the results of the above analysis, it
can be seen that the sedimentary water body in the study area during
the sedimentary period of the Baxigai Formation mainly manifests
an oxidation environment.

Te Sr/Ba ratio is a commonly used identifcation index for
judging the paleosalinity of water body in sedimentary areas.
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FIGURE 5

Typical sedimentary structure characteristics in the Baxigai Formation. (A) WellYM467, 5180.2 m, Lag deposit fine conglomerate; (B) WellYM468,
5002.45 m, Parallel bedding medium sandstone; (C) WellYM16, 5005 m, Massive bedding fine sandstone; (D) WellYM463, 5104.5 m, Positive graded
bedding (mark by yellow triangle); (E) WellYM468, 4998.5 m, Multi-stage lag deposits, The particle size gradually becomes finer from bottom to top
and parallel bedding (mark by yellow lines) at the top; (F) WellYT4, 5566.6 m, Massive bedding fine sandstone with gray-green muddy clast, gravel
imbricated arrangement (mark by yellow lines); (G) WellYM468, 4999.7 m, Medium sandstone parallel bedding (mark by yellow lines) and low angle
cross-bedding (mark by black lines); (H) WellYT4, 5562.42 m, small trough cross-bedding fine sandstone; (I) WellYM468, 5000 m, Oblique bedding
medium sandstone; (J) WellYM8, 5252.1 m, Ripple cross-bedding muddy siltstone.

Sr/Ba <0.6, 0.6-1.0, and >1 indicate freshwater, semi-salt, and
saltwater deposition (Wangetal., 1979). Te statistical analysis
of the Baxigai Formation samples in the study area shows that
the Sr/Ba ratio is 1.34-5.00, and the average value is 3.32. It
can be inferred that the sedimentary water body of the study
area in the Baxigai Formation sedimentary period was a saltwater
environment, indicating that the evaporation of water was greater
than the rainfall in the sedimentary area, and the climate was
dry and hot.

T e Sr/Cu ratio responds sensitively to changes in paleoclimate
and hasagood indication efect. Sr/Cu between 1.3 with 5.0 indicates
a warm and humid climate, and Sr/Cu>5.0 indicates a hot and dry
climate (Ding et al., 2021). T e Sr/Cu ratio of the Baxigai Formation
is 2.05-42.32, with an average value of 14.10, and 5 samples are
>5.0, indicating that the sedimentary period of Baxigai Formation
in the study area was dominated by a hot and dry, with a few periods
are humid and warm climate, refecting the paleoclimate feature of
alternating dry and wet.

Frontiers in Earth Science

4.2 Sedimentary facies and their spatial
distribution of the Baxigai Formation
seasonal delta

4.2.1 Sedimentary facies description and
interpretation

Sedimentary facies and their sedimentary characteristics can be
identifed from core descriptions and particle size analysis to build
seasonal delta sedimentary systems in an arid climate. Te delta
plain and the delta front depositional environments were identifed
in the seasonal delta sedimentary system.

4211 Delta plain
Te delta plain is located above the water surface and is mainly

controlled by rivers, not afected by lakes, and has been in an
oxidizing environment for a long time. Te delta plain in the
study area can be divided into upper delta and lower delta plain
according to the intensity of river action, sand body thickness,
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FIGURE 6

Typical sedimentary structure characteristics and cumulative grain-size probability distribution curves of core samples in distributary channels deposits
in the Baxigai Formation. (A) WellYM31, 4174.25 m, Grayish green muddy clast (mark by yellow lines) in massive bedding medium sandstone; (B)
WellYM31, 4196.5 m, Brownish rip-up mud clast deposits (arrow) in massive bedding fine sandstone; (C) WellYM31, 4197.95 m, Lag deposits (arrow) in
medium sandstone; (D) WellYM468, 5002.7 m, Multi-stage lag deposits pebbly sandstone layer (mark by black lines); (E) WellYM468, 5001.3 m, Massive
bedding fine sandstone; (F) WellYM468, 4999.8 m, Parallel bedding at the top (mark by yellow lines), low angle cross-bedding (mark by black lines), and
positive graded bedding at the bottom (mark by yellow triangle); (G) WellYM468, 4998.6 m, Low angle cross-bedding (mark by yellow lines), lag
deposits (mark by black lines); (H) WellYM46-1, 5173.5 m, Erosional surface between fine sandstone and underlying coarse sandstone; (I) WellYM46-1,
5176.1 m, Ripple cross-bedding very fine sandstone; (J) Well YM31, 4197.45 m; (K) WellYM467, 5192.5 m.

and deposit particle size, mainly developing distributary channels,
crevasse channels, Floodplains, and interdistributary bays.

4.2.1.1.1 Distributary channels
T ere are obvious scour marks at the bottom of the distributary

channels sand body, and there is a phenomenon of repeated
erosion of multiple stages river channels. Te thick layer of
massive sandstone is enriched with a large amount of muddy
clast and rip-up mud clast, and some of the lag deposit pebbly
sandstone layers can be seen (Figures 6A-D). Massive bedding,
positive graded bedding, parallel bedding, and low angle cross-
bedding are developed above the scour surface (Figures 6E-G).
Te sediments are mainly medium sandstone and fne sandstone,
with a small amount of coarse sandstone and pebbly sandstone.
Te channels is dominated by vertical aggradation, and multi-
stage superimposed channels sand body develops in a positive
rhythmic depositional sequence. T e thickness of the stage channels
sand body is between 4 and 8 m, and the cumulative thickness
isup to 45 m.

Te cumulative grain-size probability distribution curves are
mainly three-stage and two-stage (Figures6J, K). Te deposits
are mainly transported by jumps, and the ratio of traction load
to suspended load is high. Taking wellYM31 and wellYM467
as examples, wellYM31: the rolling population <2%, the jump
population >88%, and the suspended population <10%. YM467: the
rolling population is not developed, the jump population >70%, and
the suspension population <30%.

In the process of the distributary channels developing
forward, the terrain slope gradually slows down, the distributary
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channels extends and diverts downstream, the density of the
channels increases, and the scale decreases. With the increase
of provenance distance, the average particle size of distributary
channels sediments decreases, and the ratio of traction load to
suspended load changes (Figures 6J, K). T e sedimentary structure
characteristics change accordingly (Figures 6H, 1), and the sand
body’s connectivity gradually worsens. In an arid climate, the
hydrodynamic mechanisms of the distributary channels changes
periodically with seasonality due to intermittent food events. In
the food period, distributary channels have extremely high fow
intensity, and the upper fow regime is the major sedimentation
transport mechanisms. T e sediment transported by running water
is mainly carried by bed sand load, and the distributary channels
sand body is relatively developed. In the dry period, due to the
transmission consumption, the runof decreases, the fow velocity
slows down, the channels transport capacity changes and the total
sedimentary loading reduces.

42112 Crevasse channels

Seasonal channels and extreme food events are easily
produced with highly fuctuating discharge in semi-arid climates
(Zaman et al., 2012). Hyper-concentrated fows can be generated
during food events (Stuartetal., 2014). Crevasse channels
are formed by bifurcation or crevasse processes of delta plain
distributary channels during food periods. T e crevasse channelsin
the Baxigai Formation is controlled by high-energy transient water
fow during the food period, and the crevasse channels are exposed
afer the food stage, with mudstone fll deposits in the dry period
and turn to red color deposits.
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FIGURE 7

Typical sedimentary structure characteristics of the crevasse channels and cumulative grain-size probability distribution curves of the crevasse
channels. (A) WellYM8, 5250.62 m, Massive bedding Siltstone with rip-up mud clast and muddy clast (marked with rectangle); (B) WellYM8, 5250 m,
Massive bedding fine sandstone with muddy clast (mark by yellow lines); (C) WellYM8, 5248.73 m, Parallel bedding very fine sandstone; (D) WellYM8,
5249.24 m, Low angle cross-bedding siltstone; (E) WellYM8, 5250.28 m, Siltstone with rip-up mud clast and muddy clast (marked with rectangle); (F)
WellYM8, 5252.69 m, Drainage structure, fine sandstone at the bottom (mark by black lines) and muddy siltstone at the top with pelitic strip (mark by
yellow lines); (G) YM8, 5246.2 m, Cumulative grain-size probability distribution curves.

Te sediment of the crevasse channels is composed of brown,
reddish-brown fne sandstone, very fne sandstone, and siltstone.
Te sediment developed massive bedding, parallel bedding, low
angle cross-bedding, drainage structure, etc (Figures 7A-F). Muddy
clast and rip-up mud clast occur at the bottom of crevasse
channels succession. T e thickness of the sand body in the crevasse
channels is mainly 2-4.5m, and the scale of the sand body is
smaller than that of the distributary channels. Te cumulative
grain-size probability distribution curves are mainly two-stage,
and sediments are mainly transported by suspension. Taking
wellYM8 as an example, the jump population <40%, and the
suspension population >60%. Te shaliness in the sandstone
is relatively high, and the particle size of the sand body in
the crevasse channels is fner than that in the distributary
channels (Figure 7G).

42.1.1.3 Floodplains
Te food plain is a stagnant depression between distributary

channels in the upper delta plain and has weak hydrodynamic forces.
Since food events are ofen accompanied by channels migration
and crevasse diversion, frequent food events make Floodplains
smaller in size. T e fne-grained suspended load brought by fowing
during the food period is the most important supply method
of Floodplains sediments, mainly composed of reddish-brown
mudstone intercalated with thin silty mudstone, and the bedding
structure is not developed.
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42114 Interdistributary bays

Interdistributary bays are mainly developed in low-lying areas
between distributary channels in the lower delta plain, with weak
hydrodynamic, and the sediment are composed of suspended
muddy sediments formed during the food period. Te sediment
are mainly composed of brown and reddish-brown mudstone
and dark brown mudstone with laminated siltstone and silty
mudstone. Mud cracks (Figure 4G), plant roots (Figure 8A), salt
fIm (Figure 8B), wave bedding (Figure 8C), and biological fossils
of dark brown mudstone (Figure 8D) in periodic wetting-reducing
conditions are developed in interdistributary areas. Te redox
changes in interdistributary bay sediments of the upper delta plain
are afected by seasonal runof. In the food period, the low-
lying areas were small stagnant lakes with dark brown mudstone
sediments and preserved biological fossils. Due to sufcient source
supply in the food period, isolated thin sandy sediments are
formed. Te sediment is mostly siltstone, the thickness of the
sand body is generally less than 1 m, and it is ofen interbedded
with mudstone to form a uniform rhythm. In the dry period,
the water body shrinks, the sediment is exposed to dry air,
and the salt flm can be seen in some mudstone, which is an
evaporite facies.

4.2.1.2 Delta front

T e delta front develops in the transition positions between the
delta plain and the shallow lakes and is characterized by dual control
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FIGURE 8

10.3389/feart.2024.1348336

Core images showing sedimentary characteristics of interdistributary bays in delta plain (A) WellYM8, 5239.13 m, Plant roots (mark by yellow arrow); (B)
WellYM8, 5237.98 m, Salt film; (C) WellYM701, 4998.6 m, Wave bedding silty mudstone; (D) WellYD701, 4969.6 m, Biological fossils (mark by

yellow lines).

by river and lake interaction. Two types of sedimentary facies were
developed in the delta front: terminal distributary channels and
subaqueous interdistributary bays.

4.2.1.2.1 Terminal distributary channels
Te terminal distributary channels develop as subaqueous

extensions of distributary channels on the lower delta plain that
are under the infuence of high inertia-driven fow passes during
fooding periods. In the dry period, due to the consumption
of fow percolation and evaporation transfer, most of the river
water will disappear along the path above the shoreline of arid
lake basins or in the deserts, the terminal distributary channels
dry up, and the sediment will be exposed. Te hydrodynamic
force of the distributary channels is weak, and the sediment is
mainly composed of very fne sandstone and siltstone. Pelitic
strips and mudstone interlayers are developed in the sandstone.
Te deposits develop parallel bedding, Ripples, low angle cross-
bedding, ripple cross-bedding, etc. (Figures 9A-D). Te thickness
of the terminal distributary channels sand body is usually
less than 2.5 m.

4.2.1.2.2 Subaqueous interdistributary bays
T e subaqueous interdistributary bays are relatively developed

in the delta front subfacies of the study area, and sedimentation is
mainly suspended sedimentation, refecting a weak hydrodynamic
environment. Sediments are deposited between terminal
distributary channels consisting of gray-green mudstone and
reddish-brown mudstone. Mud cracks (Figure 4F), bioturbation,
and lenticular bedding (Figures 9E, F) are common in subaqueous
interdistributary bays deposits. T e variation of shallow lake water
levels controlled by seasonal runof leads to periodic exposure of
sediments in the subaqueous interdistributary bays.

4.2.2 Distribution of different sedimentary facies
From the fattened seismic profle, the paleotopography of
the study area was gentle in the sedimentary period of the
Baxigai Formation, the average gradient of the study area is low
(Figure 10). Determine the type of distributary channels based on
the detailed sedimentary interpretation and description in cored
wells of the Baxigai Formation. Te distributary channels types
were identifed in non-cored wells mainly through electro facies of
gamma ray log curves (Figure 11). From the single-well sedimentary
microfacies and the well-tie profle of sedimentary microfacies
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comparison along the provenance (Figure 12), the boundaries of
the upper delta plain, lower delta plain, and delta front were
roughly divided. Combined with provenance, paleotopography
along the provenance, and sand body thickness contours, the plane
distribution of sand body sedimentation microfacies is obtained.
In the deposition period of the Baxigai Formation, the study
area was in an oxidizing environment of an arid climate. Te
clastic particle mainly came from the southeast of the study
area and entered the study area through several water channels,
extended to the northwest, and continued to bifurcate, forming
a large fan-shaped accumulation body. Te delta plain in the
study area extends far to the northwest and mainly develops
major distributary channels and crevasse channels. Te delta
front is relatively underdeveloped and mainly develops terminal
distributary channels. Te thickness of the sand body in the
study area also shows a clear trend of thinning from southeast to
northwest (Figure 13).

5 Discussion

5.1 Modern sedimentological
demonstration in arid climate

Research on modern arid-semi-arid regions has revealed several
basic commonalities: arid and hot environments, fat terrain,
extreme food events, intense evaporation and infltration, and so on
(Zhang et al., 2018; Donselaar et al., 2013). Rivers in arid-semi-arid
areas are mostly seasonal rivers, with sedimentary records refecting
oxidation and seasonal river activities (Lietal,, 2021; Gaoetal.,
2015). Today, regions such as Xinjiang and Inner Mongolia in
western China have an arid-semi-arid climate environment, with
many seasonal rivers (Chen et al., 2020; Zhang et al., 2020). Take the
Daihai Lake area of Inner Mongolia as an example; the Bantanzi
River is a typical seasonal river sedimentary system in the northern
part of the Daihai Lake, and the hydrodynamic mechanism changes
periodically with the season. In the food period, the upper fow
regime is the primary sedimentary transport process, and a large
amount of deposits can be transported. In the dry period, the lower
fow regime is the primary sedimentary transport process, and the
river transport capacity is extremely low (Tan et al., 2018). T e study
area had an arid climate in the Baxigai formation sedimentary
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FIGURE 9

(mark by yellow lines).

(A) WellYM467H, 5180.25 m, Parallel bedding, very fine sandstone (mark by yellow lines); (B) WellYD704H, 4977.85 m, Ripples siltstone; (C)
WellYD704H, 4967.34 m, Low angle cross bedding muddy siltstone (mark by yellow lines); (D) WellYD704H, 4970.82 m, Ripple cross-bedding siltstone
(mark by yellow lines); (E) WellYD704H, 4974 m, Silty mudstone bioturbation (mark by yellow lines); (F) WellYD704H, 4972.53 m, Lenticular bedding

FIGURE 10

Seismic profile (flattened by the bottom of the overlying Bashijigike formation) showing the paleotopography of the Baxigai Formation from SE to NW
in the study area. The average gradient is 0.065%. Note the position of the profile on Figure 13.

period, and combined with the widely developed Supercritical fow
sedimentary structures, the authors believes that in the Baxigai
sedimentary period, the study area also developed seasonal rivers.
Modern examples of seasonal delta deposition can be found in arid-
semi-arid sedimentary environments (Li M. et al., 2015; Zan et al.,
2022; Gondwe et al., 2021). T ese sedimentary examples help us to
understand the depositional mechanisms and depositional pattern
of sand bodies in seasonal delta depositional systems. T e Okavango
Delta and Amu Darya river Delta are modern examples of seasonal
delta deposition in the Baxigai Formation in an arid climate. Te
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Okavango Delta region has an arid-semi-arid climate. Rainfall is
mainly concentrated in summer, usually with rainstorms and short
duration. T e average annual rainfall is 490 mm, and the average
annual evaporation is 2,172 mm. Te runof of the Okavango
River is controlled by rainfall of the Angola highlands and has
seasonal changes, with the maximum runof occurring in March-
April (McCarthy etal., 2005; Tan, 2011). Te Amu Darya river
Delta has a warm temperate continental climate. T e average annual
precipitation in the lower reaches of the Amu Darya river is less than
100 mm, and evaporation is about 2000 mm, with the maximum
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FIGURE 11

terminal distributary channels.

Well log facies scheme of the major distributary channels, crevasse channels, and terminal distributary channels deposits of the Baxigai formation in
the study area. The box-shaped or Serrate box-shaped with low-amplitude well logs indicate the major distributary channels; The serrate bell-shaped
logs with low-amplitude well logs indicate the crevasse channels; finger-shaped logs with low-amplitude or symmetrically serrate-shaped indicate the

FIGURE 12

Well-tie profile of sedimentary microfacies comparison in the Baxigai Formation. Note the position of the profile on Figure 13.

runof occurring in July-August. T e river water in the Amu Darya
river Basin is mainly supplied by melting water from mountain
ice and snow and winter and spring rainfall in the upper reaches
of the mountains, it is a snow-glacier fed river (Suetal., 2021;
Reyisha, 2019; Conrad et al., 2007). Afected by seasonal runof, the
Okavango Delta and Amudarya river Delta areas change during
the food and dry seasons (Figures 14A-D). Seasonal changes in
the Okavango Delta and Amu Darya river Delta result in diferent
sedimentary models. In the food period, the delta area extends, the
distributary channels enters a high-fow stage, the total sedimentary
loading is high, and the major distributary channels forms crevasse
channels by frequent avulsion processes, and terminal distributary
channels develop (Figures 14E, G). In the dry period, the total
sedimentary loading of the distributary channels decreases with the
decrease in runof, and the river transport capacity is extremely
low. Te water level of the major distributary channels decreases
and the scale decreases. T e terminal distributary channels and the
crevasse channels dry up, and the deposits are exposed to the dry air
(Figures 14F, H).
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5.2 Sedimentary model of the seasonal
delta in an arid climate

Te sand body depositional mechanisms in semi-arid-arid
climates with total sedimentary loading variation greatly are
quite diferent from the conventional model (Donselaar etal.,
2013; Zhangetal., 2018) Te red bed sedimentary sequence of
the Baxigai Formation records changes in the total sedimentary
loading variation greatly and seasonal fooding events with periodic
exposure of sediments in an arid climate. Te widely developed
supercritical fow sedimentary structures have paleoclimate
characteristics indicating strong seasonal changes. In the
sedimentary period of the Baxigai Formation, the study area has
gentle terrain, and the deposits come from the southeastern part
of the basin (Luoetal.,, 2021; Chenetal., 2012). Te climate was
hot and arid, and the hydrodynamic mechanisms had seasonal
periodic change. Combining regional background geological and
based on the sedimentary characteristics and sedimentary facies
types of the Baxigai Formation in the study area, considering the
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FIGURE 13
Plane distribution of sand body sedimentation microfacies of Cretaceous Baxigai Formation in western Tabei Uplift, (The well locations marked in red

are sampling wells).

FIGURE 14

Satellite image from the Google Earth software showing seasonal changes of Delta (A) Okavango delta. In flood season 17 March 2018; active channels
(mark by yellow lines); (B) Okavango delta in dry season 25 September 2018; active channels (mark by yellow lines); seasonal channels (mark by blue
lines); (C) Amu Darya river delta in flood season 1 July 2018; (D) Amu Darya river delta in dry season 1 March 2018; (E) Part of Amu Darya river delta see
location in the yellow rectangle of image (C); (F) Part of Amu Darya river delta see location in the yellow rectangle of image (D); (G) Major distributary
channels and crevasse channels in flood season see location in the yellow rectangle of image (E) Major distributary channels (mark by red lines),
crevasse channels (mark by yellow lines); (H) Major distributary channels and crevasse channels in dry season see location in the yellow rectangle of
image (F), major distributary channels (mark by red lines), crevasse channels (mark by yellow lines).
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FIGURE 15

10.3389/feart.2024.1348336

Sedimentary models for an arid climate seasonal delta of the Cretaceous Baxigai Formation in the west of the Tabei Uplift. (A) Flood period; (B) dry
period (C) showing the sedimentary transition from the delta plain to the delta front.

changes in the hydrodynamic mechanisms of the current seasonal
rivers in arid climate and the seasonal periodic changes of the
total sedimentary loading and by the morphology and sand body
distribution characteristics of current seasonal deltas in an arid
climate, the sedimentary model of seasonal deltas of the Baxigai
Formation inan arid climate was established (Figure 15). T is model
explains the depositional process and distribution of seasonal delta
sand body in an arid climate. T e development of the delta has gone
through dual-stage depositional processes, and the depositional
characteristics of diferent stages are obviously diferent.

In the high discharge stage of the food period, T e delta plain
developed a distributary channels network composed of relatively
stable major distributary channels and short-lived periodic crevasse
channels that are formed by the avulsion process from major
distributary channels. Supercritical fow sedimentary structures,
such as parallel bedding, massive bedding, rip-up mud clast, etc.,
are widely developed in the major distributary channels. T e major
transport mechanism of sediments is the upper fow regime, and the
total sedimentary loading is high. Te delta progradation towards
the basin’s center forms terminal distributary channels at the delta
front. During severe food periods, a small amount of terminal
distributary channels sand bodies were deposited underwater
(Figure 15A). In the low discharge stage of the dry period, the
channels takes the lower fow regime as the major transport
mechanism, and the lower fow regime sedimentary structure
generally exists in the major distributary channels deposits. Due
to the consumption of water seepage and evaporation transfer, the
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terminal distributary channels and crevasse channels are exposed,
with mudstone fll deposits, and turn to red color deposits. Te
density of the distributary channels is reduced, the total sedimentary
loading is low, and the major distributary channels in the delta
plain becomes the principal sand transport channels (Figure 15B).
Controlled by the avulsion, bifurcation process, and infuence of
climate factors the scale of the major distributary channels and
crevasse channels decreased from the upper delta plain to the lower
delta plain (Figure 15C).

6 Conclusion

(1) Te Cretaceous Baxigai Formation in the west of Tabei Uplif
is dominated by red bed deposits. Bioturbation and plant
rhizome fossils are developed in the mudstone, and mud
cracks can be seen in the mudstone layer. Supercritical fow
sedimentary structures such as parallel bedding and massive
bedding are developed in the sandstone, and some sandstones
develop calcareous nodules. T rough the geochemical analysis
of the core, it is concluded that the sedimentary environment
of the Baxigai Formation in the study area is mainly arid
and oxidized, and the sand body deposits have seasonal
characteristics.

Te red bed sedimentary sequence of the Baxigai Formation
records the seasonal delta sedimentary system with total
sedimentary loading variation greatly in an arid climate. Te

O]
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sedimentary process of the seasonal delta sand body in an arid
climate is controlled by the dual-stage of the seasonal delta with
food and dry periods. T e identifcation of sedimentary facies
characteristic of seasonal river discharge variations is diferent.
In the food period, Te deposits in distributary channels
of the delta plain develop supercritical fow sedimentary
structures, and the distributary channels migrate and bifurcate
frequently. On the delta plain, crevasse channels are formed
by the avulsion process of major distributary channels, and
the delta progrades toward the center of the basin. In the dry
period, Te major distributary channels had relatively small
scale. Terminal distributary channels and crevasse channels are
exposed, with mudstone fll deposits, and turn to red color
deposits. T e major distributary channels sand bodies in the
delta plain area are identifed as framework sand bodies of
seasonal deltas in arid paleoclimate, and the sedimentary scale
of sand bodies is large and relatively thick. T e scale of the
sand body in the crevasse channels and terminal distributary
channels is small, and the thickness of the sand body is thin.
Combining paleotopography, provenance, paleoclimate, and
hydrodynamic changes and based on the plane distribution
of sand body sedimentation microfacies, combined with the
sedimentary characteristics of the Baxigai Formation and
referring to modern sedimentary examples, the dual-stage
sedimentary model of the seasonal delta sand body with total
sedimentary loading variation greatly in an arid climate was
established. Tis dual-stage sedimentary model provides a
new perspective on the development patterns of distributary
channels in a lacustrine seasonal delta.
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